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YEAST CELL POLARIZATION DURING MATING AND

BUDDING

NICOLE VALTZ

ABSTRACT

Yeast cells exhibit polarized growth during two phases of their life

cycle, mating and vegetative growth. During mating, the site for

polarization is determined by an external factor, a gradient of mating
pheromone. During budding, the site for polarization is determined

genetically by the BUD genes. The work described in this thesis identifies

three genes required for mating polarization. Mutants defective in FAR1

mate poorly and cannot orient growth towards the source of a gradient of

mating pheromone. farl mutants are able to polarize normally but choose

the wrong site. These mutants are therefore interpreted to be orientation

mutants, defective in polarization towards the mating partner. A second

class of genes required during mating for polarized growth includes PEA2

and SPA2. Mutants defective in either of these genes mate poorly and

exhibit defects in the organization of polarized morphogenesis, choosing a
broader area for polarization than a wild-type cell. In addition, PEA2 and

SPA2 are involved in a second aspect of polarized growth: they are

required for establishment of the bipolar budding pattern, exhibited by a■ o.

diploids. Peazp and Spa2p are predicted to interact physically to perform

their different polarity functions.
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CHAPTER ONE

INTRODUCTION



Cellular polarity is an essential feature of many eukaryotic cells.

Neurons and epithelial cells are two examples of cells whose function

depends on their ability to polarize. The budding yeast Sacccharomyces

cerevisiae also relies on its ability to polarize during two phases of its life

cycle: budding, during which a mother cell reproduces to generate a

daughter cell, and mating, when two haploid cell of opposite cell types (a

and O.) fuse to form a single a/O. diploid cell. Budding yeast is an attractive

organism in which to study polarization of eukaryotic cells because it is a

single cell, with powerful genetic and biochemical approaches available.

The work described in this thesis addresses how yeast cells establish

polarity during mating and budding, through the identification and

characterization of genes involved in these processes.

Yeast polarization during budding and mating

Budding and mating yeast cells exhibit highly localized cell growth.

Instead of inserting new material uniformly over the cell surface, a

specified area for growth is chosen. In budding cells, confining growth to a

particular region of the cell surface results in the development of the

daughter bud. In mating cells, polarized growth is directed to the site of

contact with the mating partner, resulting in the localized deposition of

mating-specific proteins at their site of action.
The mechanisms which determine where budding and mating cells

polarize are radically different. In budding cells, the site for polarized

growth is determined genetically by a collection of genes referred to as the

BUD genes. During mating, the site for polarization is determined by an

external factor, a gradient of mating pheromone secreted by the mating
2



partner. The information to polarize towards the presumptive bud site is

somehow ignored or overridden during mating. Despite differences in how

the growth site is chosen during budding and mating, the process by which
polarity is organized is thought to be fundamentally similar between these

two phases of yeast growth.

The purpose of this introduction is to orient the reader in the field of

yeast cell polarity. First, I describe how we know that growth is polarized

during budding and mating. Second, the polarity of the cytoskeleton will be

discussed, including the evidence that localized growth relies on actin.

Third, I will describe proteins required to organize the actin cytoskeleton.

Fourth, a model for the establishment of polarity towards a mating partner

is considered, after a description of the physiology of mating. Fifth, the

establishment of a bud site will be considered. Finally, I review the

mechanisms which organize actin in several other organisms, emphasizing

similarities with yeast polarization.

Yeast cell growth is highly polarized

Cell growth in yeast includes secretion, insertion of new cell wall

material (including chitin, glucan, and mannoproteins), and insertion of

new lipids and membrane proteins. Sites of secretion can be located using

enzyme-specific dyes for the secreted protein acid phosphatase. The

incorporation of new cell wall material can be followed using fluorescent

dyes that bind chitin (such as primulin and Calcofluor) or the mannan

binding plant lectin concanavalin A (conA).

Sites of polarized growth in mating and budding cells have been

determined using these and other techniques (Fig. 1-1). To study

polarization during mating, it is simpler to examine a single cell than a
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complex mating reaction. The addition of mating pheromone from an O.
cell to a cells induces a polarized, pear-shaped cell known as the shmoo

(Fig. 1-1). Secretion of acid phosphatase is localized to the growing bud
and the shmoo tip (Field and Schekman, 1980). The secretion of invertase

is also localized to the growing bud using an anti-invertase antibody

directly conjugated to fluorescein (Tkacz and Lampen, 1973). Chitin is

localized in a ring at the mother-daughter neck and in the shmoo tip (which
expresses three-fold higher chitin levels), particularly at the base

(Schekman and Brawley, 1979). Finally, ConA staining indicates that new

mannan is found at the presumptive bud site, the distal tip of the growing

bud, and the mother-daughter neck at mitosis (Tkacz and Lampen, 1972).

ConA staining is localized to the shmoo tip and to the site of contact

between two mating cells (Tkacz and MacKay, 1979).

Taken together, these data present a picture of dynamic yeast cell

polarity. During vegetative growth, the polarity of a cell changes as it

progresses through the cell cycle. A cell in G1 initially polarizes towards

the presumptive bud site. As the bud emerges and continues to grow,

polarization remains directed towards the tip of the growing bud. In

mitosis, however, polarity in the growing bud is lost and eventually is

reestablished towards the mother/daughter cell junction; this repolarization

occurs after nuclear division and is essential for localized growth at the

neck to create a septum between the two cells, resulting in cytokinesis.

During mating, cells complete the budding cycle and arrest in G1. Instead

of polarizing towards the next bud site, mating cells polarize towards their

mating partner. Mating polarization can also be seen in shmoos, which have

a projection (or shmoo tip) comprised of new growth.
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The cytoskeleton of a yeast cell is highly polarized

The distribution of the cytoskeleton reflects sites of polarized growth
in budding, mating, and shmooing cells. Yeast contain three cytoskeletal
elements: microtubules, actin filaments, and the septins. The distribution of

these structures in different cell types is summarized in Fig. 1-1.

Microtubules emanate from the microtubule organizing center,

known as the spindle pole body (SPB), which is embedded in the nuclear

membrane (for reviews, see Byers, 1981; Barnes et al., 1990). In budding

cells, cytoplasmic microtubules are oriented towards the presumptive bud

site. As the cell progresses through the cell cycle, the spindle pole body

duplicates and one of the resulting SPBS rotates around the nucleus 180°.
Nuclear microtubules extend to connect the two SPBs. During mitosis, the

nucleus moves into the neck, extends, and divides into two daughter nuclei,

each with one SPB (Byers and Goetsch, 1975). Cytoplasmic microtubules

and the SPB are oriented towards the mating partner (or the shmoo tip).

The nucleus of each mating cell migrates towards the site of cell-cell

contact. Following cell wall and membrane breakdown, the two nuclei fuse

at their spindle pole bodies (Byers and Goetsch, 1975; Hasek et al., 1987).

The B-tubulin subunit is encoded by a single gene, TUB2 (Neff et al.,

1983), and the O-tubulin subunit is encoded by TUB1 and TUB3 (Schatz et

al., 1986).

Two structures composed of filamentous actin are found in yeast,

cables and cortical patches (for reviews, see Drubin, 1990; Barnes et al.,

1990; and Welch et al., 1994). ). Actin cables are thought to represent

many individual actin filaments bundled together, although it is not known

if they all share the same orientation, and, if so, what that polarity is. The
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composition of actin patches is discussed further below. In unbudded cells,

cables are found throughout the cell body polarized towards the

presumptive bud site, and patches are found clustered at the presumptive
bud site (Adams and Pringle, 1984; Kilmartin and Adams, 1984). As the

bud grows, actin patches become clustered at the tip of the growing bud,

and cables remain oriented in this general direction. Later during bud

growth, the actin patches lose their apical distribution and are found

throughout the growing bud (but only rarely in the mother cell). At

cytokinesis, the actin patches redistribute yet again to accumulate at the

mother-daughter neck; cables in each cell are oriented towards the neck.

Finally, after cell separation (i.e. early G1) actin patches and cables are

found distributed throughout the cell with no apparent polarity. In

shmooing cells, actin patches are clustered in the shmoo tip and cables align

towards the tip. Similarly, in mating cells, actin patches accumulate at the

site of cell-cell contact, with cables oriented towards that site (Ford and

Pringle, 1986; Hasek et al., 1987; Gehrung and Snyder, 1990; Read et al,

1992). Actin is encoded by a single essential gene, ACT1 (Gallwitz and

Seidel, 1980; Ng and Ableson, 1980; Shortle et al., 1982).

Although the exact structure of actin patches remains unknown,

immuno-EM has recently shown that patches may consist of an actin

filament wrapped several times around an invagination of the plasma

membrane (Mulholland et al., 1994). Several proteins (including Apb1p

and cofilin) which co-localize with actin patches (Drubin et al., 1988;

Moon et al., 1993) are found associated with these actin-membrane

structures. The nature of actin patches has been further characterized

recently by the use of GFP-tagged actin (and actin patch-associated protein
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Sacóp) to follow individual actin patches (Waddle et al., 1996; Doyle and

Botstein, 1996). Surprisingly, actin patches exhibit rapid and continuous
movements which are not confined to the site of polarization. These in vivo

studies suggest the actin cytoskeleton is undergoing continual dynamic

rearrangement and raise the question of how patches are restricted to a

specific area, given their apparent freedom of movement.

A third cytoskeletal system found in yeast is comprised of a ring of

10 nm filaments (or “septins”; Sanders and Field, 1995) found at the

mother-daughter neck. The septin ring appears late during G1 at the

presumptive bud site and persists until shortly before cytokinesis (Byers

and Goetsch, 1976a). Three pieces of evidence suggest that the septin ring

is comprised of the gene products of CDC3, CDC10, CDC11, and CDC12.

First, mutants defective in any of these genes lack the septin ring (Byers

and Goestch, 1976b; Adams, 1984). Second, Cdc2p (Kim et al., 1991),

Cdc11p (Ford and Pringle, 1991), and Cdc12p (Haarer and Pringle, 1987)

all localize to the septin ring and do not localize in mutants defective in

other septin genes. Finally, it has recently been shown directly that these

four proteins can assemble into 10 nm filaments in vitro (Jennifer Frazier,

personal communication), supporting the conclusion that these genes
encode the septin ring. No EM characterization of Septin rings in shmoos
or zygotes has been carried out. It is known that in shmoos Cdc2p and
Cdc11p are localized at the base of the shmoo tip, but it is not clear if they
are assembled into the same ring structure seen during vegetative growth

(Kim et al., 1991; Ford and Pringle, 1991).



Figure 1-1. Polarized components of yeast cells.

A: Budding cells

B: Mating cells
C: Shmoos

Many cellular components are highly polarized towards the tip of the

growing bud during vegetative growth, the site of cell-cell contact during
mating, and the shmoo tip of a cells exposed to O-factor. Polarized

cytoskeletal elements include actin patches (red dots) and cables (red lines),

microtubules (green lines) which emanate from the spindle pole body

(green rectangle) embedded in the nuclear envelope (yellow), and the

septins (blue) which form a ring at the mother-daughter neck and a fuzzy

band in shmooing cells (the distribution of septins in zygotes is
uncharacterized). Arrows indicate sites of secretion and the insertion of

new cell wall materials.





Polarized growth depends upon the actin cytoskeleton

Microtubules are not important for polarized growth of yeast during
mating or budding, although they are oriented towards sites of growth.

Destabilization of microtubules by temperature sensitive mutations of the

essential B-tubulin gene TUB2 or in the presence of the microtubule

inhibitors nocodozole and benomyl yields the same conclusion: bud growth

and secretion are not dependent on the presence of microtubules (Hasek et

al., 1987; Huffaker et al., 1988; Jacobs et al., 1988). Similarly, the ability

to shmoo and mate does not require microtubules (Hasek et al., 1987;

Huffaker et al., 1988; Read et al., 1992). Nuclear fusion however is

dependent on microtubules. (Hasek et al., 1987; Delgado and Conde, 1984;

Jacobs et al., 1988). Furthermore, the loss of microtubules does not disrupt

the organization of the actin cytoskeleton in mating or budding cells (Hasek

et al., 1987; Jacobs et al., 1988). Taken together, these results indicate that

microtubules are not involved in polarized growth.

Organized actin patches are essential for polarized growth in mating

and budding cells. A role for actin was suggested initially by the

distribution of actin patches (Kilmartin and Adams, 1984; Adams and

Pringle, 1984) and vesicles (Byers, 1981; Baba et al., 1989) at sites of

growth in both cell types. Conclusive evidence that organized actin is

required for polarized growth, however, came from analysis of actin

mutations at the nonpermissive temperature (Novick and Botstein, 1985).

Chitin deposition is delocalized in these mutants, which accumulate

intracellular vesicles and exhibit reduced secretion. In addition, many large

unbudded cells are found, and virtually all cells die after six hours at the
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elevated temperature. These phenotypes are believed to reflect a loss of

polarized growth due to disorganization of the actin cytoskeleton.

Actin cables appear to be less involved in polarized growth than actin

patches. TPM1 encodes a yeast tropomyosin which localizes to actin cables;

in the tp.m.1A mutants, actin cables are missing (Liu and Bretscher, 1989).

tpm 1A mutants contain a majority of correctly localized actin patches,

however, and polarized growth is largely normal (Liu and Bretscher,

1989; Liu and Bretscher, 1992). A similar loss of cables is seen in mutants

defective in capping protein; again, the distribution of actin patches and

growth is mostly wild-type (Amatruda et al., 1990; Amatruda et al., 1992).

Finally, temperature sensitive actin mutants which specifically lack cables

are able to shmoo at the restrictive temperature (Read et al., 1992).

Additional evidence for a link between the actin cytoskeleton and

polarized growth is suggested by the phenotypes of mutants defective in

several actin binding proteins. MYO2, for example, encodes an essential

myosin localized to sites of growth (Johnston et al., 1991; Brockerhoff et
al., 1994; Lillie and Brown, 194). myo2-66 mutants arrest at the restrictive

temperature as predominantly large, unbudded cells with delocalized chitin

deposition (Johnston et al., 1991). The localization of actin patches and
vesicles to the mother, as well as the continued secretion exhibited by these

mutants, suggests that growth continues in myo2-66 mutants but is

delocalized and largely found in the mother cell (Johnston et al., 1991;

Govindan et al., 1995). Similar phenotypes are displayed by mutants

defective in profilin (Haarer et al., 1990) as well as in cells that

overproduce the actin binding protein Abplp (Drubin et al., 1988).
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Analysis of secretion (sec) mutants further supports a central role

for actin in polarized growth. First of all, sec mutants cannot grow and
instead accumulate vesicles, similar to actin mutants at the restrictive

temperature (Novick and Schekman, 1979; Novick et al., 1980). Second, a

mutant (in SAC1) which suppresses specific alleles of ACT1 can also

suppress mutations in the post-Golgi genes SEC6, SEC9, and SEC14

(Cleves et al., 1989). The Sac 1 protein is localized to the endoplasmic

reticulum and Golgi apparatus, and mutants defective in SAC1 have

delocalized actin patches and secretion. Third, mutations in late-acting sec

mutants are synthetically lethal in combination with the myo2-66 mutation,

suggesting that Myo2p may function in vesicular transport.

Taken together, these data indicate that a polarized actin cytoskeleton

is the basis for polarized growth during budding and mating. Two

fundamental questions which arise from this conclusion are a) how is actin

organized towards a specified site for polarization, and b) how is that site

determined? These questions are considered below.

The polarity establishment proteins are required to organize
actin

The polarity establishment genes CDC24, CDC42, CDC43, and

BEMI share a common phenotype when mutated. Cells carrying

temperature sensitive mutations in any of these genes arrest at the

restrictive temperature as large, unbudded cells with unpolarized cell

surface growth, including delocalized actin patches and chitin deposition

(Sloat and Pringle, 1978; Sloat et al., 1981; Adams and Pringle, 1984;

Adams et al., 1990; Bender and Pringle, 1991; Chenevert et al., 1992).

This phenotype is similar to that of actin mutants; the difference is that the
1 2



polarity establishment proteins are not themselves part of the actin
cytoskeleton but instead function to organize it.

A role for the polarity establishment proteins in actin organization
during mating has also been observed. cdc42 mutants at the restrictive

temperature have defects in mating (Reid and Hartwell, 1977) and

shmooing, forming unpolarized basketball-shaped shmoos instead of pear

shaped shmoos (Field and Schekman, 1980). Special alleles of BEMI have

been identified (bem 1-s) which are wild-type for vegetative growth but

defective in mating and shmooing; these alleles also form basketball-shaped
shmoos (Chapter 2; Chenevert et al., 1992; Chenevert et al., 1994).

In addition to their common phenotype, mutants defective in CDC24,

CDC42, and BEM1 exhibit extensive genetic interactions, suggesting that

they might function in a common process. First, a mutant carrying

temperature sensitive mutations of CDC42 and CDC43 is dead at 230C, the

permissive temperature for either single mutant (Adams et al., 1990).
Second, overexpression of CDC42 or BEM1 can suppress the growth

defect of cdc24 mutants at the restrictive temperature (Bender and Pringle,

1989; Chenevert, 1993). Finally, mutants defective in BEM1 are

synthetically lethal with mutations in CDC42 and CDC24 (Bender and

Pringle, 1991).

Cloning of the polarity establishment genes suggested possible

functions for their gene products. CDC42 is predicted to encode a ras-like
small GTPase (Johnson and Pringle, 1990). The ability of Cdc42p to bind

and hydrolyze GTP has now been well characterized (Zheng et al., 1994;
Herskowitz et al., 1995; Park et al., submitted). The sequence of CDC24 has

some homology to the human protein dbl, which functions as a GTP
1 3



exchange factor (or GEF) for human Cdc42p (Hart et al., 1991). Cdc24p
does stimulate exchange of GDP for GTP on Cdc42p (Zheng et al., 1994a).
CDC43 is predicted to encode a geranylgeranyl transferase and exhibits

isoprenylation activity (Johnson et al., 1990; Finegold et al., 1991). One

substrate for Cdc43p appears to be Cdc42p (Ohya et al., 1993), which

contains the consensus isoprenylation target motif common in small

GTPases, CAAX. Isoprenylation of Cdc42p is essential for its function,

suggesting that it must be targeted to the membrane for proper activity

(Ziman et al., 1991). Finally, BEM1 encodes a protein with two SH3

domains, which are commonly found in proteins associated with the actin

cytoskeleton (Chenevert et al., 1992); recently, some evidence for an

interaction between Bemlp and actin has been reported (Leeuw et al.,

1995).

The genetic interactions and preliminary biochemical analyses of the

polarity establishment proteins suggest that they may function together to

organize actin. Before considering how these proteins work together to

organize actin at a specified site on the cell surface, I address the question

of how sites are selected for polarization during mating and budding. In

order to discuss how mating cells choose sites of polarized growth, I next

describe the physiology of mating and pheromone signal transduction.

The physiology of mating

Mating is the fusion of haploid a and O. cells to create an a■ o diploid
cell (reviewed in Cross et al., 1988). Several different stages of the mating

reaction can be distinguished visually (Lindegren, 1950). When cells first

come in contact, they adhere to each other in the position in which they

initially met. Next, both partners complete the budding cycle and arrest in

14



G1. Actin polarizes towards the site on the cell surface in contact with the

mating partner (Hasek et al., 1979); in addition, new cell wall growth and

secretion are localized to the site of contact (Tkacz and MacKay, 1979;

Field and Schekman, 1980). Various organelles including the nuclei are

found near the site of cell contact (Byers and Goetsch, 1975; Baba et al.,

1989). Finally, the cell wall breaks down, the plasma membranes fuse, and

the nuclei congregate and fuse at their spindle pole bodies (Byers and
Goetsch, 1975).

Many of the mating events observed visually can be distinguished by

mutants which are blocked at different stages of the mating reaction.

Mutants which mate well on solid medium but poorly in liquid cultures

carry mutations in the agglutinin genes, which encode the complementary

cell surface proteins that hold cells together (Lipke and Kurjan, 1992).

Mutants defective in cell cycle arrest are either defective in sensing the

presence of a mating partner or inhibiting the cell cycle machinery (for

examples, see Hartwell, 1980; Chang and Herskowitz, 1990). Mutants

defective in genes involved in organizing polarized growth towards the

mating partner exhibit subtle but distinctive phenotypes, discussed in

greater detail below. A number of cell fusion mutants have been isolated

which accumulate prezygotes, cells which look like a zygote but retain a

septum separating the two partners (Trueheart et al., 1987; J. Philips,
personal communication). Finally, mutants defective in nuclear fusion have
defined two steps in this process, nuclear migration to the site of cell
contact followed by fusion of the nuclear membranes (Conde and Fink,
1976; Polaina and Conde, 1982; Kurihara et al., 1994).
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Pheromones signal three classes of events during mating
Haploid cells Secrete cell type-specific mating pheromones which are

recognized by cells of the opposite cell type: a cells secrete a-factor, which

binds to a receptor on the surface of O. cells, and O. cells secrete O-factor,

which binds to a receptor on the surface of a cells. Pheromone binding to

its receptor triggers a well characterized signal transduction cascade which

leads to three classes of events: gene induction, cell cycle arrest in G1, and

morphological changes (Fig. 1-2; recent reviews include Kurjan, 1993;

Oehlen and Cross, 1994; Herskowitz, 1995; Elion, 1995). The pheromones

are peptides of 12-13 amino acids. Each is encoded by two redundant genes

and synthesized as a propeptide which requires further processing. The

pheromone receptors (STE2 in a cells and STE3 in O. cells) contain seven

transmembrane domains and are coupled to a heterotrimeric G protein

comprised of O.,B, and Y subunits (encoded by GPA1, STE4, and STE18).

Pheromone binding causes dissociation of the G protein to generate Go

GTP and GBY. Liberated GBY is responsible for passing the pheromone

signal; loss of either GB or GY leads to loss of pheromone response.

Similarly, a gpa 1A strain exhibits constitutive signaling. Release of GBY

leads to activation of a MAP kinase cascade encoded by STE11, STE7, and

the redundant MAP kinases FUS3 and KSS1. Activated Ste 11p

phosphorylates and activates Ste?p, which in turn phosphorylates and

activates Fus3p and Ksslp.

The central remaining mystery in the pheromone signal transduction

pathway is how liberation of GBY leads to activation of the MAP kinase

kinase kinase Ste 11p. Several proteins which function at this level have

been characterized recently. STE5 encodes a large protein which is
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essential for signal transduction. Stejp is thought to serve a structural role

as a scaffold because it binds the MAP kinase cascade members (Ste 11p,
Ste?p, and Fus?p or Kss 1p). The formation of such a signaling complex

may facilitate signaling fidelity by sequestering these kinases from the

other MAP kinase cascade members found in budding yeast. Alternatively,

the Steff-kinase complex may facilitate localized signaling by holding the

activated kinases in close proximity to each other at the site of ligand

bound pheromone receptors. An additional kinase, encoded by STE20, also

functions between GBY and Ste 11p. Ste20p is able to phosphorylate Ste 11p

in vitro, suggesting it may play the same role in response to pheromone

(Neiman and Herskowitz, 1994). However, STE20 is not essential for

signal transduction in all backgrounds, implying there is another

mechanism to activate Ste 11p.

Gene induction in response to pheromone signaling is mediated by

the transcription factor Ste 12p. In the presence of pheromone, Ste 12p

becomes highly phosphorylated and binds to pheromone response elements

(known as PREs) found upstream of pheromone-inducible genes

(Ammerer, 1994). Ste 12p can be activated by either Fus3p or Kss 1p; in the

absence of both MAP kinases, no gene induction is observed (Elion et al.,

1991). Genes which are induced by pheromone signaling include many

members of the signal transduction pathway itself (e.g. the pheromone and

receptor genes) as well as proteins uniquely required during mating (e.g.

the fusogenic proteins Fuslp and Fus2p; Trueheart et al., 1987).

Cell cycle arrest in response to pheromone signaling is mediated by

the cyclin-dependent kinase inhibitor Farlp. In the absence of Farlp, no

cell cycle arrest is seen (Chang and Herskowitz, 1990). Farlp is
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phosphorylated by Fusip (but not Kss 1p), and its phosphorylation
correlates with its ability to associate with and inhibit Cdc28p/Cln1p and
Cdc28/Cln2p kinases (Peter et al., 1993; Tyers and Futcher, 1993; Peter

and Herskowitz, 1994).

The morphological change induced by pheromone signaling is the

actin-dependent polarized growth described above. Generating this growth
involves two steps: first, recognition of the position of the mating partner,

and second, organization of growth towards that site. How pheromone

binding leads to polarized growth towards the mating partner is considered
below.

Morphogenesis molecules involved in signal transduction

One of the strangest twists in the last several years has been the

demonstration of a role for the polarity establishment proteins Cdc42p,

Cdc24p, and Bemlp in pheromone signal transduction. None of these genes

is absolutely required for signal transduction. However, cac42, calc24, and

bem.1 mutants all exhibit modest signal transduction defects (Simon et al.,

1995; Zhao et al. 1995; Lyons et al., 1996), suggesting that their poor

mating may reflect more than difficulties organizing polarized actin.
The search for a signaling role for Cdc42p was motivated by the

finding that activity of a human STE20 homologue, PAK kinase, was

stimulated by binding of Cdc42Hs, a human homologue of CDC42 (Manser

et al., 1994). Ste20p interacts with Cdc42p both biochemically (Zhao et al.,
1995) and in a two-hybrid assay (Simon et al., 1995). A possible role for

CDC24 was suggested because Cdc24p exhibits GTP exchange activity on
Cdc42p (Zheng et al., 1994a). cdc42-1 and cdc24-1 mutants are defective
in pheromone-induced gene transcription and cell cycle arrest (Zhao et al.,
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1995; Simon et al., 1995). Finally, a two-hybrid interaction between STE4

and CDC24 suggests that Cdc24p may be one target of liberated GBY (Zhao
et al., 1995).

A signaling role for BEM1 was suggested by its isolation as a high
copy suppressor of the signaling defect of a fuss-2 mutant (Lyons et al.,
1996). Indeed, bem 1A mutants exhibit five-fold less fus 1::lacz induction in

the presence of pheromone, and overexpression of BEMI makes cells

Supersensitive to pheromone in a halo assay for cell cycle arrest (Lyons et

al., 1996). Furthermore, Bemlp has been found to co-purify and exhibit

two-hybrid interactions with Stejp (Leeuw et al., 1995; Lyons et al.,

1996). These results suggest that although Bemlp is not essential for signal

transduction, it is closely associated with signaling molecules and may
affect their function.

A model for pheromone signal transduction

The long-standing linear model for pheromone signal transduction

needs some updating to incorporate new information about the activation of

Ste 11p (Fig. 1-2). The activated allele STE11-4 contains a deletion of the N

terminus, which suggests that its normal function may be to inhibit its own

kinase activity. The N terminus of Ste 11p has also been shown to bind

Ste■ p (Choi et al., 1994). Furthermore, GST-Ste 11p is active when

purified from yeast cells not treated with pheromone (Neiman and

Herskowitz, 1994). Taken together, these results suggest that Ste 11p is an

active kinase which is inhibited in the absence of pheromone, possibly by

its interaction with Stejp or another inhibitor, and that this inhibition is

relieved in the presence of pheromone. Activation of Ste 11p by pheromone

may function through several possible mechanisms, acting alone or
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together. First, a conformational change in Stejp could relieve its

inhibition of the N terminus of Ste 11. Such a conformational change could
be a result of an interaction with GBY (or other upstream molecules).
Second, another inhibitor could bind to the N terminus of Ste 11, which

would be released in the presence of pheromone (although no such putative
inhibitor has been described to date). Finally, phosphorylation of Ste 11p by
Ste20p (activated itself via binding of Cdc42-GTP) could lead to activation

of Ste 11p.

An intriguing possibility is that there are two routes to Ste 11p

activation, one via Stejp and a second via Cdc42p and Ste20p (Fig. 1-2).

Such a branched pathway is suggested by several pieces of evidence,

including (but not limited to) the following. First, overexpression of STE5

activates the pheromone signaling pathway; STE4 and STE18 are

absolutely required for this activation, but STE20 is not (Akada et al.,

1996). This result suggests that Ste 11p can be activated independent of

Ste20p. Second, a STE20 N-terminal deletion leads to its activation

independent of CDC24 and CDC42 (Zhao et al., 1995). Mutants bearing

this activated allele exhibit an increase in basal signaling; however, they

also exhibit pheromone-induced signaling activity, suggesting that the

pathway is being activated independent of STE20, possibly through GBY

and Ste■ p. An alternative to the branched pathway explanation of these

confusing results is that there is a single linear pathway, but that

localization of signaling components to their site of action is essential.

Having reviewed the mating reaction, pheromone signal

transduction, and the role pheromone plays in triggering different mating

events required for successful mating, I now return to the question of
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Figure 1-2. Signal transduction of mating pheromones.

Pheromone binding to its surface receptor (STE2 in a cells, STE3 in O.

cells) results in three classes of events (indicated in green): cell cycle

arrest, mediated by FAR1, gene induction mediated by the transcription

factor STE.12, and morphological changes. Pheromone binding induces

dissociation of the heterotrimeric G protein, releasing GO and GBY.

Liberation of GBY leads to activation of STE11, possibly through

interactions with STE5 or via CDC42 and STE20, or possibly through both
routes. Activated STE11 activates STE7, which in turn activates the

partially redundant MAP kinases FUS3 and KSS1. It is unclear where the

morphological changes which accompany pheromone binding may be

branch off from this pathway.
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orientation, how a cell recognizes the position of its mating partner and
polarizes its actin cytoskeleton in that direction.

Mating polarization is determined by a gradient of pheromone
The long-standing proposal for mating partner location has been that

cells experience a pheromone gradient during mating and polarize towards

it source, the mating partner. The relative position of two mating cells does

not change during mating. Continued secretion of pheromone from each

partner is predicted to create a gradient such that higher pheromone

concentrations would be experienced on the side of the cell in contact with

the mating partner, and lower concentrations would be experienced on the

opposite side of the cell.

The idea that pheromone supplied from a cellular source was

important for orientation stemmed from analysis of the behavior of

mutants defective in the pheromone structural genes (Kurjan, 1985;

Michaelis and Herskowitz, 1988). Mutants defective in pheromone

production mate poorly. The addition of exogenous pheromone to a

pheromoneless strain in a mating reaction does not significantly rescue its

mating defect. This result suggests that the presence of pheromone is not

sufficient for mating, but that pheromone must be presented by a cellular

.source. One interpretation of this result is that mating cells use pheromone

gradients for partner localization.

Further support for the importance of pheromone gradients in

mating partner localization was provided by the discrimination assay of
Jackson and Hartwell (1990 a,b). In this assay, a wild-type tester cell is

offered equal numbers of two potential mating partners, one pheromone

producing and one pheromoneless cell. A wild-type cell discriminates
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between these two partners and chooses to mate with the pheromone
producing cell 100,000 times more frequently than with the pheromoneless
strain (even though the tester cell is exposed to pheromone). This assay
Supports the hypothesis that cells use a pheromone gradient to locate a

mating partner, since the tester strain always mates with the pheromone

producing cell.

Conclusive evidence that a cell can orient its growth in a gradient of

pheromone was finally provided by a direct assay (Segall, 1993). a cells

attached to a solid surface are exposed to a pheromone gradient created by

constantly supplying O-factor from a micropipet. Wild-type cells shmoo

towards the source of pheromone, the tip of the micropipet. This assay

represents an enormous step forward for the field of yeast polarity and

confirms that cells use a gradient of pheromone to locate their mating

partner.

A general model for the establishment of mating polarization

How does a pheromone gradient lead to polarized growth towards

the source of the pheromone, the mating partner? A crude model for this

process is outlined in Fig. 1-3. A budding cell has information at the bud

site to organize actin and secretion. The pheromone receptors are

expressed at low basal levels during vegetative growth and distributed over

the surface of the cell. Budding cells also express low levels of pheromone

and cell surface agglutinins. When a cell comes into contact with a cell of

opposite mating type, it is initially exposed to low levels of pheromone on

its surface facing its partner. This low level, asymmetric signaling induces

cell cycle arrest and induction of mating genes including the pheromones

and receptors themselves. Thus, a conversation goes on between the two
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Figure 1-3. A model for mating site recognition.

A. During vegetative growth, polarization of the actin cytoskeleton

(yellow lines) towards the bud site is mediated by an actin organizing

complex (orange star). Pheromone receptors (black Vs) are expressed at

low levels and found uniformly around the cell surface.

B. In the presence of a mating partner, receptors near the site of cell-cell

contact are activated by pheromone binding (blue dots). This low level

signaling (indicated in pink) results in cell cycle arrest in G1.

C. As pheromone is produced at higher levels, the amount of signaling at
the site of cell-cell contact increases as does the number of receptors at that

site. The presumptive bud site is masked or degraded, allowing the actin

organizing complex to relocate to the site of localized signaling.
D. Movement of the actin organizing complex to the site of localized

signaling results in the reorganization of actin towards the mating partner.
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potential mating partners, in which low levels of pheromone induce higher
levels of pheromone and reinforce the localized signaling each cell
experiences at the site of contact. Eventually a “mating landmark” is
established at the site of contact. Actin organizing molecules such as

Cdc42p and Bemlp are recruited to the mating site from the budding site,
which may be actively degraded or simply too weak to compete.

Eventually, actin becomes reoriented towards the position of the mating

partner, resulting in polarized growth and allowing the fusion of the two

cells at the appropriate site.

A critical feature of the model outlined above is the importance of

localized signaling components. The localization of most members of the

signal transduction pathway is unknown, although this may change rapidly

as localization techniques improve and these questions are pursued. It is

known that pheromone receptors are initially found all over the cell

surface but congregate at the site of cell-cell contact during mating.

Whether this aggregation represents active clustering remains unknown.

Presumably, any pheromone gradient is first experienced by the receptors,

placing them in a prime position to create mating site landmark

information. Other good candidates for signaling molecules involved in

creating a mating site landmark include GO-GTP and GBY, which are both

linked to the membrane through isoprenylation (Sprague and Thorner,

1992). Both of these species are products of receptor activation, locally

generated at the site of signaling but constrained in their movement away

from that site of activation by their membrane tethers.
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Establishment of vegetative polarization

The establishment of cell polarity requires two steps: creation of a

landmark at the chosen site, and the polarization of cellular components

towards that site. The mechanism for site selection is different in budding

and mating cells, but a common mechanism is thought to organize

polarized components towards the two sites. Both of these events are better

understood for bud site assembly, in which a GTPase functions in bud site

recognition and the deposition of actin-organizing molecules at that site.

a and O. haploid cells bud in the axial pattern, in which a cell buds

adjacent to the site of its last bud; a■ o diploid cells bud in the bipolar

pattern, in which a cell buds from either pole (Freifelder, 1960; Hicks et

al., 1977; Chant and Pringle, 1995). Many mutants (defective in the so

called BUD genes) which disturb these patterns in specific ways have been

identified (for reviews see Chant, 1994; Sanders and Field, 1995). A set of

general site selection genes is required to generate both patterns (BUD1, 2,

and 5); mutations in this class lead to a random budding pattern in all cell

types. The bipolar-specific genes are required for bipolar budding (e.g.

BUD6-9); mutations in these genes lead to a random pattern in diploid cells

(but do not affect the haploid axial pattern). The axial-specific genes

(BUD3, BUD4, AXL1, and AXL2/BUD10) are required for axial budding

in haploid cells; mutations in this class lead to a bipolar pattern in haploids
(but do not affect the diploid bipolar pattern).

Taken together, these classes of BUD genes suggest the following

model for bud site selection. The axial-specific genes encode a landmark

for axial budding and the machinery for its recognition, active in haploid
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cells. The bipolar-specific genes encode a landmark for bipolar budding
and the machinery for its recognition, active in diploid cells. The general
site selection genes are required to recognize both landmarks and deliver

polarity establishment proteins at the chosen site to organize actin and
secretion.

Cloning of the BUD genes and extensive biochemical

characterization have been helpful in determining their possible functions.

The general site selection genes encode a small GTPase, Budlp (Bender

and Pringle, 1989; Zheng et al., 1995), its GAP, Bud2p (Park et al., 1993),

and its nucleotide exchange factor, Budjp (Powers et al., 1991; Zheng et

al., 1995). The axial-site selection genes BUD3 and BUD4 encode large

structural proteins which assemble as a ring at the mother-daughter neck

during mitosis. Bud3p and Bud4p are hypothesized to participate in a cycle

of interdependent localization with the septins, resulting in the positioning

of the next bud site adjacent to the previous bud (Chant et al., 1995;

Sanders and Herskowitz, 1996). Little information is available about the

proteins encoded by the bipolar-specific genes; what is known is described

in Chapter 4.

A wide variety of evidence suggests that Budlp functions to deliver

Cdc42p and Bemlp at the presumptive bud site where they are correctly

positioned to influence local actin dynamics. Budlp-GTP binds Cdc24p and

Cdc42p-GDP (Zheng et al., 1995; Herskowitz et al., 1995). Similarly,

Budlp-GDP binds Bemlp (Herskowitz et al., 1995). The general site

selection genes also exhibit a web of genetic interactions with the polarity

establishment genes (for example, Bender and Pringle, 1989; Chant et al.,

1991). Furthermore, certain alleles of CDC24 lead to random budding
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patterns (Sloat and Pringle, 1981) as does overexpression of CDC42

(Johnson and Pringle, 1990). The subcellular localizations of these proteins
are also consistent with this model. Both Cdc42p and Bemlp are found at
sites of polarized growth (Ziman et al., 1991; Chenevert et al., 1992);

Budlp is found all over the cell surface (Michelitch and Chant, 1996); the

localization of Cdc24p is unknown.

A similar mechanism may be involved in the establishment of

polarity at the mating site. Cdc42p and Bemlp both localize to shmoo tips

and are required to organize actin during mating. The key to mating

partner location may be the correct deposition of Cdc42p and Bemlp at

areas of greatest signaling activity. Budlp is unlikely to play this role

during mating, as bud 14 mutants have no apparent mating defect. Instead,

these polarity establishment proteins may become correctly localized

through interactions with localized signaling proteins such as GBY or

Ste20p. Another analogy to the establishment of polarity during budding is

the ability to choose one polarization site when two are available. The

bipolar bud pattern landmarks are present in a haploid cell but are

overridden or ignored in the presence of axial budding information.

Similarly, mating cells ignore information to polarize at the putative bud

site and instead polarize towards their mating partner. How a polarization

landmark is masked or degraded during specific phases of the yeast life

cycle remains an unaddressed and intriguing question.

GTPases mediate actin organization in a variety of eukaryotic

cell types

Many eukaryotic cells in addition to yeast, including fibroblasts,

epithelial cells, neurons, and T cells, exhibit GTPase-mediated actin
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polarization. A role for small GTPases in actin organization was initially
Suggested by the effects of injecting activated ras into fibroblasts, which

induced membrane ruffling (Bar-Sagi and Feramisco, 1986). The

importance of the Rho subfamily of GTPases in actin assembly was
indicated in similar experiments using a Rho inhibitor, C3 transferase

(Chardin et al., 1989; Paterson et al., 1990). More recently, a flurry of

activity has been devoted to the role of CDC42 homologues in many

organisms, from fission yeast to mammals. Taken together, the

experiments described below suggest that CDC42 and other Rho-like small

GTPases play important roles in organizing actin assembly in many

organisms.

Much of our current understanding of GTPase function in actin

organization comes from the work of Hall and co-workers (for reviews,

see Hall, 1994; Ridley, 1995). Their experiments take advantage of cells

lacking actin structures to study the induction of stress fibers, lamellipodia,
and membrane ruffles (which are all actin-based structures). The actin-free

cells are Swiss 3T3 fibroblasts which have been serum-starved overnight.

Microinjection of activated Rho induces focal adhesions and stress fibers in

these cells (Paterson et al., 1990; Ridley and Hall, 1992), whereas

microinjection of activated Rac induces membrane ruffles and lamellipodia

(Ridley et al., 1992). Similar effects have been seen in an epithelial cell

line, KB (Nishiyama et al., 1994). GTPase specificity is determined in these

experiments through the use of mutations (activating and dominant negative
alleles) and inhibitors (such as C3 transferase).

Similar experiments have demonstrated a role for Cdc42 in actin
assembly, and suggest that Rho, Rac, and Cdc42Hs function as a GTPase
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cascade. Microinjection of Cdc42Hs induces actin microspikes and filopodia
in Swiss 3T3 cells (Nobes and Hall, 1995; Kozma et al., 1995).
Furthermore, activation of Cdc42Hs leads to activation of Rac and then

activation of Rho (Nobes and Hall, 1995), suggesting these GTPases
function sequentially to generate different types of actin structures and

adhesion complexes. A GTPase cascade is also thought to organize actin

assembly in yeast: as described above, Budlp is hypothesized to bind

Cdc42p and deposit it at its site of action, the presumptive bud site.

Another striking similarity between Budlp and Rho is that neither protein

is localized at its functional target, the bud site or the adhesion complex,

respectively (Michelitch and Chant, 1996; Adamson et al., 1992).

The last several years have seen an explosion of in vivo studies of

Rho, Rac, and Cdc42 function in different organisms. These proteins have

been shown to cooperate in controlling polarized growth in fission yeast
Miller and Johnson, 1994; Chang et al., 1994), polarization of a T cell

towards its target cell (Stowers et al., 1995), and a variety of

developmental processes in Drosophila development including axonal

outgrowth, myoblast fusion, epithelial cell polarity, eye development, and

oogenesis (Luo et al., 1994; Eaton et al., 1995; Harden et al., 1995;

Hariharan et al., 1995; and Murphy et al., 1996). The development of

temporal- and tissue-specific expression systems in Drosophila has already

greatly advanced the analysis of multi-functional proteins such as the rho

family of GTPases in the development of complex tissues (Brand and

Perrimon, 1993). Two examples of Drosophila Rac function clearly

illustrate the power of this expression system.
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One theme from the analysis of rho GTPases in fibroblasts is their

distinct functions; this theme is reiterated in work on Drosophila Rac and

CDC42. Both proteins are highly expressed in the nervous system and

mesoderm during neural and muscle development, respectively (Luo et al.,

1994). Expression of activated and dominant-negative alleles of Rac and

CDC42 was targeted to these tissues during their development. Expression

of wild-type Rac or CDC42 did not disrupt embryonic viability; in

contrast, rac and cac42 mutants (both activating and dominant-negative

alleles) caused embryonic lethality. Activated Rac led to decreased axonal

outgrowth and abnormal actin accumulation, as well as disruption of

myoblast fusion (Luo et al., 1994). Expression of activated alleles of

CDC42 also affected neuronal and myoblast differentiation, but in

qualitatively distinct ways. For example, dendrite outgrowth is only

reduced in the presence of activated CDC42 but not in the presence of

activated Rac. A similar role for Rac in axon outgrowth (but not dendrites)

has also been observed in mammalian neurons (Luo et al., 1996).

Another example of rho GTPases affecting actin-dependent events is

provided by analysis of CDC42 and Rac in the development of an

epithelium, again in Drosophila (Eaton et al., 1995). Epithelia are highly

organized cell sheets which separate different environments at their apical

and basal surfaces and regulate the passage of components between them.

Epithelial organization responds to its environment: interactions with the

extracellular matrix at the basal surface and interactions with neighboring

cells at adherens junctions are both critical for development of an apical

basal axis. Actin organization is highly dynamic during the development of

the wing disc epithelium and essential for a major morphogenic event,
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elongation during the third instar. CDC42 is required for this actin
dependent process: cells expressing dominant-negative CDC42 cannot
reorganize their actin and fail to elongate. In contrast, dominant negative
Rac does not affect epithelial elongation but instead disrupts recruitment of
actin to adherens junctions and leads to increased cell death. These results

again demonstrate unique roles for CDC42 and Rac and confirm that

Drosophila provides a rich system in which to pursue the role of rho

GTPases in many developmental events.

Dual roles for rho GTPases in signaling and morphogenetic events

are another common feature of yeast and higher eukaryotes. Again, this

work has been driven by the discovery that Cdc42Hs binds and simulates

PAK, a Ste20 kinase homologue (Manser et al., 1994). Yeast Cdc42p is

required for polarized growth and maximal signal transduction in response

to pheromone, as described above (Simon et al., 1995; Zhao et a., 1995).

Similarly, Cdc42Hs and Rac have both been found to regulate the activity

of the JNK signaling pathway via PAK (Coso et al., 1995; Minden et al.,

1995; Bagrodia et al., 1995).

The search for target proteins that mediate the effects of CDC42,

Rac, and Rho is in high gear. A conserved CDC42 and Rac binding domain

(CRIB) has been identified and found in sequences of over 25 proteins

(Burbelo et al., 1995). These putative GTPase target proteins include many

kinases and several novel proteins. However, a protein which lacks this

domain is able to bind RhoA, indicating that the CRIB motif is not the only

route to GTPase binding (Leung et al., 1995). The number of PAK/STE20

kinase homologues that bind CDC42 and Rac is growing; there are

currently at least five human homologues (p65PAK, ACK, B-PAK, Y-PAK,
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and ROKO.; Manser et al., 1994; Manser et al., 1995; Teo et al., 1995;

Leung et al., 1995), one in fission yeast (Shk1; Marcus et al., 1995), and
one in budding yeast (Ste20p; Leberer et al., 1992; Ramer and Davis,

1993). The number of PAK kinases is certain to continue increasing.
A remaining mystery concerning rho GTPases is how they couple

signaling and morphogenetic events. The identification of more targets will

certainly help. Of particular interest would be targets which interact with

the actin cytoskeleton; such a candidate has recently been described

(Symons et al., 1996). WASP binds CDC42-GTP but not Rac, Rho, or

CDC42-GDP. In addition, expression of WASP in cell lines induces

clusters of polymerized actin. These results suggest that WASP may link
CDC42 and actin. However, the specificity of the interaction of WASP with

the actin cytoskeleton has been poorly defined and further work will be

required to clearly demonstrate an actin-organizing role for WASP.

Finally, another mechanism for the effect of CDC42 on morphogenesis

may be through changing the subcellular distribution of its target. The

binding of RhoA to ROKO (a PAK-like kinase) results in translocation of

ROKO to membranes, where it co-localizes with actin (Leung et al., 1995).

The induced localization of a kinase with its target may represent a

powerful and common mechanism for activation of a pathway (Mochly
Rosen, 1995).

The establishment of yeast polarity during budding and mating

The experiments described above suggest that Cdc42 and other Rho

like small GTPases play important roles in organizing actin assembly in

many organisms including yeast and illustrate some of the complexities that

accompany studying actin organization in higher eukaryotes. These results
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confirm the utility of S. cerevisiae as a particularly tractable organism in
which to study a general mechanism, the role of GTPase in actin

organization. An important outstanding question is what lies upstream of
the GTPases; that is, how are sites for polarized growth determined?

The goal of the work described in this thesis was to elucidate how a

yeast cell locates its mating partner and orients its actin cytoskeleton and

Secretion towards it. A screen for mutants which mate poorly identified a

number of candidate orientation mutants. From this pool, four mutants

which could not polarize towards the source of a gradient of mating

pheromone were identified. These mutants were defective in FAR1, a gene
which plays two roles during mating, one in cell cycle arrest and another in

orientation. The original screen for poor maters also identified two other

genes, PEA2 and SPA2, which are required to organize polarized growth

in the presence of pheromone. Characterization of mutants defective in

these genes indicated they are required for establishment of the bipolar

budding pattern as well as polarized morphogenesis during mating, and

may physically interact to perform these functions.
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CHAPTER TWO

IDENTIFICATION OF GENES REQUIRED FOR

PHEROMONE-INDUCED CELL POLARIZATION IN

SACCHAROMYCES CEREVISIAE
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Note: This chapter was published as:
J. Chenevert, N. Valtz, and I. Herskowitz

1994

Identification of genes required for normal pheromone
induced cell polarization in Saccharomyces cerevisiae

Genetics 136: 1287-1297.

My contributions to this work involved characterization of the PEA1,

PEA2, and TNY1 genes (see Table 2-2; Fig. 2-1C,D; Table 2-4 lines 3-8;

and Table 2-5 except the bem 1 crosses). In addition, I characterized the 18

mutants described in Table 2-2 as Class 4 (wild-type shmoo) and identified

mutants B4, D1, G18, and H7 as carrying mutations in FAR1 and mutant

F20 as carrying a mutation in FUS2.

Reproduced from Genetics by copyright permission of The Genetics

Society of America.
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ABSTRACT

In response to mating pheromones, cells of the yeast Saccharomyces

cerevisiae adopt a polarized "shmoo" morphology, in which the

cytoskeleton and proteins involved in mating are localized to a cell-surface

projection. This polarization is presumed to reflect the oriented

morphogenesis that occurs between mating partners to facilitate cell and

nuclear fusion. In order to identify genes involved in pheromone-induced

cell polarization, we have isolated mutants defective in mating to an
enfeebled partner and studied a subset of these mutants. The 34 mutants of

interest are proficient for pheromone production, arrest in response to

pheromone, mate to wild-type strains, and exhibit normal cell polarity

during vegetative growth. The mutants were divided into classes based on

their morphological responses to mating pheromone. One class is unable to

localize cell-surface growth in response to mating factor and instead

enlarges in a uniform manner. These mutants harbor special alleles of

genes required for cell polarization during vegetative growth, BEMI and

CDC24. Another class of mutants forms bilobed, peanut-like shapes when

treated with pheromone and defines two genes, PEA1 and PEA2. PEA1 is
identical to SPA2. A third class forms normally shaped but tiny shmoos

and defines the gene TNY1. A final group of mutants exhibits apparently

normal shmoo morphology. The nature of their mating defect is yet to be

determined. We discuss the possible roles of these gene products in

establishing cell polarity during mating.
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INTRODUCTION

Many cell types generate cellular asymmetry in response to
environmental signals. The signals and signal transduction mechanisms

which cause these responses are known in many cases, but the intracellular

components that participate in the oriented establishment of cell polarity

are not well understood (reviewed by Nelson, 1992; Luna and Hitt, 1992;

Stossel, 1993). Cells of the yeast Saccharomyces cerevisiae polarize toward

an extracellular signal during conjugation. When two cells of opposite

mating type come into contact, they localize new cell-surface growth and
orient their cytoskeletons towards each other (Byers and Goetsch, 1975;

Byers, 1981; Ford and Pringle, 1986; Hasek et al., 1987), which facilitates

efficient cell and nuclear fusion (reviewed in Cross et al. 1988). This

localized growth is directed by a spatial signal emanating from the mating

partner which is apparently a high concentration of mating pheromone

(Kurjan, 1985; Michaelis and Herskowitz, 1988; Jackson and Hartwell,

1990a; Jackson and Hartwell, 1990b; Segall, 1993). These pheromones are

Secreted peptides recognized by cell-surface receptors in a cell-type specific

manner: a cells produce a-factor, which binds to a receptor on O. cells, and

O. cells produce O.-factor which binds to a receptor on a cells. These

receptors belong to the large family of G-protein-coupled receptors with

seven transmembrane domains (reviewed in Marsh et al., 1991; Kurjan,

1992).

The addition of purified pheromone to cells of the opposite cell type

causes a variety of mating responses, including cell cycle arrest, gene
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induction, and formation of a pear-shaped cell ("shmoo"). The shmoo is a
manifestation of the pheromone-stimulated morphogenesis which normally
occurs during mating but which becomes exaggerated in the absence of a

mating partner. The projection of the shmoo (or "shmoo tip") is formed by

deposition of new membrane and cell wall material to a localized region of
the cell surface (Lipke et al., 1976; Tkacz and MacKay, 1979; Field and

Schekman, 1980). This growth reflects the polarized orientation of the

cytoskeleton (reviewed by Barnes et al., 1990; Read et al., 1992). Actin

accumulates at the growing region of the cell cortex, and actin cables align

along the growth axis (Ford and Pringle, 1986; Hasek et al., 1987;

Gehrung and Snyder, 1990). The spindle pole body (the yeast analogue of

the centrosome or microtubule organizing center) orients toward the

shmoo tip, and microtubules emanating from it extend into the tip (Rose

and Fink, 1987; Gehrung and Snyder, 1990; Meluh and Rose, 1990). Most

organelles, including the nucleus, accumulate on the side of the cell where

the projection forms (Baba et al., 1989; Byers and Goetsch, 1975; Tkacz

and MacKay, 1979; Hasek et al., 1987; Rose and Fink, 1987; Gehrung and

Snyder, 1990). Many molecules with roles in mating localize to the shmoo

tip; these include a-agglutinin (Watzele et al., 1988), Fus lp (Trueheart et

al., 1987), Spa2p (Gehrung and Snyder, 1990), Ste2p (Jackson et al.,

1991), Fus2p (Elion et al., 1995), and Steep (Kuchler et al., 1993).

Yeast cells also grow in a polarized manner during vegetative

growth, by budding from distinct sites on the cell surface. Unlike sites of

growth during mating, which are directed by external signals, bud sites are

defined by some intracellular landmark, perhaps a remnant of the previous

cell division, and are determined by the genetic make-up of a cell. Two
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classes of genes which regulate the budding process have been identified,

bud-site selection genes (BUD1-5) and polarity-establishment genes
(CDC24, CDC42, BEM1; reviewed in Drubin, 1991). Mutations in the

bud-site selection genes cause improper positioning of the bud but no

growth defect (Bender and Pringle, 1989; Chant and Herskowitz, 1991;

Chant et al., 1991). Mutants in the polarity-establishment genes are unable

to localize growth to form a bud but rather enlarge in a uniform manner

and are slow growing or inviable (Sloat and Pringle, 1978; Sloat et al.,

1981; Adams et al., 1990; Johnson and Pringle, 1990; Chenevert et al.,

1992; Chant et al., 1991; Bender and Pringle, 1991). Studies on the

functions of these genes and the interactions among them have led to a

model of hierarchical assembly of components involved in bud formation

(Chant and Herskowitz, 1991): the BUD gene products are proposed to

recognize the cell-surface landmark and guide the positioning of the

polarity-establishment gene products, which in turn organize the

cytoskeleton and initiate bud growth at the proper site.

Less is known about the genes involved in polarizing the cell in

response to mating pheromones. Some of the polarity-establishment genes

important for budding are also necessary for shmooing. Temperature

sensitive cdc24 mutants exhibit defects in mating (Reid and Hartwell, 1977)

and shmooing (Field and Schekman, 1980) at the nonpermissive

temperature. Special mutations in BEMI have been identified which do not

affect budding but which cause defects in shmooing and mating (Chenevert

et al., 1992; this study). The gene encoding the O. -pheromone receptor,

STE2, is required for shmooing in some capacity in addition to its role in

the signal transduction pathway. A mutant form of the receptor which lacks
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the intracellular C-terminus is proficient for signaling but produces

uniformly enlarged cells rather than polarized shmoos (Konopka et al.,

1988). Finally, yeast strains in which SPA2 is deleted do not form shmoo

tips but instead form round cells when treated with pheromone (Gehrung

and Snyder, 1990). We hypothesize that during shmoo formation or

mating, activated pheromone receptors generate an intracellular spatial

signal which is recognized by molecules capable of locally organizing the

cytoskeleton. In order to identify genes involved in this process, we devised

a genetic screen to isolate mutants defective in polarizing in response to

mating pheromones.
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MATERIALS AND METHODS

Strains, media, and genetic methods

Yeast strains are listed in Table A5-1. Crosses, sporulation and tetrad

dissection were performed as described previously (Sherman et al., 1982).

Matings involving mating-deficient strains were performed by selection for

prototrophy generally following a period of growth under nonselective

conditions. Yeast rich medium (YEPD) and synthetic minimal medium

(SD) were prepared as described previously (Hicks and Herskowitz, 1976).

Mutagenesis

Strain JC2-1B was mutagenized by exposure to ethylmethane

sulfonate (EMS; Sigma). The genotype of this strain (see Table A5-1) is

such that morphological response to O. -factor can be easily scored and

mutants defective in SIR genes will not be isolated. Ten 1.5 ml overnight

cultures inoculated from separate single colonies of JC2-1B were grown

and treated separately as mutagenesis Series A-J to assure independent

isolation of mutants. Cells were washed and resuspended in 1.5 ml 10 mM

phosphate buffer, pH 7, and sonicated for 5 sec to disrupt cell clumps. An

0.5 ml aliquot was removed to another tube as an untreated control and 20

pul EMS was added to the remaining one ml culture. The treated tubes were

incubated at 30°C with aeration for either 45 min (pools A-D) or 60 min

(pools E-J). Cells were pelleted and the EMS inactivated by addition of 1.5

ml 5% sodium thiophosphate. The mutagenized cells were then washed

twice with water, once with YEPD, and resuspended in one ml YEPD.

These cultures were frozen for two days while the titer was determined,

and then cells were plated for screening. The frequency of survivors was
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between 89% (45 min EMS treatment) and 68% (60 min EMS treatment).

The frequency of mutation to canavanine resistance was approximately 1.5
x 10-3.

Assays of phenotype

Pilot experiments revealed that a 4-6 hr permissive mating was best

for distinguishing between the abilities of wild-type and mutant colonies to

mate to the enfeebled tester strain. Mutagenized yeast cells were plated on

YEPD at a density of 100-200 cells per plate and incubated at 30°C for 4

days. Each plate was then replica-plated to two YEPD plates on which a

confluent lawn of fresh o far 1 (IH2514) or O. fus I fus2 (IH2351) mating

testers had been spread (approximately 107 cells per plate). These plates
were incubated at 30°C for 4-6 hr to allow mating and then replica plated

to conditions selective for diploids (SD for matings to the farl strain and

SD supplemented with uracil for matings to the fusl fus2 strain). After

further incubation for 1-2 days, mating-defective mutants exhibited

reduced or no formation of diploids. Identification of mating-defective

mutants on crowded plates was aided by a color distinction: diploid mating

products became Adet and thus white, whereas mating-defective mutant
colonies remained Ade" and gave imprints of dead and dying cells on the

selective plate which were easily seen as red shadows in a background of

white diploid prototrophs. These mating-defective candidates were picked

from the original plate and retested.

The ability of mating-defective mutants to respond to pheromone

was determined by assaying cell cycle arrest. A conventional halo assay

(Herskowitz 1988) was modified in the following way so that many mutants

could be tested (usually six per plate). A suspension of each strain to be
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tested was made in 1 ml YEPD at approximate density 107 cells/ml. A
drop of suspension was streaked with a pipette on a YEPD plate and
allowed to dry. Then fresh O. -factor-producing cells (strain IH1793) were

patched in the middle of each streak with a toothpick. After overnight

incubation at 30°C, a halo of growth inhibition appeared in streaks of

strains capable of responding to pheromone. More sensitive pheromone

response tests were carried out for mutants which gave ambiguous results

(neither completely sensitive nor completely resistant): (1) Quantitative

pheromone-response assays were performed by pipetting different amounts

of pheromone onto filter discs placed on lawns of the mutant a cells. (2)

Individual mutant cells were observed microscopically by plating dilutions

on YEPD slabs, streaking an O. -factor-producing strain on the slab, and

then scoring the response of individual cells as a function of distance from

the pheromone source.

The test for a-factor production was essentially as described by
Michaelis and Herskowitz (1988.) Patches of the mutant a strains were

replica plated to lawns of a strain supersensitive to a-factor (strain IH993).

The ability to produce a-factor was seen as a zone of growth inhibition

surrounding the patch.

In order to observe the morphological response of the mutant strains

to pheromone, cultures of each were grown to mid-log phase in YEPD at
30°C (OD600 = 0.7), O -factor was added to a final concentration of 10-6

M, and the cultures were returned to 30°C to grow with shaking. Aliquots

were removed at various times (2, 4, 6 hr), Sonicated for 3 sec, and viewed

in the phase-contrast microscope. Morphology was also observed on solid

medium by the slab assay for pheromone response as described above.
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The budding patterns of the mutants were determined by plating
single cells on YEPD slabs, allowing them to divide, and observing
microcolonies at the four-cell stage as described by Chant and Herskowitz
(1991).

Complementation tests

Since mating is a haploid-specific phenotype, complementation had to

be scored in diploid yeast strains that exhibited an a or O. phenotype. The

procedure for generating such diploid strains is essentially as described by

Herskowitz and Jenson (1991) and had the following steps: 1) a MAT of

mutant segregant was obtained by crossing the original MATa mutant to a

wild-type O strain and analyzing meiotic progeny; 2) the mutant O. was

transformed with a plasmid containing the HO gene under control of the

GAL promoter; 3) this transformant was mated to the MATa strains

carrying a different mutation, and diploids were selected; 4) the diploids

were grown on galactose medium for a limited time to allow switching

from MATa/MAT of to MATa/MATa. The cells were then plated for

single colonies and tested for pheromone production. Colonies producing

a-factor are expected to be MATa/MATa diploids containing both original

mutations; these were then tested in the original mating assay.

Quantitative mating assays

Assays were performed essentially as in Neiman et al. (1992) except

that the mating temperature was 30°C instead of 37°C. Approximately 3 x
106 cells from exponentially growing cultures of each strain were mixed
and then filtered onto 0.45 pum nitrocellulose filters (Millipore). The

filters were rinsed with 5 ml YEPD, placed on YEPD plates, and incubated

for 4 hr at 30°C. Cells were resuspended in 5 ml SD by vigorous,
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vortexing for 30 sec followed by sonication for 3 sec. Dilutions were

plated on YEPD to determine total colony-forming units and on SD

minimal plates to select for diploids. Mating frequency was calculated as

the ratio of diploid cells to total cells.

Cloning of BEM1

A bem 1-sl strain (JC-G11) was transformed with a genomic DNA

library in a low-copy number vector (YCp50) (Rose et al., 1987).
Transformants were plated on SD plates lacking uracil at a density of about
I OO colonies per plate and mated to an o farl mating tester (IH2514) as

“Hescribed above. Four mating-proficient colonies were identified from
17OO transformants tested. Restriction analysis revealed that three of these
Plasmids were identical; the fourth contained DNA fragments in common
Yvith the others. Loss of the plasmids correlated with loss of mating ability.
Subcloning identified a 1.6 kb HindIII fragment which was able to

S-Smplement the bem 1-s mutant in one orientation. The sequence of this
*ragment revealed that it contained most of the BEM1 gene, which was
Simultaneously identified and sequenced in the Pringle laboratory (Bender
and Pringle 1991; Chant et al., 1991).

FAR1, FUS1, and FUS2 plasmids
pTP41 was a gift of M. Peter and contains the 3.8 kb Bgll■ fragment

containing FAR1 from pHC21 (F. Chang, unpublished) cloned into the
BamhI site of YCp50 (Johnston and Davis, 1984). YCp50-based plasmids
containing FUS1 (pSB245) or FUS2 (pSB265) were gifts of G. Fink.
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RESULTS

A&ationale for mutant isolation

During sexual conjugation of Saccharomyces cerevisiae, the mating
partners exhibit cell polarization in response to mating pheromones. We

ºvere interested in identifying genes involved in this polarization and

Predicted that such genes might be required in only one partner for cell
fusion to occur. Thus a mutant defective in pheromone-induced
Pºlarization may show little or no defect in mating with a wild-type strain
t’s at a dramatic defect in mating with an enfeebled mutant defective in the

S = Ine function. We therefore isolated mutants unable to mate to Strains

*already enfeebled for mating.

The enfeebled partner strains used in our screen were defective in

*ither the FAR1 gene or in the FUS1 and FUS2 genes and may be defective
ira Pheromone-induced cell polarization. FAR1 is required for cell-cycle

*** rest in response to mating pheromone (Chang and Herskowitz, 1990) and
**>r orientation towards a mating partner (Chapter 3). FUS1 and FUS2 are
**quired for cell fusion; mutants defective in these genes form

- - Prezygotes" in which the two cell membranes of the mating partners do
***O't fuse (Trueheart et al., 1987; McCaffrey et al., 1987). The FUS1 and

F OS2 genes are both highly pheromone inducible, and their gene products

**e localized to the shmoo tip (Trueheart et al., 1987; Elion et al., 1995).

VVe imagined that proteins important for cell-cell fusion must be properly
*alized to the shmoo tip in at least one partner for mating to occur. The

*Sond reason for choosing these mutants is that they exhibit bilateral

*ing defects of the type predicted for mutants defective in mating
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polarization: far/ mutants can mate to a FAR1 strain quite well (efficiency
of mating ca. 10-1); in contrast, mating between two far 1 mutants occurs at

a frequency of ~ 10-7 (Chang and Herskowitz, 1990; Chapter 3).

Sirmilarly, a fuslfus2 strain mates well to a FUS strain (mating frequency
Cºf O.23), but poorly to another fus I fus2 strain (a frequency of 5.9 x 10-4:
True heart et al., 1987). In addition far/ mutants mate to fus I fus2 mutants
at a very low frequency (10-5; Chang 1991; J. Chenevert and N.V.,
urn published observations). We hoped that mutants directly involved in

PClarizing in response to mating pheromone would be found among those
urn able to mate to these crippled partners.
*** frial characterization of mutants

In the primary screen of 26,000 mutagenized colonies from 10
**><iependently mutagenized pools (A-J), 138 were defective in mating to the
*** feebled tester strains (Table 2-1, Figure 2-1). Most of these (88) were

**efective in mating to both the far 1 tester and the fus 1 fus2 tester, but some

Yere able to mate to the fus 1 fus2 strain (39 mutants) or to the far 1 strain

G 1 O mutants). 86 of the mutants (including representatives from each of the
*forementioned mating-defective classes) were not arrested by pheromone

QFigure 2-1, Table 2-1); they may be defective in known sterile (STE)

Senes required for signal transduction or in genes involved in cell cycle
*rrest and were not studied further. Of the 51 pheromone-sensitive
"mutants, 9 were deficient in a-factor production and were not studied
further.

Because we were interested in morphological defects specific to
Pheromone treatment, we analyzed the mutants for growth rate and

"orphology in the absence of pheromone and studied further only those

tº a

* * * *
* - * -

sº wº

* * *
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Table 2-1

Demographics of mutant hunt

Nº.1 litant phenotype No. of isolates"
Defective in arrest by pheromone 86
Defective in pheromone production 9
Reduced vegetative growth or abnormal 9 - - * * *

Ye setative morphology * --- : *.

^berrant budding pattern 2 - - - -
ºf . º

Gºther mutants 31 . . " º: : *

Total mating defective 137 º * -- : º
R- - ---

26,000 total colonies were screened. ----

---. J
tº . . )

-

‘. . . . )
:- - , ,
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Figure 2-1. Mutant phenotypes.

Three representative mating-defective mutants (A) and the basis for the

elimination of two of them (B, C) are shown.

A: Strains JC2-1B (wild-type), G11, E7, and J18 are patched onto a

YEPD plate.

B: The patches in A were replica-plated to a lawn of JC31-7D (MATO.

far ZD cells spread on a YEPD plate and then replica-plated to an SD plate.

Frototrophic colonies result from mating.
*C= NMini-lawns of the suspensions of the strains from A were streaked out
=as clescribed in Materials and Methods and a wild-type of strain was patched

**In top. Mutant E7 was eliminated as pheromone-resistant.

ID: The patches in A were replica-plated onto a lawn of the a-factor tester
Strain IH993. Mutant J18 was eliminated as defective in a-factor

Production.

-
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mutants that were normal in these tests. Nine mutants grew substantially
slower than a wild-type strain or produced aberrantly shaped cells (A1,
A2, C5, C6, C8, E13, I3, I13, J16). Only one of the mutants (I13), which

exhibited interesting morphology in the presence of pheromone (see

Below), was studied further. Two mutants exhibited abnormal budding

Patterns but no other vegetative defects: F16 displayed a random budding

EPattern and I15 displayed a bipolar pattern (S. Sanders, personal

cCInrnunication). The final tally of candidates with potential defects in

IYD, ating-related polarization was 34 (see Table 2-1). All mated well to a
tº
* *Nºvild-type strain, indicating that they differ from mutants defective in

--

standard STE genes. 1: .

* # ve classes of pheromone-induced morphology

The 34 mutants studied further are those that mated to a wild-type
• * *

... tº

**rain, failed to mate to a far 1 or a fuslfus2 strain, and exhibited normal st-- - -

***orphology during vegetative growth. Among these 34 mutants, a range f

$ºf relative mating efficiencies to the two enfeebled testers was displayed; in f

*Sºme cases the mating defect was more dramatic with one tester than with
º

*he other. These mutants were treated with pheromone and characterized -
º

*icroscopically. A variety of shapes was observed, falling into five broad
Sategories (Table 2-2 and Figure 2–2): (1) One class of mutants (shmooless
"nutants, 3 isolates) appeared to be unable to form shmoos but instead
enlarged in a uniform manner (Fig. 2-2B). (2) A second class (peanut
mutants, 4 isolates) formed cells that were roughly symmetrical and had

two lobes (Fig. 2-2D). (3) The third class (tiny mutants, 2 isolates)
Contained about 50% shmoos of unusually small size (Fig. 2-2C). (4) The
fourth class (18 mutants) formed shmoos that were completely normal or

-|
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Table 2-2

Morphologies of mutants in the presence of pheromone

Mutants No. Designations Genes
Hornogenous terminal
Irn Orphologies:

Class 1. Shmooless 3 F5, G11 BEMI
I13 CDC24

Class 2/ Peanut shmoo 4 D6, J9 PEAI
A10, I14 PEA2

Class 3. Tiny shmoo 2 G16, H9 TNYI
Class 4. Wild-type shmoo 18 B4, D1, G18, H7 FARI

F20 FUS2

5, B6, E1, F16, G3, G17, 2
I5, I11, I15, J3, J10, J21,
J26

*Heterogeneous terminal
**norphologies: 7

Otal: 34°

T
al

These 34 mutants include one with reduced vegetative growth rate (I13),
two which exhibit aberrant budding patterns (F16 and I15), and the 31
“other” mutants indicated in Table 1.

º º
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Figure 2-2. Morphologies of yeast strains in the presence of

P he romone.

A : Wild-type a strain JC2-1B.

IB = Shmooless mutant G11 (bem 1-S 1).

C: Tiny shmoo mutant G16 (tny1-1).

ID- Peanut-shmoo mutant A10 (pea2-1).
The percentage of cells which manifest the mutant phenotype is about 50%
for the tiny shmoos and >90% for the others. Cells were viewed under
Nornarski optics and photographed with the Zeiss axioscope automatic
*><posure camera using Technical Pan film.
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that exhibited more subtle defects, such as forming shmoos more slowly

than wild-type or with projections that were shorter or blunter than wild

type shmoos. These four classes are described as "homogeneous" because

affected cells exhibited uniform morphological aberrations (50% for tiny

mutants, >90% for the others). (5) The final class (7 mutants) is termed

"heterogeneous" because cells of a particular mutant strain formed a

diverse set of morphologies upon pheromone treatment. This class of
Inutants was not studied further.

We focused on the shmooless, peanut shmoo, and tiny shmoo mutants

E’ecause they displayed abnormal but homogeneous morphologies in the
Eresence of pheromone. For each of the nine mutants in the shmooless,

Peanut shmoo, and tiny shmoo classes, genetic analysis showed that the

*Thorphological abnormality co-segregated with the mating defect,

*iemonstrating that both phenotypes are due to a defect in the same gene
Ksee below and data not shown).
*S*mooless mutants are defective in polarity establishment genes
*B EM1 and CDC24

Complementation tests were performed to determine whether the

*hree mutants which exhibited the shmooless phenotype were defective in

the same gene. A MATO segregant containing the G11 mutation (JC108)
Yas mated to each of the MATashmooless mutants, G11, F5, and I13, and

*o the wild-type parent JC2-1B as a control for dominance. The resulting
MATa/MAT o diploids were converted to MATa/MATa diploids as
described in Materials and Methods and then tested for mating ability to
farl and fusl fus2 strains. By these tests, the mutation in G11 is recessive
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to wild-type. G11 and F5 are defective in the same complementation group,
whereas I13 is defective in a different complementation group (Table 2-3).

A gene with the ability to restore mating and shmooing to the G11

and F5 Shmooless mutants was cloned by complementation of the mating
defect of G 11 as previously reported (Chenevert et al., 1992; see

NMaterials and Methods), and proved to be BEM1, a gene involved in

budding polarity (Chant et al., 1991; Bender and Pringle, 1991). Tetrad

analysis verified that the G11 mutant harbored a mutation in BEM1: when

a diploid formed by mating G11 to a strain deleted for BEMI (KO1-1A)

Nºvas sporulated and dissected, wild-type recombinants were not recovered
Cºcross 1, Table 2-4).

Two observations on mutant I13 gave clues to its identity. First, it

Yºvas unable to form colonies at high temperature (>33°C) and grew slower
*h an a wild-type strain at 30°C. Second, it did not yield prototrophic
**iploids when mated with a cdc24-ts mutant at 37°C (data not shown). To

**etermine whether I13 was defective in the CDC24 gene, it was mated to a

**C24-ts mutant (strain IH2431) at permissive temperature (25°C) to yield
* diploid. This strain was unable to grow at nonpermissive temperature
K37°C). indicating that I13 contains a mutation in CDC24. This mutation is

*S*cessive and did complement cac43 and bem.1 mutations (Table 2-3). The
S■ iploid formed by mating I13 to the cdc24-ts strain IH2431 yielded meiotic

Segregants all of which were temperature sensitive (Table 2-4),
demonstrating that mutant I13 contains a mutation of CDC24.

º -

º
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Table 2-3

Complementation test of shmooless mutants

Test Mating d

A. MATa/MATa diploids derived from mating between
JC108 (mutation from G11) and JC2-1B (wild-type) +

JC108 (G11) and mutant G11
-

JC108 (G11) and mutant F5"
-

JC108 (G11) and mutant I13 +

Growth at 37°
E. Haploids:

Mutant I13
-

IH2431(cdc24)
-

IH2433 (cdc43)
-

KO2-5B (bem 1)
-

Diploid derived from mating between:
Mutant I13 and IH2431(cdc24)

-

Mutant I13 and IH2433 (cdc43) +

Mutant I13 and KO2-5B (bem 1) +

I
NMating to farl-c strain JC31-7.

US.
a/a diploids formed between F5 and other mutants exhibited mating,

S*Xcluding the possibility that F5 contains a dominant mutation.

sta--

* - s
- - -

* * *
* * *

* → *
- - -

* * * !

º

º

-
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Table 2-4

Allelism Analysis

% wild-type phenotype
Cross PD NPD T Segregants scored

(1) G 11 X bem 1A 10 0 () ()(l mating
conclusion: mutant G11 contains a mutation in BEM1

(2) I 13 x calc24 12 0 0 0a growth at
37°C

conclusion: mutant I13 contains a mutation in CDC24

C3) NVY14 (D6) x I14 3 0 3 17 mating and
morphology

G-1-D NVY14 (D6) x A10 4 O 4 14 rt

G5 D NVY14 (D6) x J9 13 0 0 0 in

CSO NVY20 (I14) x J9 2 0 6 20 11

Q7) NVY20 (114) x A10 8 0 0 0 rt

conclusion: D6 and J9 contain mutations that are allelic;

A10 and I14 contain mutations that are allelic

T

GS) NV52a(GT6)×H9 18 0 0 mating and
morphology

conclusion: H9 and G16 contain mutations that are allelic

T

a Strains deleted for bem 1 or defective in cdc24 exhibited poor spore
Vlability. Thus the number of complete tetrads was relatively low. All
§erminating segregants were analyzed: 128 spores for cross (1) and 95
Spores for cross (2).

b Mating to farl-c strain JC31-7D or fuslfus2 strain IH2351.
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Peanut-shmoo mutants define two genes, PEA1 and PEA2
Because complementation tests for the peanut class of mutants were

ambiguous (data not shown), allelism was tested by segregation analysis
(Table 2-4). A MATO segregant containing the mutation present in D6
was obtained (strain NVY14, Table A5-1) and mated to the three other a

mutants that exhibited the peanut phenotype. The diploids were sporulated

arhci dissected, and tetrads were analyzed for both mating ability (all

Segregants) and shmoo morphology (MATa segregants only). In all cases,

the mating defect and peanut morphology cosegregated. Wild-type
recombinants were readily recovered when NVY14 (which contains the

**Tautation from D6) was crossed to mutant I14 or mutant A10, but not when

NYY14 was crossed to mutant J9. When a MATo strain containing the

**autation from I14 (strain NVY20) was crossed to mutant J9, a high
frequency of wild-type segregants was observed, but not when NVY20
S*14) was mated to mutant A10. We conclude that the mutations in D6 and
* “P are allelic and that the mutations in I14 and A10 are allelic. These

**udies thus identify two genes which when mutated can give the peanut
Shmoo phenotype. We name these genes PEA1 (defective in mutants J9,
TX6) and PEA2 (defective in mutants A10, I14).

Tirey-shmoo mutants define one gene, TNY1

To determine if the two mutants with the tiny shmoo phenotype were

Gefective in the same gene, a MATO strain containing the G16 mutation

(NV52a) was crossed to the independently isolated H9 mutant. Tetrad
analysis of the resultant diploid (Table 2-4) indicates that they are defective
in the same gene, which we call TNY1.
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Mutants in BEM1 exhibit bilateral sterility
The original rationale for mutant identification was that mutants

defective in polarizing toward a mating partner may mate well to a wild
type partner but poorly to another strain defective in polarization. Thus we

anticipated that a mutant defective in a gene required for cell polarization
might exhibit a much reduced mating frequency to a strain defective in the

Same gene as compared to the mating frequency of the mutant when mated

to a wild-type strain. We tested the ability of a MATa strain containing a
rrn utation in BEM1, PEA 1, PEA2, or TNY1 to mate to a MATO. Strain

Cºntaining the same mutation. The results are given in Table 2-5. Two

Trautants defective in BEMI display a slight mating defect when mated to a

Yº’ild type strain (about 1/7 wild-type levels, 1.8 vs 8.7 for one strain; 0.2
Y S 8.7 for the other). The mating frequency between a MATabem 1 mutant
***ci a MATO, bem.1 mutant (.00001), however, is lower than the product of
the mating frequencies observed for a MATabem 1 mutant to a MATO.
* EMI strain (.018) and a MATa BEMI strain to a MATO bem 1 mutant

C- ©O2). Thus a mutation in BEMI confers an apparent bilateral mating
Siefect. We have observed in this and other experiments that MATa/MATO.

*>ern I /bem 1 diploids grow substantially slower than MATabem 1 or MAT

** Pern I haploids (data not shown). The growth defect may lower the

Sbserved frequency of diploid formation.

Strong bilateral sterility was not observed for mutants defective in

P EA1, PEA2, or TNY1, although mutants defective in any of these genes

"o show reduced mating frequencies relative to wild-type strains. The

mating frequency between a MATa peal mutant and a MATO peal mutant,
for example, is not significantly lower than the product of the mating

º
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Table 2-5

Do be m 1, peal, pea 2, or thy I Mutants Exhibit a Bilateral

Mating Defect?

relevant relevant mating
AZA Ta strain genotype Mato strain genOtVDe efficiency

JC2–1B + IH1793 + 8.7a

JC–G 11 bem 1 IH1793 + 1.8

JC2-1B + JC117 bem 1 0.2

J. C–G 11 bem 1 JC117 bem 1 0.001

JC2-1B + NVY 123 + 22

JC-J9 peal NVY 123 + 2.6

JC2- 1B + NVY 124 peal 7.9

-LC-J9 peal NVY 124 peal 1.6

JC2-1B + NVY 123 + 12

-I C-A10 peaz NVY 123 + 1.2

JC2-1B + NVY 1 18 pea2 3.6

-LC-A10 peaz NVY 118 peaz 0.12

JC2-1B + NVY 123 + 21

JC-G16 tny1 NVY 123 + 11

JC2-1B + NVY 126 tny1 1.8

JC-G16 tny1 NVY 126 tnyl 0.2

*Each set of three matings involving mutant strains is preceded by

* Wild-type mating which is the positive control for that set.

-
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frequencies observed for a MATa peal mutant to a MATO PEA1 strain
and a MATa PEA1 strain to a MATO peal mutant.

AVew alleles of FAR1 and FUS2

We expected to isolate mutants defective in FAR1, FUS1, and FUS2,

since strains mutated in these genes are known to be defective in mating to

Our crippled partners. Four mutants (B4, D1, G18, and H7) which

exhibited normal shmoos and which failed to mate to both the far 1 and fus I

J74s.2 mating testers were defective in the same complementation group
CGiata not shown). Mating was completely restored to the three mutants
tested from this group (B4, D1, and H7) when they were transformed with

a single-copy plasmid containing the FAR1 gene (pTP41). We conclude
that these three and probably all four stains carry mutations in FAR1.
These mutants apparently do not affect the activity of FAR1 necessary for

*ell-cycle arrest but affect another activity of FAR1 necessary for mating
GChang and Herskowitz, 1990; Peter et al., 1993). Plasmids containing the

* USI (pSB245) or FUS2 (pSB265) genes were transformed into the

I-S-maining 14 mutants, and the transformants were tested for mating
*ability. Mating was restored only to mutant F20, when transformed by the

FOS2 plasmid. F20 thus appears to contain a mutation in FUS2.

.
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DISCUSSION

We have identified yeast genes required for pheromone-induced cell

polarization. Use of a novel screen for mating-defective mutants made it

possible to isolate 34 mutants defective in mating but proficient for

pheromone-induced cell cycle arrest, pheromone production, and

Vegetative growth. Some of the mutants contain special alleles of genes

BEMI and CDC24, which are required for polarity of vegetative cells.
Three other genes PEA1, PEA2, and TNY1 were also identified. Another
class of mutants (with 13 representatives) exhibit normal shmooing
morphology. These mutants are described further in Appendix 3.
A sensitive screen to reveal subtle mating functions

By assaying mating to a partner enfeebled for mating, mutants with

only subtle effects on mating efficiency were isolated which would have
been missed in previous screens for defects in mating (MacKay and
Manney, 1973; Wilson and Herskowitz, 1987; Ashby et al., 1993) or

Pheromone response (Hartwell, 1980; Jenness et al., 1987; A. Neiman,
Personal communication). This initial screen provided an enrichment for
*tants with altered morphological responses to pheromone, thereby
decreasing the amount of tedious microscopic analysis that would have been

*quired for a direct microscopic screen. More importantly, it provided a
colony assay for scoring this phenotype, which proved very useful during
Senetic manipulations. Interestingly, when mutants defective in pheromone
*Sponse or production were eliminated, all of the remaining mutants
*ated well to a wild-type partner, although this was not a requirement of
‘’ºr screen.

º
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Many of the mutants, including some defective in pheromone
production or pheromone-induced arrest, were not equally defective in
mating with both enfeebled mating testers. This behavior may not be

Surprising, since the bases for the mating defects of far 1 mutants, of fusl *

fus2 mutants, and of the mutants isolated in this study are not completely
understood and diverse cellular functions may be affected. Some of the

mutants identified in this study may be defective in functions important but

not essential for mating or they may contain non-null alleles of genes

essential for mating. Thus their mating defects would not be absolute and “. .

could vary depending on the tester used. º: . .
Polarity establishment and selection of the mating site ºr ºf :

º

s
The identification of BEMI and CDC24 in a screen for genes º --- :

involved in polarizing the cell in response to pheromone lends support to º ::: !
*-

the notion that the same set of polarity-establishment proteins is used for - º
both bud formation and shmoo formation. Since many of the same * -

°ytoskeletal components and secretory functions are shared between these º º: : º

two processes (Field and Schekman, 1980; Barnes et al., 1990; Byers, tº
* →

: ;
1981; Read et al., 1992), it is not surprising that a common set of proteins sº . . : | ". .

■ º Y*šanizes these functions during budding and shmooing. Mutants

harboring the shmooless alleles of BEM1 bud normally at all temperatures s
** are thus distinct from bemi null mutants, which are defective in
budding and inviable at high temperature (Chant et al., 1991; Chenevert et . . .

al., 1992; Bender and Pringle, 1991); these alleles are thus denoted bem 1

*1 and bem 1-s2 to signify that they cause a "shmooless" phenotype. The
bem 1 -s mutations might identify a mating-specific domain of the BEMI
*in or decrease the amount of functional Bemlp to a level adequate for
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budding but not for shmooing. The mutation in CDC24 (now called cac24

6) causes a temperature-sensitive growth defect which appears to be more

severe than that of other calc24 alleles (Hartwell et al., 1973; Sloat and

Pringle, 1978; Sloat, Adams and Pringle, 1981). cdc24-6 strains grow

normally at 25°C, but slower than wild-type or cdc24-4 at 30°C. Thus the

function of the CDC24 protein in the cdc24-6 strain is compromised at

30°C, which could explain why it exhibits a defect in shmooing and mating
at 30°C.

According to a model for bud formation (Chant and Herskowitz,

1991), the polarity establishment proteins (Bem 1p, Cdc24p, and Cdc42p)
respond to spatial information provided by bud-site selection proteins

(BUD1-5). The BUD gene products are hypothesized to recognize an
intracellular landmark and identify it as the site for growth. We propose
that during conjugation, the polarity establishment proteins are guided to
perform their function at a site which is dictated by an extracellular signal,

the mating pheromone, and that the bud-site selection program is
OVerridden. BUD proteins do not appear to be required for polarization
during mating: bud mutants exhibit no defects in shmooing or mating (J.
Chant, personal communication and J. C., unpublished observations). We
Pºpose that mating-site selection proteins exist which detect the
Pheromone signal and mark the proper site for organization of the polarity
*ablishment proteins.

In response to pheromone, cells containing the shmooless mutations
in BEMI and CDC24 grow throughout their cell surface instead of at a
Single site and thus do not form a projection. In the bem.1 mutants, this
*sotropic growth reflects disorganized actin and delocalized cell wall

sº a - * = --

* * *~ * ºt |
* * * * * t

- * * * * * * º
sº - - º * * ** * *,
º: * -- * *
''' - - - - -

º * * * *
* * * *-* =

*** * * - - --

*** * * * |

|- ?
-

-- a *** - --

* * * ... • *‘. . . ;
º

‘. . . . )
tº sº º 7.- . . . . .

-
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deposition (Chenevert et al., 1992). One interpretation of the shmooless
phenotype is that the actin cytoskeleton and Secretory apparatus are severed
from information which marks the proper site for growth to occur. The

wild-type function of Bemlp or Cdc24p in this scenario would be to

organize the growth machinery at a unique position on the cell surface. The

class of mutants which forms Shmoos of normal morphology but still fails

to mate may affect genes involved in marking the proper site. These

mutants are able to establish polarity but may be unable to do so in the

correct place and thus choose a site at random. These mutants are

described further in Appendix 3.
Function of TNY1

Mutants defective in the TNY1 gene form small shmoos and do not

appear to be defective in polarization per se, but rather are defective in

growth in response to pheromone. The phenotype of small shmoos has
been reported previously, in yeast cells grown in calcium-free medium
(Iida et al., 1990) and in cells defective in calcineurin, a Catt/calmodulin
dependent phosphoprotein phosphatase (M. Cyert, personal
°ommunication). TNY1 may be part of a pathway or complex which
"onitors calcium concentration in pheromone-treated cells and permits
8rowth. The TNYI protein, for example, might be a substrate for
*ineurin. It is conceivable that calcium levels affect cell polarity in yeast

by "egulating polarity establishment proteins. CDC24 encodes a putative
Ca++ binding protein (Miyamoto et al., 1987) and was identified as a
*ium-sensitive mutant (Ohya et al., 1986). It may also be functionally
"elevant that calmodulin (Brockerhoff and Davis, 1992) and Bemlp (K.

* *-- ?

!

i
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Corrado and J. Pringle, personal communication) both localize to the site

of bud emergence.

A strain carrying a mutation in the SLK1/BCK1 gene, which is

involved in growth control and cell morphogenesis, is also reported to
form small shmoos (Costigan et al., 1992). Mutations in this gene were

identified as being synthetically lethal with Spa2 mutations (Costigan et al.,

1992) and independently as dominant suppressors of a defect in protein
kinase C (Lee and Levin, 1992). SLK1/BCK1 is predicted to encode a

protein kinase, raising the possibility that the TNY1 protein could be a ..., tº - -

Substrate. Further characterization of TNY1 is described in Appendix 2. ... -- :
Function of PEA1 and PEA2 º ::: º

Four mutants isolated in our screen form shmoos which resemble :

peanuts - they are broader at the neck and the tip than wild-type shmoos. s º:
We envision two sorts of defects which could lead to this behavior. ----

According to one explanation, these mutants are defective in limiting the -, * *

Shmoo site to a small region. The PEA1 and PEA2 gene products could be º º:
- a

: }Part of a complex which restricts growth of the initial area of the shmoo
tip to a precise area of the cell surface. Another explanation is that the

Peal and peaz mutants are defective in a later stage of shmoo formation,

for example, in inhibition of the shmoo tip after it has been formed. When
treated with pheromone for long periods, yeast cells eventually arrest
Shmoo tip growth and form a second projection elsewhere. PEA1 and
PEA2 gene products may be components of a pathway that leads to arrest
Of Shmoo tip growth when productive mating is not achieved and allows a
S - - -CCond projection to form.

r
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We have recently cloned the PEA1 gene and obtained partial
sequence information (Chapter 4) which shows that it is identical to SPA2
(Gehrung and Snyder, 1990). The discrepancy between the phenotype of

pheromone-treated strains deleted for the SPA2 gene (the round shapes

described by Gehrung and Snyder, 1990) and the phenotype of pheromone

treated peal mutants (peanut shapes) is described further in Chapter 4.

The SPA2 protein localizes at the tip of a bud or a shmoo (Snyder, 1989)
and thus is in an appropriate position to be involved in defining the shmoo

site or limiting shmoo tip growth. The existence of a second gene, PEA2,
with an identical mutant phenotype to peal mutants, raises the possibility
that these two genes interact or are components of a common pathway. The
PEA2 gene product may be responsible, for example, for localization of
the PEA1/SPA2 gene product. *

d
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CHAPTER THREE

FARI IS REQUIRED FOR ORIENTED POLARIZATION

ºOF YEAST CELLS IN RESPONSE TO MATING *... .
* "º a st

PHEROMONES * ---- *.
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ABSTRACT

Cell polarization involves specifying an area on the cell surface and

organizing the cytoskeleton towards that landmark. The mechanisms by
which external signals are translated into internal landmarks for

polarization are poorly understood. The yeast Saccharomyces cerevisiae

exhibits polarized growth during mating: the actin cytoskeleton of each cell

polarizes towards its partner, presumably to allow efficient cell fusion. The

external signal which determines the landmark for polarization is thought

to be a gradient of peptide pheromone released by the mating partner. Here
We describe mutants that exhibit random polarization. Using two assays,

including a direct microscope assay for orientation (Segall, 1993), we show
that these mutants cannot locate the source of a pheromone gradient
although they are able to organize their cytoskeleton. These mutants appear
to be defective in mating because they are unable to locate the mating
partner. They carry mutations of the FAR1 gene, denoted farl-s, and
identify a new function for the Farl protein. Its other known function is to
Promote cell cycle arrest during mating by inhibiting a cyclin-dependent
kinase (Peter and Herskowitz, 1994). The far 1-s mutants exhibit normal

°ll cycle arrest in response to pheromone, which suggests that Farl
Potein plays two distinct roles in mating: one in cell cycle arrest and the
*r in orientation towards the mating partner.

sº- a

- e.
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- -

, ■ º a
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INTRODUCTION

Cellular polarization is a critical feature of many eukaryotic cells.

Polarization can be generated in response to an external signal, for example
during chemotaxis. Dictyostelium cells polarize in a gradient of cAMP

towards the source of the gradient and move in that direction (Devreotes

and Zigmond, 1988); similarly, neutrophils polarize in and move towards a

Source of formylated peptides (Downey, 1994). Non-motile cells can also

exhibit polarization towards an external signal: helper T cells polarize
towards their target antigen-presenting cell (Stowers et al., 1995). How

external signals generate internal polarization remains poorly understood.
The budding yeast Saccharomyces cerevisiae exhibits polarized

growth towards an external signal during mating, when each haploid cell

polarizes towards is mating partner (reviewed in Madden et al., 1992;
Chenevert, 1994). Polarization in yeast involves organizing the actin
Cytoskeleton and secretory apparatus towards a specific area of the cell
Surface (Ford and Pringle, 1986; Hasek et al., 1987, Gehrung and Snyder,
1990; Read et al., 1992). Microtubules are also oriented but are not

*quired for polarized growth (Byers, 1981; Rose and Fink, 1987;
Gehrung and Snyder, 1990; Meluh and Rose, 1990). During budding, the
*šanization of the actin cytoskeleton and secretory apparatus towards the
"cipient bud site produces polarized growth at a small area of the cell
surface, resulting in the growing bud. During mating, polarization towards
the mating partner results in the local deposition of proteins needed for
fusing the cell walls, plasma membranes, and nuclear membranes. The
*ndmark for polarity during vegetative growth is specified by an internal
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signal which is determined genetically by the BUD genes (Bender and

Pringle, 1989; Chant and Herskowitz, 1991; Chant et al., 1991; Fujita et
al., 1994). During mating, the information to polarize towards the bud site

is ignored. Instead, a mating cell reorients its actin cytoskeleton and

secretory apparatus towards its mating partner (Fig. 3-1).

During yeast mating, each haploid cell Secretes a cell-type-specific

peptide pheromone: a cells secrete a-factor, which binds to a receptor on
the surface of O. cells, and O. cells secrete O. -factor, which binds to a

receptor on the surface of a cells. Pheromone binding to its seven- ** *

transmembrane receptor triggers a signal transduction pathway which º : .
includes a heterotrimeric G protein, a MAP kinase cascade, and a º º -: .

transcription factor (Kurjan, 1992; Sprague and Thorner, 1992; º º: :

Herskowitz, 1995). Three classes of events are induced by pheromone ... s: : .
Signaling: cell cycle arrest in G1, gene induction, and morphological *iº s,

º -
changes including polarization towards the mating partner. This | * * * *

Polarization can be visualized by adding o -factor to a cells, which causes º - -

the cells to form pear-shaped shmoos (Lipke et al., 1976; Tkacz and tº - .
MacKay, 1979, Baba et al., 1989). : º --- !

The signal which a cell uses to locate and polarize towards its mating
Pºrtraer is thought to be a gradient of pheromone (Kurjan, 1985; Michaelis
and Herskowitz, 1988; Jackson and Hartwell, 1990a; Jackson and Hartwell,

1990b). Although this view has been widely accepted, it has only recently
been shown directly that a cells exhibit polarized growth towards a source

Of Pheromone when exposed to a gradient for several hours (Segall, 1993).
In order to understand how yeast cells polarize towards an

S*tracellular signal, we have sought to find mutants that polarize and
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Figure 3-1: Orientation during mating.

When two mating cells come in contact, they are each initially polarized

towards the growing bud (top panel; Chant, 1994). The actin cables and

patches are indicated in each mating partner. Before mating, each cell
finishes budding and arrests in G1. The newly arrested cells lack

polarization (middle panel; Madden and Snyder, 1992; Lew and Reed,
1993) and reorient their actin cytoskeleton and secretory apparatus towards

the mating partner (bottom panel; Ford and Pringle, 1986). *** *
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respond to pheromone normally but that are unable to locate its source. We

expected such mutants to orient at random instead of towards their mating
partners. A screen to identify such mutants yielded several candidates,
including mutants with mutations (denoted far 1-s) of the previously
identified FAR1 gene (Chapter 2; Chenevert et al., 1994). The Farl protein

binds to and inhibits the CDC28/CLN1 and CDC28/CLN2 cyclin-dependent
kinases to cause arrest of cells in G1 (Peter et al., 1993; Tyers and Futcher,

1993; Peter and Herskowitz, 1994). FAR1 plays an additional role in

mating because certain truncation alleles (such as far 1-c, which lacks the C

terminal two-thirds of Far 1) exhibit normal cell cycle arrest but are

defective in mating (Chang and Herskowitz, 1990; Chang, 1991). The basis
for this mating defect has been suggested to be due to inability to orient
towards the mating partner (Chang, 1991), but definitive tests have not
been possible.

This paper further characterizes the far I-s mutants and demonstrates

that they are defective in orientation. Here we show that far!-s mutants
°xhibit normal cell cycle arrest, gene induction, and morphological changes
in response to pheromone despite their defects in mating. Using two newly
“leveloped assays, the pheromone confusion assay (Dorer et al., 1995) and a
Siirect microscope assay for orientation (Segall, 1993), we show that these
*Thutants are unable to respond properly to a pheromone gradient and are

defective in orientation. Instead of polarizing towards the mating partner,
the far I-s mutants polarize towards their incipient bud site. We have
analyzed the changes to the Farl protein in the far!-s alleles, which
indicates that two regions of the protein are involved in orientation, one in
the amino terminus, the other in the carboxy terminus.
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MATERIALS AND METHODS

Yeast strains and growth conditions

Yeast strains are described in Table A5-1. Standard yeast growth
conditions and genetic manipulations were used as described (Rose et al.,

1990).

Pheromone response assays

For cell cycle arrest (halo) assays, 103-104 cells from log phase a

cultures were plated on YEPD plates. 1 pig O. -factor (Sigma) in 10 pil 0.01
M HCl was spotted on a sterile filter disk (Schleicher and Schuell) and
Placed on the plates, which were then incubated for 2 days at 30°C.

Shmoo morphology was determined by the addition of 10-6M o
-factor to 3-ml log phase cultures for 2 h at 30°C. Cells were sonicated,
fixed with formaldehyde to a final concentration of 3.7%, and viewed by
differential interference contrast microscopy. An antibody raised against
Yeast actin (from D. Drubin) was used for indirect immunofluorescence

*G cording to standard protocols (Pringle et al., 1989).
To examine the induction of pheromone responsive genes, a plasmid

Sarrying FUS1::lacz (pSB286, a gift from J. Trueheart) was integrated at
* OSI. Cells were treated with pheromone for 90 min and B-galactosidase

*ctivity was assayed as previously described (Chang and Herskowitz, 1990).
Wild type cells had 0.4 Miller units in the absence of pheromone and 96 in
the presence of pheromone fari-s mutants D1 and H7 had 92 and 80
Miller units in the presence of pheromone, 96% and 85% of wild type
levels, respectively.

** =

!

--
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Mating assays

Patches of a cells were replica plated to lawns of wild type o strains
on restrictive SD minimal medium on which only diploids can grow and
incubated for 2 days at 30°C.

For quantitative mating assays, approximately 3 x 106 cells from log
phase cultures of a and O. strains were mixed and filtered onto 0.45 pum

nitrocellulose filters (Millipore). The filters were placed on permissive
YEPD plates and grown for 4 h at 30°C to allow mating. Cells were
resuspended in 5 ml minimal SD medium by vigorous vortexing for 30 sec,

SOnicated for 3 sec to disrupt cell clumps, and plated on permissive YEPD

plates to determine total colony-forming units and on selective SD plates to
determine total diploids. Mating efficiency was calculated as the percentage
of cliploid cells.
*** eromone confusion assay

For patch mating, YEPD plates were spread with 0.5 pig a-factor (in
| rºll 0.1 M HCl) or no o -factor, allowed to dry for several hours, and
then spread with a lawn of wild type a cells. Patches of a far I-s mutants

anci wild-type a strains were replica plated onto these permissive YEPD
Plates (+ and - O -factor) and allowed to mate for five h at 30°C. The
nating reactions were then replica plated to minimal SD plates and
incubated for two days at 30°C to allow diploids to grow.

For quantitation of the pheromone confusion assay, 3.4 x 106 a cells
and 8 x 106 o cells were mated in rolling cultures of 1.9 ml YEPD with 0
©r 26 puM a-factor for 5 h at 30° C. Cells were plated and quantitated as
“lescribed above. A general reduction in mating efficiency was seen,
*Pparently because cells were mated in rolling cultures instead of on plates.

º
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For example, wild type a and O. cells mate on plates (Table 3-1) at 66.8%

efficiency but in rolling cultures at 10.5% (Fig. 3-6 A).

Orientation assay

Orientation was assayed essentially as described (Segall, 1993). Log
phase cultures were grown at 30°C in YEPD and lightly sonicated to
disrupt cell clumps. Glass coverslips were treated with 1 mg/ml

concanavalin A (Molecular Probes) and allowed to dry. A 10 pul suspension

of cells was allowed to settle on the coverslip for 10 min prior to placing
the coverslip in a microscope chamber; the chamber was then filled with
YEPD and warmed to 35°C by a regulated water bath (Fisher Scientific).
Micropipettes were pulled from glass capillary tubing on a Flaming/Brown
micropipette puller (Sutter Instruments). O: -factor was diluted to 325 nM
in YEPD, filtered through a 0.45 pum filter (Nalgene), and centrifuged for
2O min at 12,000 g. Pheromone was loaded into the micropipette, which
Was then placed under constant pressure of 10.3 kPa using an Eppendorf
microinjector. The micropipette was lowered to within 10 pm of the
Surface of the coverslip, and the surface of the medium was covered with
lisht mineral oil (Sigma) to prevent evaporation. Cells were observed using

* <!-Ox objective lens over 5-7 h. (Experiments were carried out at 35°C
instead of the standard 30°C because growth is faster at elevated

termperatures. The far 1-s mutants exhibited no temperature sensitivity for
growth at 37° C.)

Images were recorded using a Cohu camera connected to a Panasonic
QPtical disc recorder. For data analysis, cell outlines were traced on the

Yideo screen from live images because they allow a more accurate
“letermination of cell orientation due to the three-dimensional nature of the
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polarized cells: the entire cell outline rarely was visible in one plane of
view. We did not analyze obscured cells, which were those cells with an

adjacent cell in the direction of the needle. To quantitate the orientation

assay, we determined the angle between the direction of the needle and the

direction of the shmoo tip. Another method for analyzing orientation data

determines the average cosine of these angles for a set of cells; perfectly

oriented cells with an angle of 0° yield a cos of 1; a randomly oriented
population of cells predicts a cos of 0 (Segall, 1993). For orientation of

wild-type cells, 81 cells analyzed in three experiments gave an average
cosine of 0.51. 50 H7 mutant cells were analyzed in three experiments with

an average cosine of -0.04, as predicted for a mutant unable to orient

towards the source of pheromone.
Western blot analysis of Farlp

Log phase cultures were grown in YEPD at 30°C and treated where
indicated with o -factor at 1 pug/ml for 1 h. Cells were then pelleted and

°Xtracts were prepared as described (Peter et al., 1993). Proteins were
SS-Parated by SDS-polyacrylamide gel electrophoresis and electroblotted to
nitrocellulose (Schleicher and Schuell) using the BioPad Minigel system.
Blots were probed with affinity-purified Farl antibodies as described
QPeter et al., 1993) and developed using epichemiluminescence
CAmersham).
Cloning and sequencing of far 1-s alleles

To isolate the mutant alleles, plasmid pSL2287 was first integrated

into each far I-s mutant, as previously described (Guthrie and Fink, 1991).

This plasmid (kindly provided by J. Horecka) carries sequences flanking

*ARI but lacks most of the FARI coding sequence. To recover the mutant

sº a

* . . .
-

*~ *

tº . * * *
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t; I
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alleles, chromosomal DNA was isolated (Nasmyth and Reed, 1980),
digested with Cla■ , religated, and transformed into DH.5a. Mutations

responsible for the mating phenotype of far 1-s were then mapped by
further subcloning and complementation analysis. Fragments carrying the
mutation were sequenced on both Strands using a Sequenase kit as

recommended by the manufacturer (United States Biochemical

Corporation).

Detemining the bud site in zygotes
To determine the position of bud scars in zygotes, 107 a cells were

Stained with 4 pig Calcofluor (Sigma) for 5 min at 300C, washed twice with
50 ml YEPD, and mated with 107 o cells on filters for 3 h. Cells were

fixed and the position of bud scars was quantitated as described (Madden
and Snyder, 1992).

RESULTS

*ating Defects of fari-s Cells
The far I-s mutants were isolated in a screen to identify mutants with

*ating defects that were not due to errors in signal transduction (Chapter
*; Chenevert et al., 1994). Mutations of FAR1 were expected from this
Screen because it was known that certain FAR1 mutants mate at reduced

efficiency (Chang and Herskowitz, 1990; Chang, 1991). A centromeric
Plasmid carrying a wild type copy of the FAR1 gene complemented four
*nutants, B4, D1, G18, and H7, which were denoted the far!-s mutants

(Chapter 2; Chenevert et al., 1994).

;

83



Quantitative matings were used to characterize further the mating
defect of each far 1-s mutant (Table 3-1). The far 1-s mutants mated at

reduced levels to a wild-type partner and exhibited a range of defects: G18

mated half as well as a wild type a cell, while the mating efficiency of D1

was reduced nearly 100-fold.

One possible explanation for the mating defect of FAR1 mutants is

that Farlp is required to find the mating partner. A prediction for such an

orientation mutant is that it should have a dramatic reduction in mating

efficiency when both mating partners carry the same mutation, a "bilateral"

mating defect. This enhanced defect is expected because mating between

two such mutants would occur only when both partners orient towards each

other by chance. Consistent with this hypothesis, the far 1-c mutant (which

carries a C-terminal truncation of FAR1) was previously found to be more

defective in mating to another farl-c mutant than to wild type cells (Chang,
1991).

The far I-s mutants also exhibited bilateral mating defects when
mated to a far 1-c strain (Table 3-1). Wild-type a cells had a ten-fold
decrease in mating frequency when mated to an a far 1-c mutant. In

contrast, the far!-s mutants all displayed a greater reduction in mating

efficiency than wild-type cells. For example, the far 1-s mutant H7 mated to

wild type at a frequency of 3.6% but to far 1-c at only 0.01%, almost a

300-fold decrease in mating efficiency. The other far 1-s mutants displayed

similar bilateral mating defects.

- * =

* *
* * *
*s sº º
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Table 3-1

Mating Defects of far I-s Mutants

a cell” % mating to % mating to farl-c
O. FAR 1 O. farl-c FARI

WT 66.0 6.2 0.093

B4 1.7 0.03 0.020

D1 0.83 0.002 0.002

G18 33.0 0.56 ().017

H7 3.6 0.01 0.003

* The a strains used were as follows: WT (NVY180), B4 (NVY162), D1
(NVY163), G18 (NVY165), and H7 (NVY164). The O. strains were wild
type (IH1783) and ofar 1-c (JC31-7D).
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FAR1 plays a role in mating independent of its role in cell cycle
arrest

The best characterized role of FAR1 during mating is to inhibit cell

cycle progression by functioning as a cyclin-dependent kinase inhibitor

(CKI): Farlp binds to and inhibits the CDK complex of Cdc28p and Cln1p
or Cln2p (Peter et al., 1993; Tyers and Futcher, 1993; Peter and

Herskowitz, 1994). The far!-s mutants exhibited normal cell cycle arrest in

response to O. -factor (Fig. 2A; Chang, 1991). This observation suggests ... ----
that FAR1 has a second function in mating which is not related to its role in * * *-- ~ *

cell cycle arrest. º º: :

We wanted to determine by another method if FAR1 is required º -- : :
during mating for a function other than cell cycle arrest. For this purpose, º … !

we have used a temperature-sensitive cdc28 mutant (cdc28-4) to arrest cells º º: j
at Start and determined if FAR1 was still required for efficient mating. A

strain deleted for FAR1 does not mate (Fig. 3-2B): it cannot arrest the cell -
s
º: :

* * * * *

cycle and may be missing another function as well. When a cdc28-4 strain
* -

:
is grown at 37°C, the cells arrest because Cdc28p is not present to drive : |
the cells through the cell cycle; these cells are competent to mate (Fig. 3
2B), as has been observed previously (Reid and Hartwell, 1977). When
FAR1 is deleted in a cdc28-4 strain, however, the cell loses its ability to

mate at 370C. This loss of mating cannot be due solely to FAR1's function
in cell cycle arrest, because the cells are arrested at Start via the cdc28
mutation. We conclude that FAR1 plays a role in mating independent of its
role in cell cycle arrest. Furthermore, this function is likely independent of

-
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Figure 3-2: FAR 1 is required for a mating function
independent of its role in cell cycle arrest.

A: far 1-s mutants do not exhibit a defect in cell cycle arrest. Pheromone

spotted on a filter disk arrests cell division of a wild type strain near the
disk. The size of the haloes around the far I-s mutants D1 and H7 indicates

that these cells arrest at the same concentration of pheromone as wild-type.
A far 1A strain fails to arrest even at very high concentrations of

pheromone adjacent to the disk.

B: Cells arrested at Start by a cdc28-ts mutation require FAR1 for

efficient mating. At 37°C, wild type and cdc28-4 strains mate well (lines 1
and 3). When FAR1 is deleted, no mating is seen (line 2), even in the

calc28-4 mutant (line 4). This strain arrests at Start due to its lack of Cdc28

activity, which indicates that FAR1 is required for another function in

addition to its role in cell cycle arrest during mating. Strains used were as

follows (see Table A5-1): a wild type (FC279), a far 1A (YMP18), a

cdc28-4 (K1989), a far1A calc28-4 (YMP188), o wild type (IH1793).
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binding to CDC28/CLN1,2 because it is observed in the cdc28-4 mutant

under nonpermissive conditions.

Polarization of far 1-s cells

To address the basis of the mating defect of far 1-s mutants, we

determined whether two other responses to pheromone were affected in

these mutants. Gene induction in response to pheromone was normal as

determined by the production of pheromone (data not shown) and the

induction of a pheromone-responsive reporter construct, FUS1::lacz (see
Materials and Methods). In addition, induction of FAR1 was normal in the

far!-s mutants, as indicated by Western blot analysis (Fig. 3-7A).

The ability of far!-s mutants to polarize in response to pheromone

was also characterized. The "shmoo" morphology of far 1-s a cells exposed

to O. -factor was indistinguishable from the morphology of wild type a cells

(Fig. 3-3). Furthermore, the far 1-s shmoos exhibited actin correctly

polarized towards the shmoo tip. Taken together, these data indicate that

their mating defect does not reflect inability to polarize in the presence of

pheromone. Because far!-s mutants are able to polarize and arrest the cell

cycle normally, we reasoned that they may be unable to polarize in the
correct direction.

Pheromone confusion assay

The external signal which establishes the landmark for polarization is
thought to be a gradient of pheromone created by the mating partner, with
actin polymerization and secretion directed to the area of highest
pheromone concentration (Kurjan, 1985; Michaelis and Herskowitz, 1988;
Jackson and Hartwell, 1990a; Jackson and Hartwell, 1990b; Segall, 1993).

We have used two assays to determine if far I-s mutants respond to a
89



Figure 3-3: Polarization of a far I-s mutant in the presence of
O. -factor.

The shmoo morphologies (left) of a FAR 1 + (JC2-1B) and a far 1-s strain
H7 (NVY98) treated with O. -factor for two hours at 300C are

indistinguishable. Immunofluorescence (right) shows the actin distribution

in far 1-s and wild type shmoos is directed towards the shmoo tip, as

expected for cells which exhibit a normal shmoo morphology.
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gradient of pheromone. The first of these is the "pheromone confusion"

assay, which uses a high concentration of exogenous pheromone to saturate

cell surface receptors (Dorer et al., 1995). Two wild type cells mated in

the presence of exogenous O. -factor exhibit inhibition of mating efficiency
(Fig. 3-4; Table 3-2; Marcus et al., 1991), which is thought to reflect their

inability to sense the O. -factor gradient normally experienced by the a cell:

the a cell is confused about the location of the O. cell, polarizes at random,

and consequently mates at a reduced level. An orientation mutant, which is

unable to respond to a pheromone gradient by polarizing towards its

mating partner, should show no inhibition in mating efficiency in the

presence of exogenous O. -factor since the process disrupted in the

pheromone confusion assay is the same as that defective in the mutant.

Wild type a and O. cells mated on a plate saturated with O. -factor

showed a dramatic inhibition of mating efficiency (Fig. 3-4). The far 1-s

mutants, D1 and H7, mated to wild-type a cells at low levels, but their

mating efficiency was not inhibited in the presence of O. -factor (Fig. 3-4).

These observations suggested the far 1-s mutants may be defective in

responding to a gradient of pheromone.

To quantitate the pheromone confusion assay, known numbers of

cells were mated in the presence and absence of pheromone. Because the

farl-s mutants mate at much lower levels than wild type, it was important

to compare the inhibition of mating efficiency rather than the absolute level

of mating. A wild-type strain mated at 10.5% efficiency in the absence of O.

-factor and at 0.11% in the presence of O. -factor, yielding a 96-fold

inhibition of mating (Table 3-2).
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One expectation of the pheromone confusion assay is that

SuperSensitive strains should have a high degree of confusion because they
already experience an increased level of pheromone, even in the absence of

exogenous pheromone. Consistent with this prediction, the mating of a

supersensitive barl-1 strain (which fails to degrade O. -factor; Kurjan,

1992) was only inhibited 1.6-fold (Table 3-2).

All of the far 1-s mutants exhibited significant defects in the

pheromone confusion assay (Table 3-2), which suggests that they may be
defective in polarizing towards a source of pheromone. Each of the far!-s
mutants behaved quantitatively differently in this assay (Table 3-2).
Mutants HT and D1 showed little inhibition of mating efficiency (2.8- and

1.6-fold, respectively). The two far 1-s mutants which mate more

efficiently, B4 and G18, exhibited greater inhibition in mating (5.6- and
15-fold). Two other mutants isolated in the same genetic screen (Chapter 2;

Chenevert et al., 1994), M4 and M5, which are FAR1+, exhibited low

mating frequencies similar to the far 1-s mutants but were inhibited for
mating by pheromone (120- and 55-fold; Table 3-2). The behavior of
these mutants indicates that cells which are poor maters can be inhibited for

mating by pheromone. These data support the hypothesis that far!-s
mutants are defective in locating the mating partner.

Orientation assay

To determine if far I-s mutants are able to polarize towards a source

of pheromone, we used a direct microscope assay (Segall, 1993). A
micropipette filled with O. -factor was placed in a field of a cells, and the
cells were followed over several hours. Wild-type a cells polarized their

growth towards the source of O. -factor, the tip of the needle (Fig. 3-5). To
9 3



Figure 3-4: The pheromone confusion assay.

Patch mating of wild type and far 1-s mutants in the absence (left panel) and

presence (right panel) of exogenous a-factor. The a strains were wild-type

(NVY180), D1 (NVY163), HT (NVY164); the O. strain was IH1793 (see

Table A5-1).
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Table 3-2

far 1-s Mutants are Defective in the Pheromone Confusion Assay

a cell” % mating % mating Fold inhibition
- a-factor + a-factor by pheromone

WT 10.5 .11 95.5

bar:1-1 0.18 .11 1.6

B4 .67 . 12 5.6

D1 .11 .07 1.6

G18 1.9 . 12 15

H7 .17 .06 2.8

M4 1.2 .01 120

M5 1.1 .02 55

* The a strains used were as follows: WT (NVY180), bar 1-1 (JC2-1B), B4
(NVY162), D1 (NVY163), G18 (NVY165), HT (NVY164), M4
(NVY145), and M5 (NVY146). The O. strain was IH1793.

9 6



Figure 3-5: Orientation in a gradient of pheromone.

A. Traces of the H7 mutant (a far!-s) cells (NVY 164) and wild type a
cells (NVY180) exposed to o -factor for five hours.

B. Orientation was quantitated by measuring the angle between the

direction of the needle (the source of pheromone, indicated by the asterisk)

and the direction of the shmoo tip: strongly oriented cells grew towards the

needle (<60°), weakly oriented cells grew between 60° - 120°, and poorly
oriented cells grew away from the needle (>120°). Wild-type cells were
generally oriented towards the needle (>70% oriented within 60°), whereas
the far 1-s mutant H7 was unoriented and exhibited a uniform distribution

of cells over the three directions assayed.
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quantitate orientation, the angle between the direction of the pipette and the

direction of cell growth was measured. Wild-type and HT cells initiated

projection formation with similar timing. After five hours, the majority of
wild type cells (72%) had an orientation angle of less than 60° (Fig. 3-5B).
In contrast, the far 1-s mutant H7 failed to orient towards the pipette (Fig.

3-5), as indicated by the even distribution of orientation angles across all

possible angles (Fig. 3-5B).

Cells orient best near their threshold of response to pheromone

(Segall, 1993), that is, just above the concentration of O. -factor that arrests
the cells in G1. At higher concentrations of O. -factor, cells are presumed to

experience saturating levels of pheromone over their surface, which
obscures the position of the O. -factor source and results in poorer

orientation. It was therefore important to determine whether the

concentration of O. -factor used in these experiments was near threshold for

each strain and whether the threshold for wild-type and the H7 mutant was
similar.

Three observations suggest that the wild-type and H7 cells

experienced a concentration of O. -factor near their threshold for response.
First, the cell morphology near the O. -factor source displayed by both
strains was the "peanut" shape seen for cells near the threshold of response
(Moore, 1983); pear-shaped shmoos with tight projections seen at higher
concentrations of a-factor were rarely seen (less than 10-4). Second,
budding cells were seen at the periphery of the field of view for both
strains, which indicates that they were below the threshold for response and

supports the conclusion that the pheromone emerging from the needle was
present as a gradient. Finally, the concentration of pheromone required to
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polarize wild-type and H7 cells in a homogeneous field was determined

(data not shown; see Moore, 1983). H7 cells were approximately half as
sensitive to pheromone as wild-type. These data suggest that both wild-type
and H7 cells experienced a concentration of pheromone near threshold for

response and that H7 is not less oriented simply because it is more sensitive

to pheromone.

far 1-s mutants polarize towards the incipient bud site

If far!-s mutants do not polarize towards their mating partner, then

how do they choose a direction for polarization? One possibility is that

far!-s cells polarize towards the other polarity landmark in the cell, the

incipient bud site. To address this possibility, the position of bud scars

relative to the position of the mating partner was determined for wild-type

and far 1-s zygotes. The bud scars of a cells were stained with Calcofluor,

and these cells were then mated with wild type O cells for three hours. This

staining protocol allowed the clear identification of the a cell partner, as it

was much more brightly labeled with Calcofluor. In addition, it was

possible to identify the border of the a cell, as areas of new growth (such

as the conjugation bridge which forms between the two mating partners)
are unlabeled.

As expected, wild-type zygotes had bud scars distributed across the

surface of the a cell: these cells are able to polarize towards the mating

partner irrespective of the position of the last bud (Fig. 3-6). To quantitate

this observation, we used the method of Madden and Snyder (1992).

Zygotes with one bud scar were counted, dividing the a cell into three

regions: class Izygotes had their bud scar adjacent to the mating partner;

class II zygotes had their bud scar in the middle of the cell; and class III
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zygotes had their bud scar at the end of the cell opposite the mating
partner. Wild-type cells had the expected distribution among the three

classes, with class II slightly larger (55%) than class I (20%) and class III

(25%) because it includes the greatest surface area of the cell (Fig. 3-6B).

farl-S mutants displayed a striking preference for class I zygotes

(Fig. 3-6B). For example, the mutant D1 formed 80% class Izygotes and

only 13% and 7% class II and class III zygotes, respectively (Fig. 3-6B).

far 1-s mutant B4, which has a weaker mating defect than D1 (1.7% versus

0.83% Table 3-1), had more class II and class III zygotes than D1 (but

fewer than wild-type). Similarly, G18 has the weakest mating defect (33%)

and the zygote class distribution most similar to wild-type. These results

indicate that the far I-s mutants polarize towards the bud site and suggest

that these mutants are able to mate when that position is adjacent to the

mating partner.
Molecular alterations in far 1-s mutants

The molecular nature of the defect in the far 1-s alleles was

characterized. Farlp produced in each mutant was probed by Western blot

in the absence and presence of O. -factor (Fig. 3-7A). Each mutant

produced full-length Farlp except H7, which yielded a slightly truncated

protein. Farlp is normally expressed at low levels in vegetative cells and is

induced 4- to 5-fold upon pheromone treatment (Fig. 3-7A; Chang and

Herskowitz, 1992; Peter et al., 1993). All four far 1-s mutants exhibited

wild-type levels of expression, which suggests that their mating defects are

not due to altered levels of protein. Finally, Farlp in all of the mutants

appeared normally phosphorylated as judged by its characteristic mobility

shift (Chang and Herskowitz, 1992).
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Figure 3-6: Position of the last bud site in wild-type and far 1-s
mutant zygotes.

A. To locate the position of the previous bud site in wild type zygotes, a
cells were stained with Calcofluor before mating, allowing the

determination of the bud sites of the a cell mating partner after zygote

formation. Only cells with one bud scar were analyzed, to ensure the

correct determination of the last bud site. We categorized zygotes as having

their previous bud site in one of three classes: towards the mating partner

(class I, top row), the middle of the cell (class II, center row), or the pole

opposite the mating partner (class III, bottom row).

B. Quantitation of zygote classes for wild-type strains and far!-s mutants.

100 cells were counted for each cell type. As expected for wild-type cells,

zygotes with bud sites in all three classes were observed; class II was larger
than class I or class III because it includes a greater Surface area. In

contrast, the far 1-s mutants all exhibited a preference for formation of

class Izygotes. The differences observed for far!-s mutants are significant,

as chi-square analysis yields probabilities less than 0.05 for all four

mutants. The a strains were wild-type (NVY180), G18 ((NVY165), B4

(NVY162), HT (NVY164), D1 (NVY163); the O. strain was IH1793 (see

Table A5-1).
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Figure 3-7: Molecular analysis of the far I-s mutants.
A. Whole-cell extracts prepared from either wild-type (lanes 1 and 2) or
farl-s mutants (lanes 3 - 9) treated (indicated by "+", lanes 2, 4, 6, 8 and 9)
or not treated (indicated by "-", lanes 1, 3, 5 and 7) with O. -factor were
analyzed for the expression of Farl protein by immunoblotting. The arrow
indicates the position of full-length, unphosphorylated Farl protein; the
bracket marks the position of phosphorylated forms of Farlp.
B. Schematic representation of the amino acid changes in the far!-s
mutants. The bracket indicates the segment of FAR1 which is both
necessary and sufficient for cell cycle arrest (Peter et al., 1993); the black
bar marks a segment with similarity to LIM domains. The homology
between the LIM domain consensus sequence (Sanchez-Garcia and Rabbitts,
1994) and Farlp is indicated below. Strains were as follows (see Table A5
1): wild-type (JC2-1B), B4 (NVY80), HT (NVY98), D1 (NVY87), and
G18 (NVY97).

104



WT B4 H7 D1 G18

1 2 3 4 5 6 7 8 9.

D1 D1

cell cycle arrest (G646D) (P671L)
| | | |

NH- FC
/ B4 `s G18 H7(C205Y) (G650R&756STOP)

LIM cons. ...C xx C x16-23 H xx Cºxx Cºxx C x16-21 C xx (C.H.D).
FAR1 wt ...C xx C x17 C. x H xx H xx C x16 Cºxx C.

B4 Y

105



To characterize the nature of these mutations, the far 1-s alleles were

recovered and their sequences determined. Each far 1-s allele carried a

mutation(s) in FAR1 (Fig. 3-7B). It was previously known that the amino

terminus of Farlp (amino acids 1-390) is sufficient for cell cycle arrest;
truncation of the carboxy terminus of Farlp does not allow efficient

mating although it can promote cell cycle arrest (Chang and Herskowitz,

1990a). Similarly, three of the mutations, H7, G18, and D1, affected the

carboxy terminus of Farlp, which supports the earlier conclusion that the
C-terminus is involved in orientation. The H7 mutant contained a nonsense

mutation at position 756, which predicts a truncated protein as observed

(Fig. 3-7A). D1 carried two point mutations, both of which fall within the

carboxy terminus and lead to amino acid changes at two positions: glycine

646 was changed to an aspartic acid and proline 671 was changed to a

leucine. G18 also carried a point mutation in the C-terminus which changed

a glycine at position 650 to an arginine. In contrast, the B4 mutant

contained a mutation in the LIM-like segment of the amino terminus,

changing a conserved cysteine to tyrosine (Fig. 3-7B). These results show

that the far 1-s mutants harbor mutations in FAR1 and indicate that two

regions of the protein are required for oriented polarization: the C
terminus and the N-terminal LIM-like domain.

far 1-s mutations exhibit intragenic complementation
If Farlp has two functions, one involved in cell cycle arrest and the

other in orientation towards the mating partner, it may be possible to co
express mutant proteins defective in each of these functions and restore

wild type mating and cell cycle arrest. For this analysis, we have used two
mutations of FAR1, far 1-60F3 and farls-D1. The far1-60F3 mutant
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carries a point mutation in the amino terminus which does not allow cell

cycle arrest but allows mating (Peter et al., 1993); when a plasmid carrying
this mutation was transformed into a far 1 deletion strain, the cells did not

arrest in G1 but mated with increased efficiency (Fig. 3-8D). These cells

did not mate at wild-type levels presumably because they were not all in

G1, the mating competent stage of the cell cycle (Reid and Hartwell, 1977).

In contrast, the farls-D1 mutant did not mate efficiently but exhibited cell

cycle arrest (Fig. 3-8B). Strikingly, cells that carry both of these mutant

far 1 alleles arrested in G1 and mated as well as a wild type strain (Fig. 3

8C). Control strains (wild-type, Fig. 3-8A; and far 14, Fig. 3-8E) exhibited

the expected behaviors. These data support the conclusion that Farlp has
two separable, independent functions during mating.
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Figure 3-8: Intragenic complementation by two far I mutants,
D1 and 60F3.

A. Wild-type cells exhibit normal mating (upper panel) and cell cycle
arrest in response to pheromone (lower panel).

B. The far 1-s mutant D1 does not mate efficiently but can cell cycle

arrest. C. The FAR1 mutant 60F3 is defective in cell cycle arrest but

competent for mating; when a low copy plasmid carrying this mutation is

transformed into the D1 mutant, wild-type mating is restored.

D. A far 1A strain producing the mutant FAR1-60F3 protein exhibits

mating but only very poor cell cycle arrest.

E. The far 1A strain cannot mate or cell cycle arrest.

Strains were as follows (see Table A5-1): wild-type (JC2-1B), D1

(NVY80), and far1A (YMP18).
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DISCUSSION

farl-S mutants exhibit the phenotype expected of a mutant defective

orienting towards the mating partner. These mutants correctly transduce

the pheromone signal, as they exhibit normal cell cycle arrest, gene

induction, and morphological changes in response to pheromone. Their

defect in the pheromone confusion assay and their bilateral mating defect

are consistent with the hypothesis that they are orientation mutants.

However, it is the orientation assay which directly demonstrates that these

mutants are unable to orient towards a source of pheromone. Instead of

polarizing towards the mating partner, far!-s mutants appear to polarize
towards the incipient bud site. Thus, FAR 1 is required for two functions

during mating: cell cycle arrest and polarization towards the mating

partner.

Polarization towards the mating partner is required for efficient

mating

Yeast polarization towards the mating partner has been observed for

several decades. It is believed that this polarization directs the deposition of

mating-specific proteins to their site of action, where the mating cell

contacts its partner. However, it has not been directly demonstrated that

polarization towards the mating partner is required for efficient mating.
Since the only known defect of the far 1-s mutants is in orientation it seems
reasonable to conclude that the mating defect of far I-s mutants is due to
failure to locate the partner. Thus, polarization towards the mating partner
appears critical for efficient mating.
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FARI may link the membrane and the cytoskeleton

How a pheromone gradient establishes a landmark for polarization

remains obscure, as is the molecular nature of the landmark itself. The

pheromone gradient probably induces a high local concentration of

activated pheromone receptors on the cell surface next to the mating

partner, resulting in local signaling activity. Which components of the

pheromone signal transduction pathway are involved in mating site
selection remains to be determined. Candidates include the receptor itself,

the G protein, its unidentified effector, and several signaling proteins--
STE50 (Ramezani Rad et al., 1992), STE20, and STE5-- whose precise

functions are not clearly understood.

Budding yeast relies on polarity for two phases of its life cycle,

budding and mating. It appears that budding and mating use different
molecules to specify the landmarks for polarization but use the same

proteins to organize the cytoskeleton towards the landmark (Chenevert,
1995). During budding, the bud site selection proteins are thought to

cooperate to build a landmark recognized by the polarity establishment
proteins (Drubin, 1991; Madden et al., 1992; Chant, 1994). The incipient
bud site is ignored during mating, and cells instead polarize towards the
mating partner. It is not clear if the information at the bud site is destroyed
or masked during mating or if the new signal at the mating site is simply

more powerful than the bud site and can compete away the polarity
establishment proteins.

farl-s mutants do not recognize the position of the mating partner
and instead polarize towards the incipient bud site. This behavior is
consistent with at least three roles for Farlp function during orientation.

1 11



One possibility, by analogy with the Bud proteins, is that Farlp is involved
directly in creating a landmark which the polarity establishment proteins
can recognize, perhaps by binding to a component of the pheromone
response pathway. Another possibility is that Farlp erases the polarity
information at the bud site and frees the polarity establishment proteins to

recognize the mating-site landmark. Finally, Farlp may function to

strengthen interactions between the landmark and the polarity establishment

proteins to allow maintenance of polarity. The existence of a mutation

affecting the LIM-like domain (mutant B4) suggests that Farlp may

interact with another protein in order to orient polarization (Schmeichel

and Beckerle, 1994). Determining the localization of Farlp and identifying

interacting proteins may shed light on how Farlp functions to link an

external signal, a pheromone gradient, to the internal organization of the

cytoskeleton.

FARI is a bifunctional protein with two distinct roles during

mating

We have demonstrated here that Farlp is required for two different

events during mating: cell cycle arrest and polarization towards the mating

partner. Our observation that mutants defective separately in cell cycle

arrest and polarization exhibit intragenic complementation illustrates that

this protein has two independent functions during mating.
One striking feature of Farlp is its size: at 120 kD, it is significantly

larger than other CKI proteins such as mammalian p16 and p21 (Sherr and
Roberts, 1995). Farlp is larger than necessary to function as a CKI (Peter
et al., 1993), its additional size being accounted for by its additional

function, orienting polarization during mating. Although it was originally
1 12



Surprising to find that FAR1 performs two different functions, both are

involved in the same differentiation process, mating. Joining of two
activities in a single polypeptide may serve to coordinate different events

during mating.

FAR1 is a CKI that plays a key role in yeast cell differentiation

during mating, controlling cell cycle progression and morphogenesis.

Recent data indicate that other CKIs may also be bifunctional. For example,

p21 exhibits PCNA-dependent inhibition of DNA polymerase d (Flores
Rozas et al., 1994; Waga et al., 1994). Differentiation of various

mammalian tissues is correlated with induction of the CKI p21 (Halevy et

al., 1995; Parker et al., 1995; Skapek et al., 1995). The involvement of

CKI proteins with multiple functions may thus be a general molecular

strategy used to coordinate different events during differentiation.
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CHAPTER FOUR

PEA2 PROTEIN OF YEAST IS LOCALIZED TO SITES OF

POLARIZED GROWTH AND IS REQUIRED FOR EFFICIENT
MATING AND BIPOLAR BUDDING
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ABSTRACT

Saccharomyces cerevisiae exhibits polarized growth during two

phases of its life cycle, budding and mating. The site for polarization

during vegetative growth is determined genetically: a and O. haploid cells

exhibit an axial budding pattern, and a■ o diploid cells exhibit a bipolar

pattern. During mating, each cell polarizes towards its partner to ensure

efficient mating. SPA2 is required for the bipolar budding pattern (Snyder,

1989; Zahner et al., 1996) and for polarization during mating (Snyder,

1989). We previously identified mutants defective in PEA2 and SPA2

which alter cell polarization in the presence of mating pheromone in a

similar manner (Chapter 2; Chenevert et al., 1994). Here we report the
further characterization of these mutants. We have found that PEA2 is also

required for the bipolar budding pattern and that it encodes a novel protein

with a predicted coiled coil domain. PeaZp is expressed in all cell types and

is localized to sites of polarized growth in budding and mating cells in a

pattern similar to Spa2p. Peazp and Spa2p exhibit interdependent
localization: Spa2p is produced in peaz mutants but fails to localize

properly; Pea?p is not stably produced in spa2 mutants. These results

suggest that Peazp and Spa2p function together as a complex to generate

the bipolar budding pattern and to guarantee proper polarization during

mating.
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INTRODUCTION

Cell polarity is an essential feature of many eukaryotic cell types.

Neurons and epithelial cells are two examples of cells whose polarity is
essential for their function. The ability to polarize is also critical for the

budding yeast Saccharomyces cerevisiae to grow and to mate (for reviews
See Drubin, 1991; Madden and Snyder, 1992; and Chenevert, 1994).

During vegetative growth, localization of all new material at a defined site
On the cell surface leads to formation of the growing bud. During mating,

the ability to recognize the position of the mating partner and polarize

towards it results in the local deposition of mating-specific proteins and

facilitates efficient cell and nuclear fusion (for a review see Cross et al.,

1988).

Polarized growth in yeast depends on actin: disruption of the actin

cytoskeleton by either depolymerizing drugs or by mutations leads to

unlocalized growth (for a review see Welch et al., 1994). Two kinds of

filamentous actin structures are found in yeast: patches, which cluster at

sites of growth, and cables, which are found throughout the cell body

directed towards the growth site (Adams and Pringle, 1984; Kilmartin and

Adams, 1984). It is believed that secretory vesicles are targeted to growth

sites by the actin cytoskeleton (Johnston et al., 1991).
During vegetative growth, the position of the bud (and thus the

direction of polarized growth) is determined genetically: a and O. haploid
cells bud adjacent to the position of the previous bud (Chant and Pringle,
1995), in the axial budding pattern, and a■ o diploid cells bud from either

pole, in the bipolar budding pattern (Freifelder, 1960; Hicks et al., 1977;

* º
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Sloat et al., 1981). A genetic hierarchy has been proposed to organize the
actin cytoskeleton (Chant and Herskowitz, 1991). The bud site selection

genes (including RSR1/BUD1, BUD2-10, AXL1, the neck filament genes,
and many others) are required to position a bud at the specified site on the

cell surface. The polarity establishment genes (such as CDC42, CDC24, and

BEM1) are required to organize actin towards that site. Finally the genes

encoding actin and various actin binding proteins are required to build the

actin cytoskeleton. These gene products are proposed to cooperate to

polarize growth towards the presumptive bud site: the BUD gene products

organize the polarity establishment proteins towards the chosen site, and

the polarity establishment proteins in turn organize the actin cytoskeleton.

In addition to growing vegetatively, yeast cells can mate to form a

diploid when two haploid cells of opposite mating type (a and O.) come in

contact (reviewed in Cross et al., 1988; Chenevert, 1994). During mating,

a cell ignores the polarity information at the presumptive bud site and

polarizes instead towards its mating partner (Madden and Snyder, 1992;
Valtz et al., 1995): the actin and microtubule cytoskeletons as well as

secretion and new cell-surface growth are oriented towards the partner

(Byers, 1981; Ford and Pringle, 1986; Hasek et al., 1987; Tkacz and

MacKay, 1979). In this instance, the site for polarization is determined by

an external signal, a gradient of pheromone secreted by the mating partner

(Jackson and Hartwell 1990 a,b; Segall, 1993; Dorer et al., 1995; Valtz et

al., 1995). In the absence of a mating partner, mating pheromones induce

polarization towards the presumptive bud site (Madden and Snyder, 1992;
Valtz et al., 1995). The polarity establishment proteins, actin, and actin's

associated binding proteins are also required during mating to generate an

;
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organized actin cytoskeleton (reviewed in Chenevert, 1994). Thus, the

machinery for polarizing the actin cytoskeleton is common during budding
and mating, but the sites for polarization are chosen by different
mechanisms.

To identify genes involved in polarization during mating, we
previously screened for mutants which mate poorly but which exhibit

normal pheromone production and response (Chenevert et al., 1994).

These mutants were characterized for their ability to polarize during

mating by exposing a cells to mating pheromone from O. cells. After

several hours in pheromone, wild type a cells form pear-shaped cells

known as shmoos; after several more hours, wild type cells extend a second

shmoo tip. Several classes of mutants obtained in this screen were

distinguished by their shmoo morphology. One class formed essentially

wild type shmoos after short exposure to pheromone, but over time the

shmoo tip continued to grow, generating a peanut-shaped shmoo. The four

mutants with this peanut morphology fell into two complementation

groups; one of these complementation groups appeared novel and was

named PEA2; the other was identified as the known gene SPA2.

SPA2 plays important roles in morphogenesis, but its exact functions

remain obscure. Spa2 deletion mutants mate poorly (Gehrung and Snyder,

1990; Chenevert et al., 1994; Dorer et al., 1995) and form large

unpolarized cells in the presence of pheromone (Gehrung and Snyder,

1990). spa2 mutants also exhibit a bipolar budding pattern defect (Snyder,

1989; Zahner et al., 1996). Finally, spa2 mutants display a cytokinesis

defect, most evident in diploid cells (Snyder et al., 1991). SPA2 encodes a

180 kilodalton, nonessential protein with predicted coiled-coil domains that
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localizes to sites of polarized growth during budding and mating, where it
might function in morphogenesis (Snyder, 1989; Gehrung and Snyder,
1990; Snyder et al., 1991).

Here we report the characterization of the PEA2 gene and protein.

We analyze the budding and mating phenotypes of pea2A strains and the

expression and subcellular localization of Peazp using an anti-Peazp

antibody. The behavior of Spa2p is also examined using an anti-Spa2p

antibody. Our results suggest that Pea’p and Spa2p may function as a

complex during two phases of polarized growth: establishment of the

bipolar budding pattern and polarization during mating.

MATERIALS AND METHODS

Materials

Spa2p antibodies were a generous gift from Mike Snyder (Yale
University). Ot-factor, Calcofluor, polylysine, and fluorescent secondary

antibodies were from Sigma (St. Louis, MO). Horseradish peroxidase

coupled antibodies and Affigel were from Bio-Rad (Hercules, CA).

Cyanogen bromide-activated Sepharose was from Pharmacia (Uppsala,
Sweden).

Yeast strains and growth conditions

Yeast strains and plasmids are described in Table A5-1. Standard

yeast growth conditions and genetic manipulations were used as described
(Rose et al., 1990). Cells were grown at 300C in rich YEPD medium
unless otherwise noted.

º
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Quantitative mating and shmoo formation

Quantitative mating was essentially as described (Chapter 2;
Chenevert et al., 1994). In short, equal numbers of a and O. cells (3x106)
were mixed, filtered onto 0.45 mm filters, and incubated on permissive

YEPD plates for 4 hr at 300C, allowing all cells to grow. Cells were

resuspended in 5 ml minimal medium (SD) by vortexing followed by

sonication and plated on permissive YEPD plates to determine total colony

forming units and on selective SD plates to determine the total number of

diploids. Each experiment was carried out in triplicate at least twice.

Shmoo morphology was determined by the addition of 10.6M O

factor to 3 ml log phase cultures. Aliquots were removed at 0, 2, and 6 hrs.

Cells were sonicated, fixed to a final concentration of 5% formaldehyde,

and viewed by differential interference contrast microscopy.

Budding pattern assays

Calcofluor staining of bud scars was performed as described (Pringle

et al., 1989). a or O. cells with a total of three or more bud scars were

scored as axial if all bud scars were adjacent; other patterns were scored as

non-axial. a■ o cells with a total of three or more bud scars at the two poles

were scored as bipolar; all other patterns were scored as non-bipolar. For

each sample, 400 cells were counted for at least two independent

experiments.

Cloning and sequencing of SPA2

We previously reported the identification of the mutants J9 and D6

as defective in SPA2 (Chenevert et al., 1994) but did not describe the

cloning which led to this conclusion. In brief, a centromere-based library

(Rose et al., 1987) was transformed into the mutant J9 (NVY8), and
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transformants were screened for mating to an enfeebled mating partner
carrying the mutation farl-c (JC31-7D). Of approximately 11,000

transformants Screened, one plasmid (pNV8) rescued the mating and peanut
shmoo morphology defects of both mutants D6 and J9 in a plasmid
dependent manner. To locate the complementing region within the 10

kilobase (kB) insert of pn V8, mini-Tm 10–LUK transposons were

introduced (Huisman et al., 1987). Insertions into the complementing open
reading frame (ORF) disrupted complementing activity. This new library

of plasmids was transformed into the mutant J9, and transformants were

again screened for the ability to mate with an enfeebled mating partner. Six

plasmids which no longer complemented the J.9 mating defect contained

transposon insertions within a 2.8 kb Sph■ fragment. Sequencing the end of

this fragment revealed SPA2. Deletion of the SPA2 gene in the parent

background generated a phenotype like that of the original mutant strains,

further indicating that these mutants carry mutations in SPA2.

To determine whether the cloned DNA fragment corresponded to the

mutated locus in the peal-l mutant, an integrating vector (pNV10) was

used to introduce a URA3-marked copy of the wild-type fragment into the

peal-1 mutant; this strain was then crossed to the original peal-1 mutant.

For 27 tetrads, the peal phenotype was found in the two Ura-segregants,

indicating that the fragment carried the PEA1 open reading frame (ORF).

Cloning and sequencing of PEA2

PEA2 was cloned by the strategy of complementation of its mating

defect to a far 1-c partner. A plasmid (pNV21) which rescued the mating

and shmoo morphology defects of pea2-1 (NVY6) was isolated from a
centromeric library (Rose et al., 1987) and also rescued both phenotypes of
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a peaz-2 mutant. The complementing plasmid, pn V21, contained an insert
of approximately 13 kb. To further define the region carrying the PEA2

gene, a library of partially digested Sau3A fragments from pn V21 was

constructed and transformed into the original peaz-1 mutant. Two

complementing plasmids (pNV22a and pn V22b) both carrying a 2.3 kb

insert were recovered (Fig. 1C); these plasmids contained the same DNA

fragment in opposite orientations. Sequencing the end of a subclone of

pNV22a (pNV23) revealed a 200 base pair fragment identical to a

sequence in the Yeast Genome Database.

To determine whether the cloned DNA fragment corresponded to the

mutated locus in the peaz-1 and peaz-2 mutants, an integrating vector

(pNV44) was used to introduce a URA3-marked copy of the wild-type

fragment into both pea? mutants; these strains were then crossed to the

original peaz mutants. For 18 tetrads, the peaz mutant phenotype was

found in the two Ura segregants, indicating that the fragment carried the

PEA2 open reading frame (ORF).

Two possible ORFs were found in the minimal complementing

fragment, one 1.3 kb and the other 0.6 kb (Fig. 4-1B). Because the smaller

potential ORF was contained almost entirely within the larger ORF but

with the opposite orientation, it was important to determine which ORF
encoded PEA2. To eliminate the smaller ORF, a mutation was introduced

which interrupted the larger ORF at position 1779 but left the smaller ORF

intact (pNV34). This plasmid failed to complement the mating and shmoo

morphology defects of peaz-1 and peaz-2, indicating that the larger ORF
encodes PEA2. These sequence data are available from
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EMBL/GenBank/DDBJ (accession number to be assigned); PEA2 is entered
in the Yeast Genome Database as YER.149c.

Deletion of PEA2

The PEA2 ORF was replaced precisely with URA3 in vitro. First, a

2 kb Apal-HindIII fragment of pn V22 was cloned into pbluescript SK

(Stratagene; La Jolla, CA) digested with Apal and HindIII to create

plasmid pnW35. PCR amplification with two primers was used to generate
a derivative of this plasmid which replaced the exact PEA2 ORF with a

Sall restriction site (pNV36). Each primer began with a 5' Sall site and

continued with PEA2 flanking sequence, one of which began just 5' to the

ATG and was oriented towards the promoter, and the other of which began

just 3' to the stop codon and continued towards the 3' untranslated region.

PCR amplification with these primers yielded the entire plasmid sequence

of pnW35 lacking the ORF; this fragment was digested with Sal■ and

ligated to create pNV36. Finally, a 1.1 kb HindIII fragment of URA3

(from YIp31) was introduced into the Sal■ site of pnW36 to create the

PEA2 disrupting plasmid pn V44 (Fig. 4-1D).

Preparation of Peazp-specific antibodies

A peptide corresponding to the final carboxy 20 amino acids of

Peazp, preceded by a cysteine, was synthesized by the Biomolecular

Resource Center (UCSF, San Francisco, CA) and had the following

sequence: CKNAEANTSLALNRDDPPDML. This peptide was coupled to
keyhole limpet hemocyanin and antibodies were raised in two rabbits

according to standard procedures (Caltag Laboratory, Healdsburg, CA).

The Pea?p peptide described above was coupled to BSA using

glutaraldehyde for construction of a Pea? peptide affinity column (Harlow,
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1988). Whole serum was first adsorbed against a cyanogen bromide

activated Sepharose column coupled to whole cell extract of the pea2A

strain (NVY201). Flow-through from this column was then applied to a

column of Affi-Gel 10/15 coupled to the peptide-BSA conjugate.

Antibodies were eluted with 0.2 M glycine, pH 2.5 and collected in 2 M

Tris, pH 9. The affinity-purified antibody was stored at -800C.
Cell extracts and western blots

Cells were grown to early log phase, centrifuged, washed with

water, and resuspended in lysis buffer of 50 mM TRIS pH 7.5, 1% SDS, 5

mM DTT, 1 mM EDTA, and 1 mM PMSF. Samples were heated to 950C

for 5 min, mixed with glass beads, vortexed three times for 30 s each, and

heated again to 950C for 5 min. Protein concentrations were determined

(Markwell et al., 1978) and equal amounts (typically 100 mg protein)

loaded onto SDS polyacrylamide gels. Proteins were transferred to

nitrocellulose, blocked for two hr in 6% non-fat dry milk in TBST, and

incubated overnight with a 1:2000 dilution of the anti-Peazp affinity

purified antibody or a 1:20,000 dilution of the anti-Spa2p antiserum (M.

Snyder). Immunoreactivity was visualized using the Amersham ECL

protein detection kit. The immunoblot of Peazp (Fig. 4-3A) includes two

background bands caused by the secondary antibody: these bands were seen

in at least 10 different protein extracts blotted with three different primary
antibodies.

Immunofluorescence

Immunofluorescence techniques were essentially as described

(Pringle et al., 1989). Cells were grown to early log phase and fixed with
formaldehyde for one hr. Spheroplasted cells were attached to polylysine
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coated slides and further permeabilized by incubation with 0.2% SDS for

five min. Cells were blocked in 1% bovine serum albumin (BSA) for one

hr, incubated with anti-Peazp antibodies (1:80 dilution) or anti-Spa2p

antibodies (1:400 dilution) for two hr, and finally incubated with Cy3
conjugated secondary anti-rabbit antibodies (1:100) for one hr. Cells were

photographed on a Zeiss axioscope using TMAX 400 film.

RESULTS

PEA2 encodes a novel protein

PEA2 was cloned by complementation of the mating defect of the

peaz-1 mutant (as described in Materials and Methods). The minimal

complementing fragment was flanked by two Sau3A restriction sites (Fig.

1A,C) and carried two possible open reading frames (ORFs), which

partially overlapped in opposite orientations (Fig. 1B). To determine

whether the larger ORF was PEA2, a frameshift mutation which affected

only the larger ORF was introduced (Fig. 1B; see Materials and Methods).

When this plasmid was integrated into a pea2-1 or peaz-2 mutant, it no

longer complemented the shmoo morphology or mating defect (data not

shown). These results confirm that the larger ORF is PEA2. The PEA2

gene encodes a protein of 420 amino acids, with a predicted molecular

weight of 48.2 kilodaltons (kD). Part of the PEA2 sequence has significant

homology to many myosin molecules. A program which predicts the ability

to form coiled coils (COILS version 2.1; Lupas et al., 1995) was used to

analyze the PEA2 sequence. This sequence clearly indicates an ability to
form a coiled coil between residue 236 and residue 327, with a stutter in
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Figure 4-1: PEA2 encodes a novel protein.

A. Restriction map of the PEA2 locus (S, Sau3A; A, Apa■ ; H, HindIII).

B. Position of two ORFs contained on the complementing plasmid pn V22.

A frameshift mutation was inserted at the XhoI site as indicated (pNV34) to

ascertain which ORF contained the complementing activity.

C. PEA2 ORF and flanking sequences carried on the minimal

complementing plasmid pn V22.

D. PEA2 deletion construct, which precisely replaces the PEA2 ORF with

a 1.1 kb fragment carrying URA3. i
* * *
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the heptad repeat at residue 262; this analysis was confirmed by visual
inspection of the sequence (Jerry Brown, personal communication). The 5’

upstream region does not appear to contain any pheromone response
elements (PREs).

PEA2 is required for shmoo formation and efficient mating

In order to determine the null phenotype of peaz mutants, we

constructed a complete deletion of the PEA2 ORF (Fig. 4-1D). a, o, and

a/O peazA mutants were viable and exhibited no growth or morphological
defects under the conditions studied (YEPD and minimal SD media, 16OC,

300C, and 370C; Fig 4-2g). The peazA strain was compared to the wild

type parent and to the original mutants, pea2-1 and peaz-2, for its shmoo

morphology and mating. After two hours in the presence of pheromone,

wild-type O cells formed pear-shaped shmoos (Fig. 4-2b). Four hours

later, most wild-type cells extended a second or third shmoo tip, each

relatively tight and small (Fig. 4-2c). The shmoo tips seen in peaz-1 and

peazA mutants were similar to wild-type after two hours in pheromone

although their shmoo tips already appeared slightly broader (Fig. 4-2e,h).

However, after six hours in pheromone, the peaz-1 and pea2A mutants

exhibited dramatic peanut-shaped morphologies (Fig. 4-2f,i). These shmoos

appeared to have continued growth at the original shmoo tip instead of

choosing a second site for polarization. In addition, the typical peaz-1 and

peazAshmoos had much wider necks than normal shmoos; this difference

can be seen to a lesser degree at the earlier time. There was no obvious

difference in the kinetics of initial shmoo formation between the peaz-1

and pea2A mutants and wild-type cells. Similar shmoo morphologies were

exhibited by peaz-2 mutants (data not shown).
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Figure 4-2: Shmoo morphologies of peanut mutants.

a cells were treated with O. factor for 0, 2, or 6 hrs. Cells of isogenic
strains were as follows

A-C. wild type (JC2-1B);

D-F. peaz-1 (NVY6)

G-I. peazA (NVY201)

J.-L. spa2-1 (NVY7)

M-O. spa2A (NVY139)

P-R. peazA spa2A (NVY243) i
º
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Table 4-1

Quantitative Mating of peanut Mutants

MA 7'a % mating to % mating to
Strain relevant genotype 0 wild type Q far 1-c

NVY 193 WT 52 6.5

NVY 226 peaz-1 45 1.2

NVY222 peaz-2 26 0.29

NVY200 pea’A 32 0.27

NVY230 Spa2-1 34 0.82

NVY233 Spa2-2 45 0.46

NYY2O7 Spa2A 51 0.80

NYY244 pea2A Spa2A 42 1.1
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The mating efficiencies of the peaz mutants were determined. Wild

type a cells mated to a wild-type O, partner with an efficiency of 52%

(Table 4-1). a cells carrying peaz-1, peaz-2, and peazA exhibited a

Somewhat reduced mating efficiency, 26-45% (Table 4-1). A more

pronounced mating defect was seen when pea2 mutants were mated to an

enfeebled mating partner carrying farl-c (Chapter 2; Chenevert et al.,

1994). Wild-type cells mate to far 1-c strains with an efficiency of 6.5%

(Table 4-1). The pea2 mutants exhibited mating efficiencies of 0.27-1.2%

(Table 4-1). Similar quantitative defects were seen when O. peaz mutants

were mated to a strains (data not shown). The mating defect of the peazA

mutant confirms that PEA2 is required for efficient mating. Because the

pea?-2 mutant had similar mating defect and shmoo morphology as a peaz

deletion strain, we conclude that this alleles is functionally null; peaZ-1 is a

weaker allele, as it mates with slightly improved efficiency to a far 1-c

partner.

SPA2 is required for shimoo formation and efficient mating

spa2A mutants have been previously described as unable to shmoo,

instead forming mostly enlarged, ovoid, unpolarized cells in the presence

of pheromone (Gehrung and Snyder, 1990). In contrast, the spa2 mutants

that we isolated (which carry mutations spa2-1 and spa2-2) formed peanut

shaped shmoos (Fig. 4-2}-o). This difference in phenotype might be due to

the nature of the spa2 mutations that we isolated or to differences in strain

background or experimental conditions. To determine the phenotype of a

Spa224 mutant in our strain background, we constructed a complete deletion

of SPA2 using a knockout plasmid (p210, provided by M. Snyder). The

morphology of this spa2A strain (Fig. 4-2n,o) was indistinguishable from
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the Spa2-1 mutant (Fig. 4-2k,l) and the spa2-2 mutant (data not shown): all

formed peanut-shaped shmoos. The spa2A mutant also mated at similar

levels as the Spa2-1 and spa2-2 mutants, whether mated to wild-type cells
(34-51%) or to far 1-c cells (0.46-0.82%; Table 4-2).

To explore the difference between unpolarized and peanut-shaped

shmoos, we further characterized the morphology of a spa2A mutant in the

original Snyder background (MSY604), which was reported to yield a

Shmooless phenotype in the presence of pheromone (Gehrung and Snyder,

1990). We found that the morphology of this spa2A strain depended on two

factors: the concentration of pheromone and the length of time of exposure

to pheromone (data not shown). The spa2A mutant exhibited unpolarized,

ovoid cells at shorter times and at lower concentrations of pheromone.

However, as the cells were left longer in pheromone, and in the presence of

higher pheromone concentrations, peanut-shaped shmoos were seen. Under
every condition tested, the pheromone-induced morphologies of a pea?A

mutant in the same background mirrored the spa2 morphologies.

Because the peazA and spa2A mutants have identical phenotypes, it

was not possible to carry out an epistasis test. However, we did determine

whether a cell lacking both Peazp and Spa2p exhibited a more severe

phenotype by constructing a strain with deletions in both genes. The pea2A
Spa2A double mutant exhibited a shmoo morphology (Fig. 4-24,r) and

mating efficiencies (42.3% to wild-type, 1.1% to far 1-c; Table 4-1) similar
to both single mutants.
PEA 2 is required for the bipolar budding pattern

a/o diploid cells that lack Spa2p are defective in bipolar budding
(Snyder, 1989, Zahner et al., 1996). a■ o diploid cells bud in the bipolar
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pattern, from either end of the cell. A newly born diploid daughter cell
almost always positions its first bud distal to the site where it was attached

to the mother cell (Chant and Pringle, 1995). Detailed analysis of a/o.
Spa2/Spa2 mutants revealed a subtle variation of this pattern: newly born
spa2A daughter cells correctly position the first bud at the distal pole but
exhibit randomly placed buds in subsequent cell divisions. This phenotype
is also exhibited by mutants defective in the BUD6 gene (Zahner et al.,

1996). Another mutation which specifically disrupts the bipolar budding

-
pattern, bnil, causes defects in positioning of all diploid buds (Zahner et

al., 1996). Mutants defective in spa2, budo, and bmil all exhibit wild-type , ºr

axial budding in haploid cells.
-

.

Because pea2 and Spa2 mutants exhibit similar defects in mating, we

were interested in determining if peaz mutants also exhibited defects in

their budding pattern. Haploid peaz and spa2 mutants exhibited the axial * - - - ||
budding characteristic of haploid cells, as determined by Calcofluor º

staining of bud scars (Table 4-2). These results show that PEA2 does not r *

:play a role in axial bud site selection and confirm that SPA2 is not required * -

for axial budding, as shown previously (Zahner et al., 1996). In contrast, * . .

the bipolar budding pattern clearly depends upon both PEA2 and SPA2.
The budding pattern of homozygous diploid mutants was determined by
Counting cells with more than three bud scars, visualized by Calcofluor

Staining. Because spa2 mutants choose the correct position for the first bud,
it was important to only count cells with multiple bud scars. Wild-type
diploid cells preferentially exhibited the bipolar budding pattern (85%
bipolar; 15% non-bipolar). However, pea2 mutants were dramatically
reduced in their use of the bipolar budding pattern (65% non-bipolar) and
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Table 4-2

Budding Patterns of peanut Mutants

relevant % non
Strain genotype % axial axial

NVY 192 O. WT 98 2

NVY 193 a WT 99 1

NVY199 o' peazA 99 1

NVY200 a peazA 98 2

NVY204 0. Spa2A 99 1

NVY207 a spa2A 99 1

NVY238 O. bni 1A 99 1

NVY239 a bni 1A 96 4

% non
% bipolar

inolar

JPY142 a/O WT 85 15

NVY210 a■ o peazA/peazA 35 65

NVY208 a■ o spa2A/spa2A 27 73

NVY242 a■ o. bmilA/bni 1A 13 87

.
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co º
% equatorial

relevant
genotype % distal

a/O. WT 96%

a/O. Spa2A 89

a/O peazA 94

a/O, bni 14 36

Strains were as follows: wild-type, JPY142; spa2A, NVY208; peaz',

NVY210; bni 1A, NVY242.

Table 4-3

Position of the First Diploid Daughter Bud

3%

10

5

50

% proximal
1%

1

1

14

: º -

º

. º i
: -

136



had a defect comparable to Spa2 mutants (73% non-bipolar). An even

Stronger defect was seen for another bipolar-specific mutant, bni 1 (87%

non-bipolar).

Having determined that peaz mutants have a bipolar budding pattern
defect, we then determined whether these mutants (like Spa2 mutants) can

correctly position the first bud (Table 4-3). Wild-type diploid daughter

cells positioned the first bud at the pole distal to the birth scar 96% of the

time, as expected. Spa2 diploids exhibited the wild-type pattern (89% distal)

as did peazA diploids (94% distal). A third bipolar budding pattern mutant,

bnil, positioned the first daughter bud apparently randomly (36% distal,

50% equatorial, 14% proximal). These results show that pea2 and spa2

mutants exhibit the same, specific budding pattern defect: mutants defective

in either gene are defective in bipolar budding, although the first bud is

correctly positioned. Neither gene is required for the axial budding

pattern.

Peazp antibody specificity

To further characterize PEA2 and its relationship to SPA2, we

generated polyclonal antibodies against the carboxy terminal 20 amino

acids of Pea?p. Affinity-purified antibodies were tested for specificity on

blots of total yeast protein (Fig. 4-3A). A band of approximately 50 kD

seen in extracts from wild-type cells was missing in peazA strains. This

molecular weight corresponded to the predicted size of Peazp (48. kD). A

band of the same size was recognized by serum from a second rabbit

immunized with the same peptide; again, this band was recognized in
extracts from wild-type cells but not peazA strains (data not shown). Two

crossreacting bands were seen in all cell extracts blotted with three

***

=

ºr

'*l

|
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different primary antibodies, which indicates they are due to binding of the
secondary antibody. These data suggest that both antibodies specifically
recognize Peazp. Finally, the band recognized by these antisera was

missing in extracts from peaz-1 strains and was only faintly visible in

extracts from peaz-2 strains, indicating that these mutations destabilize

Peazp.

Expression of Peazp and Spa2p in peanut mutants

PEA2 and SPA2 share several striking features: mutants defective in

either gene generate similar mating and budding pattern defects. To

explore their relationship further, we examined the behavior of Peazp in

spa2 mutants and the behavior of Spa2p in peaz mutants. As a first step in

this analysis, we determined the expression levels of each protein in several

mutant strains. Surprisingly, the spa2A mutants did not contain Peazp (Fig.

4-3A). Similar results were seen for both spa2 alleles (spa2-1 and spa2-2;

Fig. 4-3A). These results indicate that Spa2p is required to produce wild

type-levels of Peazp.

Expression of Spa2p was determined using a polyclonal antiserum. A

band of approximately 180 kD (and a collection of degradation products)

detected in wild-type cells was missing in a spa2A strain (Fig. 4-3B). peazA

strains produced full length, wild-type levels of Spa2p (and the same

spectrum of breakdown products, Fig. 4-3B); the same result was seen with

extracts from pea?-1 and peaz-2 mutants (data not shown). The Spa2p

recovered in these extracts was largely degraded: several lower molecular

weight bands seen in wild-type extracts were missing in the spa2A mutant

(Fig. 4-3B). Most importantly, the pattern of degradation products was the

same in wild-type and peazA strains. Thus, unlike the production of Peazp

*** -

.*:

º
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* --

*.
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Figure 4-3: Production of Peazp and Spa2p in peaz and spa2
mutants.

A. Presence of Peazp was determined by immunoblotting protein
extracts prepared from isogenic strains NVY 193 (a wild type), NVY200 (a

peazA), NVY7 (a spa2-1), NVY8 (a spa2-2), and NVY207 (a spa2A).

B. Spa2p expression was analyzed by immunoblotting protein extracts

prepared from isogenic strains NVY 193 (a wild type), NVY200 (a peazA),
and NVY207 (a spa2A). º
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in Spa2 mutants, Spa2p is produced at wild-type levels in the absence of
Peazp.

Immunolocalization of Peazp in budding cells

The affinity-purified anti-Peazp antiserum was used to localize

Peazp within budding a and O. haploid and a■ o diploid cells. The same

general pattern of staining was revealed in all cell types (Fig. 4-4, 4-5) and

was the same using antibodies from two rabbits (data not shown). No

immunofluorescent staining was seen in the peazA strain (Fig. 4-4b). Taken

together, these data indicate that the pattern of staining shown here reflects

the distribution of Peazp.

In vegetative haploid and a■ o diploid cells, Peazp localized to sites

of polarized growth (Figs. 4-4a, 4-5). In unbudded cells, Peazp staining

appeared as a single patch (Fig. 4a, Fig. 5a). We interpret this stained area

as the presumptive bud site because this region co-localized with a clustered * -

ring of actin patches (data not shown). In small budded cells, the patch of

Peazp staining was seen to almost fill the bud (Fig. 4-4a, Fig. 4-5b). As the *

bud enlarged, Peazp remained concentrated at the tip of the bud (Fig. 4-4a,

Fig. 4-5c). Later in mitosis after nuclear division (as judged by DAPI

staining) but before cytokinesis, Peazp localized to the neck between the

mother and the daughter cell, apparently as two rings or patches (Fig. 4-4a,

Fig. 4-5d). During cytokinesis, the mother and the daughter both inherited

a patch of Pea?p (Fig. 4-5d,e). This general pattern of localization is
identical to that of Spa2p (Snyder, 1989; Snyder et al., 1991).

The only detectable difference in Peazp localization between budding

haploid and a■ o diploid cells is shown in Figure 4-5f. Unbudded diploid
cells were occasionally seen with two patches of Peazp staining, one at
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either pole. Our interpretation of this pattern is that one patch was
inherited from the mother at the neck region (see Fig. 4-5e), and the other
reflects the presumptive bud site (Fig. 4-5a). This pattern was not seen in

unbudded haploid cells, which bud adjacent to the previous site of division.

If Peazp were to localize to both old and new budding sites at the same

time, it seems unlikely that we would be able to resolve two patches of
staining because the previous and future bud sites are so close. Cells with

two patches of staining have been seen for other proteins which localize to

sites of polarized growth, including Spa2p (Snyder et al., 1991) and Myo2p

(Lillie and Brown, 1994). Similarly, two rings of actin patches can

occasionally be found in diploid cells at either end of the cell, again .

reflecting the previous site of cell division and the presumptive bud site
* -

(Lillie and Brown, 1994).

Immunolocalization of Peazp and Spa2p in mutants defective in al

PEA2, SPA2, or BNI1

PEA2, SPA2, and BNII are required for the bipolar budding pattern
exhibited by a■ o diploid cells. We next asked whether mutations in these

genes affected the localization of Peazp and Spa2p in diploid cells. Wild

type a/o cells localized Pea?p and Spa2p to sites of polarized growth (Fig.
4-6a,b). As expected, the peazA mutant showed no Peazp staining (Fig. 4
6c), and a spa2A mutant showed no Spa2p staining (Fig. 4-6f).
Surprisingly, very little Spa2p localized in the pea2A mutant (Fig. 4-6d);
this result is especially striking as this mutant produces wild-type levels of
Spa2p (Fig. 4-3b). No Pea?p staining was seen in the Spa2A mutant (Fig. 4
6e); however, this mutant does not produce stable Peazp (Fig. 4-3a). Both

Peazp and Spa2p were properly localized in the bipolar budding mutant
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Figure 4-4: Localization of Peazp in budding haploid cells.

A. a wild type (JC2-1B)

B. a peazA (NVY201)

Cells were grown to early log phase and fixed. Localization of Peazp was

determined using indirect immunofluorescence with affinity-purified anti

Peazp antibodies.

º
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Figure 4-5: Localization of Pea2p in budding a■ o diploid cells.
unbudded cells

small budded cells

medium budded cells

mitotic cells

two cells undergoing cytokinesis.
unbudded cell with two patches of Peazp

Wild-type a/O. diploid cells (JPY142) were grown to early log phase and

processed for indirect immunofluorescence with affinity-purified anti

Peazp antibodies.
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Figure 4-6: Localization of Peazp and Spa2p in a/o diploid
mutants defective in the bipolar budding pattern.

A-B. a/o wild type (JPY142)

C-D. a/o peazA/peazA (NVY210)

E-F. a/o spa2A/spa2A (NVY208)

G-H. a/o bni 1A/bni 1A (NVY242)

Cells were grown to early log phase and processed for indirect

immunofluorescence using anti-Peazp antibodies (left column) or anti

Spa2p antibodies (right column).
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Figure 4-7: Localization of Pea?p and Spa2p in shmoos.

A-B. a wild type (JC2-1B)

C-D. a peazA (NVY201)

E-F. a spa2A (NVY 139)

Cells were grown to early log phase, treated with pheromone for 2.5 hrs,

and processed for indirect immunofluorescence using anti-Peazp antibodies
(left column) or anti-Spa2p antibodies (right column).
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bnil A (Fig. 4-6g,h), although fewer cells were stained with either

antibody, and the intensity of the Peazp staining was modestly reduced.

These results demonstrate that proper localization of Peazp and Spa2p
depends on the presence of both wild-type proteins. Their non-localization

cannot be ascribed to a defective bipolar budding pattern, because the

bipolar budding mutant bnil A correctly localizes both proteins.

Immunolocalization of Peazp and Spa2p in shmoos

We were interested in determining the localization of Peazp and

Spa2p in shmoos because both PEA2 and SPA2 are required for proper :*

shmoo morphogenesis and efficient mating. We first determined the º
localization of Peazp in shmoos. A single patch of Peazp staining was seen . .

at the tip of the growing shmoo (Fig. 4-7a). No Peazp staining was seen in

a peazA strain (Fig. 4-7c). The localization of Spa2p in a wild-type strain

was identical to that previously reported (Snyder, 1989): Spa2p, like

Peazp, was found at the tip of the shmoo (Fig. 4-7b). Spa2p was not

localized in cells deleted for peaz (Fig. 4-7d), although the peazA mutant

expressed wild-type levels of Spa2p (Fig. 4-3b). This result is consistent

with the non-localization of Spa2p in a■ o peazA/peazA mutants (Fig. 4-6d).

Occasionally a small amount of Spa2p was found at the shmoo tip;

positively staining cells, however, were rare (less than 4%) and showed

greatly reduced intensity, suggesting that the majority of Spa2p did not

localize in pea2 mutants. Similar observations were made for peaz-1 and

peaz-2 mutants (data not shown). Because Peazp is not present in spa2

mutants (Fig. 4-3A), we did not expect to find any Peazp

immunofluorescence in these cells, and indeed no staining was detected

(Fig. 4-7e). These results strongly suggest that the localization of Peazp
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and Spa2p in shmoos is interdependent, and mirror the results for the

localization of these two proteins in vegetative a/O peaz/pea2 and spa2/spa2
mutants (Fig. 4-6).

DISCUSSION

Budding yeast relies on polarized growth during two phases of its

life cycle, vegetative growth and mating. We have shown here that Peazp is

a novel protein that appears to function in close conjunction with Spa2p to "ºn

contribute to cellular polarization during both budding and mating. During

mating, Peazp and Spa2p are required for proper polarization and efficient

mating. During budding, Peazp and Spa2p are required for the bipolar

budding pattern of a/O diploid cells and appear to define a distinctive class º
of proteins involved in bud-site selection that includes Budóp. Mutations in --

any of these genes lead to a novel mutant budding pattern: a■ o diploid cells t

place the first bud in the correct, distal position but place subsequent buds

at random positions. Peazp and Spa2p are localized to sites of polarized

growth in budding and shmooing cells. Each protein relies upon the

presence of the other for its localization. These results, together with the

prediction of coiled-coil domains in both proteins, suggest that Peazp and

Spa2p function together as a complex to generate cell polarity during two

phases of the yeast life cycle.

The role of Peazp and Spa2p in generating polarized

morphogenesis during mating
Mutants defective in PEA2 and SPA2 show identical defects in

shmoo formation. Wild-type a cells exposed to pheromone initially form
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pear-shaped shmoos with a pointed tip. After several hours, they abandon

growth at the original shmoo tip and initiate a second tip at another site on

the cell surface. peaz and spa2 mutants initially form a pear-shaped shmoo,

although the tip is less pointed than that of wild-type cells. After several

more hours in the presence of pheromone, the defect of these mutants

becomes increasingly pronounced, leading to a broadened and enlarged

shmoo which is shaped like a peanut. Mutants defective in both peaz and

spa2 can initiate a second shmoo tip after prolonged incubation (N. V.,

unpublished data).

In order to understand the possible roles of PEA2 and SPA2, we

first consider how wild-type cells are thought to organize actin at a specific

site. During mating, each haploid cell polarizes towards its mating partner:

the actin cytoskeleton, secretion, and insertion of new cell wall material are

all organized towards a single site on the cell surface (Byers, 1981; Ford

and Pringle, 1986; Hasek et al., 1987; Tkacz and MacKay, 1979). Polarized

morphogenesis is also seen in a cells in a uniform field of pheromone

(Lipke et al., 1976; Tkacz and MacKay, 1979; Field and Schekman, 1980),

but instead of polarizing towards a mating partner, the cell polarizes

towards the incipient bud site (Madden and Snyder, 1992; Valtz et al.,

1995). Generating polarity during mating and budding is thought to

involve a hierarchy of three classes of gene products (Chant and

Herskowitz, 1991; Chenevert, 1994). The site selection proteins mark the

site for polarity on the cell surface and in turn organize the polarity

establishment proteins (such as Bemlp, Cdc42p, and Cdc24p) towards that

site. The polarity establishment proteins then organize actin and its

associated proteins. The polarity establishment proteins and actin are
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involved in both budding and mating, whereas the site selection proteins
are unique to each process (Chenevert, 1994). The end result of this

morphogenetic pathway is polarization of actin at the chosen site, either the

incipient bud site or the position of the mating partner.

There are several possible models for the role of PEA2 and SPA2 in

polarized morphogenesis during mating. First, they may function to

restrict the area initially selected for polarization. This is consistent with

the finding that mutants defective in spa2 are not defective in locating the

mating partner (Dorer et al., 1995). Second, Pea?p and Spa2p may

function in the organization of actin towards the chosen site; mutants

lacking either protein may be unable to restrict actin structures to the site

marked for polarization. A third possibility is that these proteins may

function to maintain a tightly organized polarization site as new proteins

and cell wall material are inserted; this model predicts that Pea?p and

Spa2p play no role in choosing a correct site or organizing polarized actin

in that direction. Finally, the enlarged shmoo tip seen in peaz and spa2

mutants may reflect the mislocalization of a third protein whose

localization depends on the presence of Peazp and Spa2p; this unidentified

protein could perform any of the functions described above.

The peanut-shaped shmoo morphology of spa2A mutants reported

here differs from the ovoid shmooless phenotype previously described

(Gehrung and Snyder, 1990). To determine the basis for this difference in

phenotype, we have examined the spa2A strains described by Snyder which

exhibit the unpolarized shmooless phenotype. We observed that the degree

of polarization exhibited by these mutants depended on the concentration of

pheromone used as well as on how long the cells were exposed to
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pheromone. During shorter exposures and at lower concentrations, cells

exhibited the ovoid morphology previously reported. However, extending

the time in pheromone or increasing its concentration resulted in peanut

shaped shmoos. Polarized actin was observed in the ovoid cells (Gehrung

and Snyder, 1990) as well as in the peanut-shaped shmoos (N.V.,

unpublished data). Taken together, these results indicate that SPA2 is not

required to polarize actin in the presence of pheromone, but is important
for the distribution of the actin cytoskeleton at the cell surface.

Precisely organized morphogenesis appears to be essential for

efficient mating

Is the morphogenesis defect of peaz and spa2 mutants responsible for

their mating defect? Two observations suggest that these mutants mate

poorly due to their defect in polarized growth. First, these mutants appear
normal for other major events that occur during mating, including signal

transduction, cell cycle arrest, and gene induction (Chapter 2; Chenevert et

al., 1994). Second, similar morphological defects are seen in mating mixes

of peaz and spa2 mutants, indicating that these defects are not simply an
artifact of exposing cells to pheromone in the absence of a mating partner.

How might a defect in polarized morphogenesis lead to a mating
defect? Polarized growth may function to guarantee localized deposition of
mating-specific proteins involved in cell fusion, although the precise role
of this polarization remains undefined. It is clear that correctly oriented
polarization is required for efficient mating, as mutants which cannot
locate the partner mate inefficiently (Jackson and Hartwell, 1990b, Dorer
et al., 1995; Valtz et al., 1995). It may be important not only to choose the

correct direction but in addition to have a precisely organized, Small area
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of polarization in order to spatially define a restricted area for fusion.

According to this view, the peaz and Spa2 mutants are defective in mating
because fusogenic proteins are distributed over too broad a region and
therefore lack a single area with a high enough concentration of the

relevant proteins. Such an explanation is supported by the observation that

mating of a spa2 mutant to another Spa2 mutant is blocked before cell

fusion (M. Rose, personal communication), as is a peaz mutant mated to

another peaz mutant (R. Dorer, personal communication).

PEA2, SPA2, and BUD6 may cooperate during establishment of

the bipolar budding pattern

The budding pattern of peaz and spa2 mutants is curious. Wild type

a/o diploid cells bud in the bipolar pattern, in which newly born daughters

always bud at the pole distal to the division site (the site of attachment to

the mother; Chant and Pringle, 1995). Subsequent buds are positioned at

either pole. Among the many genes required for this pattern, PEA2, SPA2,
and BUD6 form a distinct subset characterized by the mutant bipolar

budding pattern displayed by mutants defective in these genes. This mutant

pattern is typified by a■ o peaZ/peaz mutants, which correctly position the
daughter's first bud in the wild-type position, distal to the division site, but

then bud randomly.

To understand possible roles of PEA2, SPA2, and BUD6, we first
consider what is known about establishment of the bipolar budding pattern.

Although a direct search for genes required for bipolar budding was not

carried out until recently (see below; Zahner et al., 1996), roles for many

genes in bipolar budding have been discovered fortuitously, including
RVS161, RVS167 (Bauer et al., 1993; Sivadon et al., 1995), SUR4, FEN1
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(Durrens et al., 1993), SPA2 (Snyder, 1989), and actin (Drubin et al.,

1993; S. Yang and D. Drubin, personal communication). A recent screen

for mutations which disrupt the bipolar budding pattern identified several

known genes (including SPA2 and BNII) and four new genes (BUD6-9;

Zahner et al., 1996). Mutations in these genes disrupt the bipolar budding

pattern in five distinguishable ways. (1) a■ o bud&/bud& mutants bud only

from the division site pole. (2) a■ o bud9/bud9 mutants bud only from the

distal pole, opposite the birth scar. (3) a■ o bud7A/bud7A mutants bud

randomly but form short chains of bud Scars reminiscent of the axial

pattern (4) a■ o bnil/bnil mutants bud randomly. (5) a■ o peazA/peazA,

spa2A/spa2A, and bud■ /budo mutants all position the first daughter bud

correctly at the distal pole and then bud at random.

These mutant phenotypes can be explained according to a model in

which there are two landmarks for bipolar budding, one at the distal pole

and one at the division site (Fig. 8; this model is a variant of model B in

Chant and Pringle, 1995). Bud8p is a good candidate for the distal pole

landmark and Bud9p is a good candidate for the division site landmark

(Zahner et al., 1996). Bnilp and Bud7p may mediate recognition of the

pole landmarks by Budlp/Bud2p/Bud5p, which are required for both the
bipolar and the axial patterns (Chant and Herskowitz, 1991; Chant et al.,
1991).

Our challenge is to explain why Peazp, Spa2p, and Budép are not

required for positioning a daughter's first bud but are required thereafter
(see also Zahner et al., 1996). We next consider in detail how the two pole

landmarks might be deposited and possible roles for Peazp, Spa2p, and
Budóp in this process. The landmark found at the distal tip of the daughter
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cell could be initially deposited at the presumptive bud site (Fig. 4-8a) and
remain at the bud tip as the cell grows (Fig. 4-8b). A second landmark

could be deposited at the mother■ bud neck at mitosis (Fig. 4-8c) and be

partitioned to both the mother cell and the daughter cell (D1) during
cytokinesis, marking the site of division (Fig. 4-8d). The first bud

produced by this daughter cell (D1) emerges at its distal tip (Fig. 4-8e,f).

When this cell divides, some division site landmark would be deposited at

its distal pole (Fig. 4-8g). Thus, after one division, both poles of the cell

(D1) would be marked with the division site landmark (Fig. 4-8h); this

morphogenetic signal would be reinforced at the active pole each time it

divides. No more distal pole landmark is deposited in a cell (D1) after its

initial emergence. The initially deposited distal pole landmark may itself

decay over subsequent cell cycles. Thus the distal pole landmark is essential

for initially marking the distal pole, but its marking function is replaced by

the division site landmark, which marks both poles after the initial bud

emerges.

In this model, Peazp, Spa2p, and Budóp might function in the

deposition of the division site landmark (Zahner et al., 1996). In the

absence of these proteins, the distal pole landmark is correctly deposited as

a daughter cell emerges (Fig. 4-8i-1). However, as the newborn daughter

cell goes on to divide, no more bipolar signal of either type is deposited,

leading to a random budding pattern in subsequent cell cycles (Fig. 4-8m

p). If the distal pole landmark decays over time, a preference for distal

budding in the first few cell cycles would be expected; this has been

observed for spa2 and budo mutants (Zahner et al., 1996). Another

possibility is that these proteins may perform a more general role in
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Figure 4-8: Model for establishment of the bipolar budding
pattern: two different landmarks mark the two poles.
A newly born daughter cell (D1) inherits bipolar budding landmarks at

two positions during bud emergence. One landmark (indicated as the larger
green dot; perhaps Bud8p) is deposited at the presumptive bud site (a) and

carried to the tip of the growing bud (b) where it remains, resulting in a

landmark distal to the division site (d). A second landmark (indicated in

pink; perhaps Bud9p) is deposited at the mother/daughter neck during

cytokinesis (c), resulting in a landmark at the division site (d). When the

daughter cell (D1) buds for the first time, the bud emerges distal to the

division site (e,f). At mitosis (g), the original daughter cell (D1) acquires
some division site landmark at its new division site. The D1 cell now has

division site landmark at both poles (h). Further buds will lead to the

continued deposition of the division site landmark in the D1 cell.

In a peaz or spa2 mutant, it is hypothesized that a division site

landmark is not deposited (i-p). The distal pole landmark is deposited in

D1 when it first emerges (i,j), but no division site landmark is deposited at

mitosis (k). Thus, the newly born daughter cell D1 has correctly positioned

distal pole landmark (l) and therefore correctly positions its first bud at the

distal pole (m,n). Again, no division site landmark is deposited at mitosis

(o). If the distal pole landmark is itself unstable (indicated as the smaller

green dot), after one cell cycle D1 would have only its distal pole marked

(p) and this landmark may be present for only a few more cell cycles,

leading to a cell with neither pole marked and consequently random

budding.
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maintaining or stabilizing the landmarks at either pole. The landmarks
which mark the poles of a bipolarly budding cell persist over several cell

cycles (Chant and Pringle 1995). These landmarks may be deposited as a
daughter cell emerges but require further modification for stability. Peazp,
Spa2p, and Budóp may function in stabilizing the two pole landmarks. In

this model, mutants defective in one of these genes would position the first

bud correctly simply because the landmarks have not yet been destabilized.

Finally, it is possible that Peazp, Spa2p, and Budóp are themselves

components of the division site landmark. * *

Is there any evidence to suggest that Spa2p, Peazp, and Budóp * :
function in deposition of the proximal landmark? The strongest argument : ;
is that mutants defective in these genes share a highly specific budding

pattern phenotype. In addition, Pea?p and Spa2p are located at the º .
mother■ bud neck during mitosis, when the theoretical division site - -

landmark is deposited. It will be interesting to determine if Bud6p is also ! .
localized to the mother■ bud neck during mitosis as well as to determine if

budo mutants exhibit the shmooing and mating defects of peaz and spa2
mutants.

Peazp and Spa2p may function as a complex

The phenotypes displayed by mutants defective in PEA2 and SPA2

suggest that they are functionally related genes. First, both are required for

wild-type shmoo formation as well as for efficient mating. Mutants

defective in one or both genes have identical shmoo and mating defects,

which suggests that these genes may function in the same aspect of

polarized morphogenesis during mating. Second, both genes were

identified in an independent screen (Yorihuzi et al., 1994) for mutants
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defective in shmoo formation (PEA2 is identical to PPF2; R. Dorer,

personal communication). Third, both genes are required for default

mating in the absence of a pheromone gradient (Dorer et al., 1995; R.

Dorer and L. Hartwell, personal communication). Fourth, both genes are

similarly required to establish the bipolar budding pattern in a■ o diploid

cells after the first daughter bud is positioned (Snyder, 1989; Zahner et al.,

1996; this study). Fifth, both PEA2 and SPA2 are required for filamentous

growth during pseudohyphal development (H. Mosch and G. Fink, personal

communication). Thus, for all known roles of one gene, a corresponding
role has been found for the other.

The behavior of Peazp and Spa2p further suggests that they interact

directly. First, both proteins localize to sites of polarized growth. Although

direct colocalization of Peazp and Spa2p has not yet been carried out, the

localization of both proteins to sites of growth as determined by actin

staining suggests that they do colocalize. Second, the presence of Spa2p is

necessary for Peazp production. Third, Spa2p does not properly localize in

the absence of Peazp. Finally, both Pea?p and Spa2p are predicted to

contain coiled coil domains, which are potential sites of interaction. These

genetic and biochemical observations suggest that Peazp and Spa2p may

form a complex which performs different roles in polarization during

many phases of the yeast life cycle.

s•
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CHAPTER FIVE

CONCLUSION
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The goal of the work described in this thesis was to understand how

a yeast cell recognizes the position of its mating partner and polarizes in
that direction. The isolation of mutants which mated poorly identified two
classes of genes of interest. Mating defective mutants which were able to

form shmoos in the presence of pheromone were good candidates for

mutants defective in mating partner location, also known as orientation. A

second class of mutants formed aberrant, peanut-shaped shmoos; these

mutants are apparently defective in the organization of polarity during

mating. To determine if any of these mutants were defective in mating

partner location, three assays to measure orientation were developed.

Application of these assays to the collection of candidate mutants identified
four such mutants, all defective in FAR1. Further characterization of the

peanut mutants indicated they were defective in two genes, PEA2 and

SPA2, which are required for polarized morphogenesis during mating and

the establishment of the bipolar budding pattern during vegetative growth.

Isolation of mating defective mutants

The screen for mating-defective mutants described in Chapter 1 was

highly successful in the identification of genes involved in mating. The

primary screen involved isolation of mutants which mated poorly to an
enfeebled mating partner, a farl-c or fusl fus2 strain. The rationale for
this screen was based on the observation that some mutations cause bilateral

sterility, that is, their mating defect is significantly more severe when
mated to a strain carrying the same mutation than mated to a wild-type

strain. Bilateral sterility is interpreted as an indication that a gene product

must be found in at least one of the mating partners; in its complete
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absence, mating is drastically reduced. It is not obvious that this rationale is

indeed the basis for the success of this screen. Another explanation is that
this screen allowed the identification of weak mating mutants because it did
not demand a severe mating defect, and its sensitivity was increased by
mating to an enfeebled partner. In either case, the screen identified several

known mating genes (including CDC24, FAR1, FUS2 and SPA2), several

novel genes (including BEM1, PEA2, and TNY1), and several previously

identified genes not known to play a role in mating (AXL1, FPS1, and

STE6, which has a mating function in addition to its role in pheromone

production). No genes without a role in mating were identified. The use of

secondary screens for signal transduction was almost certainly instrumental

in weeding out uninteresting mutants. These results confirm the power of

this screen and suggest other related screens might be useful in uncovering

more genes with subtle roles in mating.

The development of three orientation assays

Orientation towards a mating partner has long been hypothesized to

involve polarization in a gradient of mating pheromone; however, there

were no assays for this process available at the outset of this project. In

order to identify orientation mutants, it was essential to develop

appropriate assays. The most significant contribution to this field came

from Jeff Segall, who became familiar with the mechanics of creating a

gradient from his work with Dictyostelium. His development of an assay

for yeast cell polarization in a pheromone gradient was an enormous step

forward for the mating field (Segall, 1993).

To identify orientation mutants, the Segall assay was used in

combination with two other assays, the pheromone confusion assay and the
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determination of the position of bud Scars on zygotes (Chapter 3).
Although the Segall assay is direct, it is not a useful screening tool because

it requires a sophisticated set up and ample time. The pheromone confusion

assay has the reverse features: it is indirect but highly quantitative and

easily applied to many strains. Finally, the position of bud scars on zygotes

does not measure the ability of a cell to orient per se, but it does determine

the site of mating relative to the presumptive bud site. Use of this assay

demonstrated that the orientation mutant farl has a fixed polarity towards

the bud site and therefore cannot reorient towards the mating site. This

phenotype may not be found in other orientation mutants which are

defective in steps distinct from FAR1; however, it is a useful assay and an

important characterization for orientation mutants in general. Together,
these three assays represent a set of tools to screen for, identify, and
characterize more orientation mutants.

One note of caution is worth considering regarding the pheromone

confusion assay. It is important to stress that this assay is highly indirect

and may not determine what it is interpreted to determine. This point

deserves full attention, given the fate of the discrimination assay. The
discrimination assay was interpreted to reflect the ability of a cell to

recognize a pheromone gradient and polarize in that direction. However,

the only orientation mutant identified at this time (farl) is not defective in

the discrimination assay. A detailed consideration of the pheromone

confusion assay vs. the discrimination assay is offered in Appendix 3. In

short, the pheromone confusion assay may reflect a more complicated

series of events than thought. This assay should be useful for identifying
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putative orientation mutants, which can only be demonstrated to be

defective in orientation through the use of the direct Segall assay.
FARI is required for orientation

The identification of FAR1 as a gene required for orientation

towards a mating partner was highly surprising. FAR1 was originally

identified because it is required for cell cycle arrest in the presence of

pheromone (Chang and Herskowitz, 1990). Extensive biochemical analysis

demonstrated that in the presence of pheromone, Farlp binds to and

inhibits the kinases which push a cell through Start, CDC28/CLN1 and

CDC28/CLN2 (Peter et al., 1993; Tyers and Futcher, 1993; Peter and

Herskowitz, 1994). Sequence analysis of farl mutants unable to orient

indicated that the protein has essentially two domains, one required for cell

cycle arrest and one required for orientation (see Chapter 3 for more

detail). The coupling of two functions, withdrawal from the cell cycle and

induction of a specific morphogenetic program, may be a theme reiterated

in other cyclin-dependent kinases which become activated during

differentiation in other organisms (Halevy et al., 1995; Parker et al., 1995;

Skapek et al., 1995).

Before considering how Farlp may function in mating partner

localization, it is helpful first to describe the events which need to be

coordinated. First, we know that a mating cell experiences a gradient of

pheromone secreted by the mating partner. Somehow this pheromone

gradient is transduced into localized signaling activity. Second, we know
that morphogenesis molecules become localized to the site of cell-cell

contact (referred to as the mating site). Our challenge is to understand how
these two sets of localized information are related to each other. One
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remaining mystery is whether the polarity information at the presumptive
bud site is accessible during mating. As a cell exits mitosis and enters early
G1, the actin cytoskeleton becomes delocalized (Lew and Reed, 1993).

Later in G1, actin patches become clustered at the presumptive bud site.

The development of the bud site must involve several intervening steps

between these two states; it is completely unknown at what point in this

process the mating site begins to be built. The importance of this question
will become clearer below.

In order to dissect the process of orientation, we begin with events

known to occur. The localizations of Cdc42p and Bemlp follow the site of

polarization: in budding cells they are found at the presumptive bud site,

and in mating cells they are found at the mating site (Ziman et al., 1993;

Chenevert et al., 1992). Furthermore, both CDC42 and BEMI are required

for polarization in the presence of pheromone. Together, these results

suggest that the localization of Cdc42p and Bemlp to the mating site is a

crucial event in polarity development during mating. The localizations of

most members of the signal transduction cascade are unknown; it is known,

however, that the receptors and the PAK kinase STE20p are localized to

the mating site (Jackson et al., 1991; M. Peter, personal communication). It

seems reasonable to predict that GO. and GBY will also be found at the

mating site: the heterotrimeric G protein is associated with the pheromone

receptors, and both species (Go and GBY) are tethered to the membrane via

prenylation. The prediction is that local activity of the receptor will lead to

the local liberation of Go-GTP and GBY, necessarily at the mating site.

There are several levels at which Farlp might function in the

establishment of polarization towards the mating partner. First, Farlp may
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mask the presumptive bud site, thus freeing the polarity establishment

proteins Cdc42p and Bemlp to interact with the mating site. Second, Farlp
may interact with Cdc42p and Bemlp directly, either removing them from

the bud site and/or recruiting them to the mating site. Finally, Farlp might
stabilize weak interactions at the mating site, for example, between the
polarity establishment proteins and localized signaling molecules.

Is there any evidence to support or rule out any of the models? It is

known that in the absence of Farlp, the polarity of a mating cell is fixed at

the presumptive bud site (Chapter 3). Such a function is consistent with the

first model, in which Farlp masks the budding site. Polarization towards

the bud site would then occur in a farl A strain. In this instance a shmoo

would be formed instead of a bud, perhaps because in the presence of

pheromone, the neck filaments are not assembled into the tight ring seen
during vegetative growth. A far I-s mutant would also polarize towards the

bud site if the polarity establishment proteins cannot be moved to the

mating site or stabilized at that site (the second and third models above).

Thus, the polarity of cells lacking Farlp is not particularly helpful in

determining its normal role during mating polarization.

More useful information about the function of Farlp is offered by

recent biochemical characterization of interacting proteins. In particular,

Farlp interacts strongly with Bemlp by two-hybrid assays (Lyons et al.,

1996; M. Peter, personal communication) as well as biochemically (M.

Peter, personal communication). An interaction between Farlp and Cdc24p

has also been observed, although this interaction is weak in a two hybrid

assay, and the biochemistry needs refining (M. Peter, personal
communication).

-
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Interactions between FAR1 and the polarity establishment genes have
also been observed genetically. In particular, the mating defect of far 1-s
and farl A strains is suppressed by 21 plasmids carrying CDC24, BEM1,
bem 1-sl, or bem 1-s2 but not CDC42 (N. V., unpublished data). In a

related experiment, 2p, FAR1 did not suppress the mating defects of bem 1
s1 or bem 1-s2 mutants (N.V., unpublished data).

Biochemical interactions among several relevant proteins have

recently been characterized. M. Peter and E. Leberer have shown that

binding of Cdc42p to Ste20p is responsible for the localization of the kinase

to the mating site (although this localization is apparently not required for -
signal transduction or orientation; personal communication). Bemlp
displays a number of interactions, including binding to Stejp and the MAP º

-

kinase cascade members Ste 11p, Ste"p, and Fus3p (presumably through its -

interaction with the scaffold protein Stejp; Leeuw et al., 1995; Lyons et * * ,

al., 1996). Bemlp has also been shown to bind actin, although further

experiments are required to firmly establish how direct this interaction is

(Leeuw et al., 1995). Finally, Bemlp binds Ste20p and Cdc24p via its C

terminal domain (Peterson et al., 1994; Leeuw et al., 1994). It is worth

noting that Bemlp almost certainly does not bind all these proteins

simultaneously, but is probably present in several different complexes

which are themselves regulated in response to pheromone.

Models for polarization towards a mating partner

Taken together, the data described above can be fit into (at least!)

two models, bearing in mind that Farlp is required for polarization

towards the mating site. The genetic and biochemical interactions described

above support a linear order (Fig. 5-1), in which Farl activates Bem 1,
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which activates Cdc24, which activates Cdc42. This functional pathway is
consistent with the genetic experiments described above which suggest that

BEM1 and CDC24 can suppress far 1 mutants, but FAR1 cannot suppress
bem 1 mutants. The induction of local actin organization might result from
Bemlp binding actin at the mating site, and Cdc42-GTP activation of

(unknown) targets which are able to nucleate actin. Cdc42p targets might
include activities to sever, uncap, or nucleate actin filaments; these

unidentified targets are likely to be shared with CDC42 homologues in

higher eukaryotes (see Chapter 1).

In the first model (Fig. 5-2A), the primary determinant of mating

site polarization is the localization of Farlp to the mating site. Farlp might

become localized, for example, via interactions with GO or GBY. This

model assumes Bemlp and Cdc42p do not need to be actively removed

from the budding site. Bemlp binds Farlp at the mating site and thus is in

a position to localize Cdc24p. Cdc24p would then bind Cdc42p and convert

it into Cdc42-GTP, thus locally activating it. Localized Bemlp may

contribute to localized signaling by binding and localizing Stejp and its

kinases. Cdc42p would perform a similar function, localizing Ste20p. The

two great unknowns of this model are 1) is Farlp localized to the mating

site, and 2) if so, how is it tethered there?

In the second, closely related model (Fig. 5-2B), the primary

determinant of the mating site is a localized signaling molecule(s). Farlp

functions in this model to deliver Bemlp and Cdc24p to the mating site,

where they interact with each other and with Stejp to maintain their

localization. Again, localized Cdc24p is predicted to bind and locally
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Figure 5-1. A linear pathway for the function of FARI and the
polarity establishment proteins

A variety of genetic suppression data in combination with biochemical

interactions suggests that during the establishment of the mating site, Farlp

functions upstream of Bem 1p, which may bind actin. Bemlp in turn binds

Cdc24p, which functions as a nucleotide exchange factor for Cdc42p.

-
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Figure 5-2. Two models for the role of FARI in the

establishment of polarization towards a mating partner

A. Farlp may be localized at the site of localized signaling activity,

perhaps via interactions with GBY, Go, or with other signaling components.

Farlp is then in a position to bind Bemlp and localize it to the mating site,

where it in turn can bind and localize Cdc24p. Cdc24p interacts with

Cdc42p as a nucleotide exchange factor; localization of Cdc24p to the

mating site may result in the local activation of Cd42p.

B. In an alternative model, Farlp is not itself found at the mating site but

instead functions to recruit Bemlp and Cdc24p to this site, where they

interact with localized signaling components (e.g. Bemlp binds Ste■ p) and

each other. Again, Cdc42p may be locally activated by Cdc24p.
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activate Cdc42p. This model predicts that Farlp is not itself localized to the
mating site.

Several classes of experiments are likely to yield further insight into
mating site Selection. It will be particularly helpful to determine the

localization of many proteins, including Farlp, Go, GBY, and Stejp. The
isolation of additional orientation mutants is also essential to further

understand how a cell locates its mating partner. Such mutants could be

identified as synthetic steriles with far!-s mutations, that is, mutations

which significantly reduce the residual mating activity of far 1-s mutants.

Another fruitful approach would be to screen for orientation-specific

alleles of GO, GB, or G.Y. It would be extremely interesting to screen for

mating-specific alleles of CDC24 and CDC42, particularly because such

alleles have been described for BEMI (Chenevert et al., 1994). Finally, a

screen for mutants defective in the pheromone confusion assay should be a

powerful route to identify orientation mutants. Any putative orientation

mutants must be analyzed with the Segall assay to be clearly identified as
defective in orientation.

Signal transduction molecules involved in morphogenesis

It is not known which members of the signal transduction cascade are

involved in generating the signal for polarized morphogenesis. Although

experimental approaches to this question are complicated by the

requirement for some pathway activation to arrest cells in G1, roles for

GBY and Stejp have been demonstrated. Loss of Go, leads to cell cycle

arrest and shmooing in the absence of pheromone (Blinder and Jenness,

1989; Blinder et al., 1989) as does an activated allele of STE4 (Miyajima et

al., 1987; Blinder and Jenness, 1989; Blinder et al., 1989). These results

1 76



suggest that liberation of GBY, which induces activation of the signaling
pathway, is also sufficient to induce Shmooing. A similar result has been

found for overproduction of Stejp, which leads to cell cycle arrest and

shmoo formation as well as induction of a pheromone-inducible promoter
(sst2::lacz) in the absence of pheromone (Akada et al., 1996). How

overproduction of Stejp leads to constitutive signaling and shmoo

formation is mystifying, given its structural role.

It is possible that the mutants described above induce shmoo

formation because they cause full activation of the pheromone response

pathway. However, other results suggest a more direct role for the G

protein and its immediate targets in orientation. To begin to dissect this

problem, it is of great interest to determine if the shmoo formation seen in
scgi-7, STE4", and pCAL-STE5 requires STE2. Although GBY and
Steffp function downstream of the receptor, the pheromone gradient is

initially encountered by the receptor, and a role for the receptor in

polarization has long been assumed. It is also of interest to determine which

downstream components are required for shmoo formation in these

mutants (for example, by deleting STE7, STE11, etc.). Cells could be

arrested in G1 by a temperature sensitive cdc28 mutation to induce cell

cycle arrest. It is also of interest to determine if activated alleles of the

downstream kinases or Ste 12p will induce shmoo formation.

The role of PEA2 and SPA2 in budding and mating polarity

PEA2 and SPA2 appear to cooperate to perform two distinct roles in

the organization of polarized morphogenesis. During mating, these proteins

are required for efficient mating and proper shmoo formation; mutants
defective in either PEA2 or SPA2 form peanut-shaped shmoos instead of
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pear-shaped shmoos. Because these mutants have no other apparent defects

during mating (for example, they exhibit cell cycle arrest and induce genes
normally), we believe that their morphogenesis defect is responsible for

their poor mating. A detailed consideration of why tightly organized

growth might be important for successful mating is offered in the

conclusion of Chapter 4. Importantly, Peazp and Spa2p do not appear to
function in mating site selection but rather act downstream in the

organization of polarized growth towards the selected site.

During vegetative growth, PEA2 and SPA2 are required for the

establishment of the bipolar budding pattern normally exhibited by a■ o.

diploids. Wild-type cells position their first bud at the pole distal to the site

of attachment to the mother; subsequent buds are found at either pole.

Mutants defective in PEA2 or SPA2 position the first bud correctly, at the

distal pole, but subsequent buds are positioned at random. This phenotype

indicates that Peazp and Spa2p function as primary determinants of bud site

selection. Again, a model for the role of Peazp and Spa2p is found in the

conclusion of Chapter 4. In short, this model proposes that two distinct

landmarks are found at the two poles of a cell, one at the pole initially

attached to the mother cell (possibly Bud9p) and one at the other, distal

pole (possibly Bud8p). Peazp and Spa2p are hypothesized to be required

for the deposition of the budding landmark at the pole adjacent to the

mother cell. The deposition of this landmark also requires actin, unlike the

deposition of the landmark at the distal pole (D. Drubin, personal
communication).

How is it possible that PEA2 and SPA2 are involved in both mating

and budding polarity, at apparently different steps in the establishment of
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polarized growth? This result is surprising because the other genes

involved in generating polarity either function only in budding growth or

in mating growth (such as the BUD genes, which are not required for

mating), or they function in similar ways in both processes (for example,

CDC24, which is required to generate polarized growth during mating and

budding). PEA2 and SPA2 represent the first examples of genes

functioning at apparently different levels in the two processes. It is possible

that other genes will be found to function at distinct levels during mating

and budding polarity. Alternatively, it is possible that PEA2 and SPA2 do

function as site selection genes during mating (see Chapter 4), to spatially

confine the site chosen for polarization.

Peazp and Spa2p may function as a heterodimer, interacting through

their putative coiled coil domains. Such an intimate interaction is also

suggested by their co-localization, the lack of expression Pea?p in spa2
mutants, and the mislocalization of Spa2p in peaz mutants. It will be of

great interest to explore their physical interaction biochemically. If such an
interaction is observed, it may be possible using site-directed mutagenesis

to determine if the coiled coil domains of these proteins mediate their

interaction. It is also possible that each protein interacts with other binding

partners through its coiled coil domain. Finally, the functions of these
proteins in the organization of polarity during budding and mating may be

separated genetically, by the isolation of mutations which affect only one or
the other process.
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APPENDIX 1

VIDEO MICROSCOPY OF YEAST MATING

The morphological changes which occur during the yeast mating

reaction have been carefully described for several decades (Lindegren,

1950; Chenevert, 1994). Recently, video microscopy techniques have been

developed which allow much higher temporal resolution of cellular events.

We sought to capture the yeast mating reaction on film.

METHODS

Because yeast cells are so small, we used diploid a■ a and O/O cells

which are significantly larger than their haploid counterparts. These cells

mated with high efficiency (data not shown).

To attach cells to a surface on which they could be viewed over

several hours, we poured slabs of agar on standard microscope slides. We

chose to use following medium because it had nutrients for the cells as well

as a preferable refractive index, important for optimal viewing under

Nomarski optics: 25% gelatin, 1% low melt agarose, 1xYEPD. This

medium was autoclaved (with sterile glucose added after autoclaving) and

stored at room temperature. To pour slabs for each experiment, the

medium was melted at 70°C for approximately 10 min. 0.4 ml melted

medium was spotted onto a slide and allowed to air dry for 30-60s, after
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which a coverslip was lightly added to the top of the drop of agar. This
procedure created a flat surface on top of the slab. After the slab dried

(less than 10 min), the coverslip was carefully removed, and 15 pil of cell
suspension (preparation described below) was spotted in the middle of the

slab. Excess liquid was drawn away gently using the corner of a Kimwipe,

and the cells were allowed to air dry for 10 min. To finish preparing the
slide, a coverslip was added and pushed onto the slab with firm pressure

using the thumb. Finally, the sides of the coverslip were sealed with nail

polish to prevent the slab from drying over time and consequently shifting

the positions of the cells. The cells apparently grew well under these
conditions for at least 8 hrs.

To facilitate the identification of mating partners, it was extremely

useful to differentially label the two cell types (a/a and O■ o.) with

fluorescent conjugates of concanavalin A (conA) before spotting them on

the slab. 1 ml of a log phase culture from each cell type was sonicated,

centrifuged, and resuspended in 0.5 ml sterile phosphate buffered saline

(PBS). 50 pul FITC-conA (1 mg/ml) was added to the a/a cells; 50 pul

rhodamine-conA (1 mg/ml) was added to the O/O cells. After 5 min at

30°C, cells were washed twice in 1.5 ml PBS each time and finally

resuspended in 0.1 ml YEPD. The two cell types were mixed together to

allow premating for 10 min before spotting into the YEPD/gelatin slab.

Slides were viewed on an inverted microscope equipped with both

epifluorescence and differential interference (Nomarski) optics. To locate

potential mating partners, cells were screened with both rhodamine and

fluorescein as quickly as possible to prevent excessive exposure to the
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intense UV light. Light and filter conditions were then optimized for
viewing by Nomarski using a 100x objective lens.

Image 1 (version 3.65) was used to collect individual images over
time. In short, this program opened the shutter at the chosen time and

captured an image onto an optical disc. In general, images were collected

every 15-45 sec for several hours. Occasional adjustments in the

positioning of the slide were made, if the field had begun to drift out of
focus.

RESULTS AND DISCUSSION

Video microscopy is a useful tool for ordering, timing, and further

elucidating events which occur during a complex process such as mating.

Two separate mating reactions are shown in Fig. A 1-1 and Figs. A 1-2, Al

3, and A1-4. The first, shorter sequence (Fig. Al-1) captures septum

breakdown and nuclear fusion. At the beginning of this sequence, the cells º

have already initiated septum breakdown in the upper, larger mating pair.

The nuclei are adjacent to the septum and are continually moving; they

have clearly fused by 47.5 minutes. Vacuolar fusion can also be seen: at
58.5 minutes, the lower cell (indicated with an arrow) has several small

vacuoles, which fuse to form a single large vacuole by 82 minutes.

Vacuolar fusion was not seen in all mating reactions, and it is not apparent

if this fusion event is related to the mating event itself or was captured

fortuitously.

A complete cycle of zygote formation and budding is shown in the

second, longer sequence (Figs. A 1-2, A1-3, and A1-4). At the beginning of
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this mating reaction, it was not clear which cells would undergo fusion.
Clear growth towards the mating partner is first apparent at 65 minutes, as

the bottom cell has become less round and slightly pointed towards the

upper, left hand cell. This polarized growth is visible in both cells at 77.5

minutes, when the beginning of a septum has formed between them. By 90
minutes, the nuclei have congressed to the septum; 32 minutes later (final

panel of Fig. A 1-2) nuclear fusion has occurred.

The second figure of this set (Fig. A 1-3) is focused on bud

emergence of the zygote's first bud, which occurs only 20 minutes after

fusion has been completed. Bud emergence is first apparent as a blurring of

the cell wall (at 144 minutes) and the bud itself appears very quickly

thereafter, having grown to mid-bud size within 10 minutes (154 minutes).

One of the first organelles to be partitioned into the growing bud is the

vacuole; this partitioning is very clear in the video sequence but difficult to

capture in a single frame (see 150, 151 minutes). Growth of the bud occurs

for approximately an hour.

The final event seen in this sequence is mitosis. A spindle is visible as

a thick line through the nucleus at 207.5 min (Fig. A 1-4), as the nucleus

pushes aside the vacuole and migrates to the bud neck (arriving at 211

min.). The nucleus extends itself and reaches into the bud in one direction

and back towards the lower vacuole in the other direction (see 214-220

min.). The precise time of nuclear division is not obvious, but has clearly

occurred by 234 min. These sequences confirm previous descriptions of

mating and budding events. Further use of video microscopy, particularly

in combination with fluorescently tagged molecules of interest, is certain to

further our understanding of the physiology of mating.

:
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Figure A1-1: Cell and nuclear fusion during mating.

This sequence begins with two zygotes which have already partnered and

grown towards each other (0 min.). The upper prefusion zygote has both

nuclei congregated at the septum (two bold arrows). The nuclei can also be

seen in the lower prefusion zygote at 8.75 min. (bold arrows), which have

fused by 22 min. The nuclei of the upper zygote have fused by 47.5 min.

Several small vacuoles are apparent in the upper zygote at 58.5 min. (small

arrow); these vacuoles have fused to form a single, large vacuole by 82

min. (small arrow).
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Figure A1-2: Courtship, cell growth, and fusion during mating

The three cells in this sequence are first seen as large, unbudded cells (0

min.). Although no bud emergence is seen in these cells, clear partnering is

not visible until 77.5 min, when the lower cell and the upper left hand cell

have begun to grow towards each other. Their nuclei congregate at the

septum by 90 min., and have clearly fused by 122 min.
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Figure A1-3: Bud emergence in a newly formed zygote

The emergence of a new bud is first apparent as a blurring of the cell wall

at 144 min. This bud grows quickly, as seen in images taken 1-2 min. apart

(143-151 min.). During this time the nucleus remains at the middle of the

zygote, near the site where it was formed. Vacuolar partitioning into the

growing bud can be detected at 151 and 154 min.
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Figure A1-4: Mitosis in a zygote's first division

Mitosis begins roughly an hour after the bud first emerged, with a spindle
visible as a thick bar across the nucleus as it migrates towards the bud

(207.5 min.). The nucleus arrives at the mother-bud neck at 211 min. and

begins to elongate, extending into the bud and back into the zygote. The

two portions of the nucleus are clear at 218.5 min. (bold arrows). This

elongated nuclear morphology is maintained over the next 20 minutes or

so, although it is not obvious when nuclear division happens. By 234 min.,

the mother zygote and the daughter bud appear to be two distinct cells.

>
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APPENDIX 2

FURTHER CHARACTERIZATION OF TNYI

The most striking feature of TNY1 is the small-sized shmoos

exhibited by thy 1-1 and thy 1-2 mutants in the presence of pheromone. This

phenotype is highly reminiscent of wild-type cells in calcium-free medium,

which form small shmoos and subsequently die after several hours in

pheromone (Ohsumi and Anraku, 1985; Iida et al., 1990). Several lines of

evidence suggest that calcium plays an important role during a late stage of

the mating reaction. Wild-type cells exhibit an increase in cytosolic calcium

in the presence of pheromone (rising from 100 nM to 500 nM; Ohsumi and

Anraku, 1985; Iida et al., 1990; Nakajima-Shimada et al., 1991). Unlike

systems in which calcium functions as a second messenger and enters cells

in a rapid and transient manner in response to a stimulus, the pheromone

induced calcium increase is delayed and cumulative. Cytosolic calcium

levels begin to rise after 30-40 minutes in pheromone and only reach

maximal levels after five hours (Iida et al., 1990). This increase is due to

calcium influx through the plasma membrane, not efflux from intracellular

stores, as cells which form shmoos in calcium-free medium exhibit only a

minor increase in cytosolic calcium (Iida et al., 1990). Reduced mating is

also seen in calcium-free medium; cells appear to accumulate as dead

zygotes or unbudded cells, suggesting a role for calcium in a late stage of

conjugation (Iida et al., 1990). A late role for calcium is also suggested by

the observation that the calcium influx requires high levels of pheromone

.
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(Iida et al., 1990), which are experienced during later stages of mating.
These data suggest that calcium may be required during mating to activate
proteins involved in the morphological changes required to fuse two cells,

including breakdown and resynthesis of the cell wall and membrane.

An intriguing possibility is that TNY1 is involved in the cellular

response to calcium during mating. To address this possibility and further

characterize thyl mutants, we sought to answer three questions. First, do

the tiny mutants exhibit polarized growth during shmooing? Second, do

mutants defective in TNY1 die in the presence of pheromone? Third, is

TNY1 a gene known to be involved in calcium regulation during mating?

METHODS

Fluorescein-conjugated concanavalin A (conA) was used to visualize

new growth of Shmooing cells. Five ml of log-phase cells were sonicated,

centrifuged, resuspended in 1 ml con A (0.1 mg/ml) in phosphate-buffered

Saline (PBS), and incubated for 15 min at 25°C in the dark. Cells were

washed twice in YEPD to remove unbound conA, resuspended in 10° M O

factor in 5 ml YEPD, and incubated at 30°C for 3.5 hr.
Methylene blue staining was used to visualize cell viability (Iida et

al., 1990). Ot-factor was added to log-phase cells at a final concentration of
10" M for the indicated amount of time. At each time point, 0.5 ml cell

suspension was incubated with 0.5 ml methylene blue (0.01% in 2% sodium
citrate) for 10 min at 25°C. Following sonication, cells were centrifuged

and resuspended in 100 ml fix (7% formaldehyde in PBS). Dead cells

stained a brilliant blue when viewed under Nomarski optics.

!
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The centromere-based library of Rose et al. (1987) was used for two

independent attempts at cloning TNY1 on the basis of its mating defect with
a far 1-c mating partner. Plasmids carrying CNA1, CNA2, and CNB1 were

kindly provided by Martha Cyert. A plasmid carrying CMD1 was kindly

provided by Trisha Davis.

RESULTS AND DISCUSSION

tny1 mutant shmoos exhibit polarized shmoos

Mutants defective in TNY1 form very small shmoos in the presence

of pheromone, although as budding cells their size is indistinguishable from

wild-type. The shmoo tip of wild-type shmoos emerges as new cell

membrane and cell material are added at a localized region of the cell

surface (Lipke et al., 1976; Tkacz and MacKay, 1979; Field and Schekman,

1980). It is not clear how the thy shmoos arrive at their reduced size. One

possibility is that these mutants form a shmoo tip by redirecting existing

cell material instead of by polarized growth. To address this possibility, we

asked if the shmoo tip of try1 shmoos is comprised of new cell wall

material by staining cells with the lectin-binding dye concanavalin A (con

A). When cells are labeled with fluorescein-conjugated conA, washed to

remove unbound conA, and allowed to continue growth, any new areas of

growth are visible as areas of unstained cell wall. When wild-type cells are
labeled with con A immediately before the addition of O-factor, the

resulting shmoo tip is unlabeled (Fig. A2-1 A,B). A similar result was seen

for try 1-1 shmoos (data not shown) and thy 1-2 shmoos (Fig. A2-1 C,D).
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These results indicate that the try1 mutants do form shmoos by
directing new cell wall material to a localized area of the cell surface and

suggest that their small size is achieved by another route. A second

possibility is that the very small cells seen in thy 1 mutants arise

preferentially from daughter cells. During mating, cells arrest in G1

before beginning to extend a shmoo tip. Mother and daughter cells enter

G1 at different sizes, with the mother larger than the daughter cell. During

growth of the bud, a wild-type daughter cell must grow to a certain size

before proceeding through the cell cycle (Cross, 1988). It is not known at

what point in G1 cells in the presence of pheromone begin to polarize.

Similar to growth of the bud, wild-type daughters may need to achieve a

certain size before beginning to extend a shmoo tip. If this is the case, the

tny mutants may be defective in delaying polarization until the proper size

is reached. Such an explanation is consistent with the heterogeneous

morphology defect seen in populations of try1 shmoos. This possibility

could be tested by comparing the shmoo size of mother and daughter try1

shmoos, as daughter cells are easily identified as cells with no bud scars

(visualized using the chitin dye Calcofluor; Pringle et al., 1989). Finally, it

is also possible that the try1 mutants have a pheromone-induced increase in

overall cell endocytosis during mating, leading to a shrinking cell in the

presence of pheromone. Further careful morphological analysis of these

mutants should illuminate how the tiny shmoo size is achieved.

tny1 mutants die in the presence of pheromone

We next asked whether try1 mutants die in the presence of

pheromone. No difference in viability was seen between wild-type (2%

dead), thy 1-1 (3.5%) and try1-2 mutants (1.5%) before o-factor addition
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Figure A2-1. The shmoo tip of thy I mutants is comprised of
new growth.

A. Nomarski images of wild-type shmoos (NVY 1).

B. Concanavalin A staining of wild-type shmoos (NVY1).

C. Nomarski images of thy 1-2 shmoos (NVY4).

D. Concanavalin A staining of try1-2 shmoos (NVY4).

Cells were stained with concanavalin A, then incubated in the presence of

pheromone for 3.5 hours to allow shmoo formation. Sites of new growth

are not labeled with concanavalin A. Both wild-type and thy 1 mutants

exhibit shmoo tips comprised of new cell material.
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(Table A2-1). A striking difference, however, appeared by 4 hrs in o
factor: wild-type cells exhibited only 3.5% dead cells, but thy 1-1 and thyl
2 mutants exhibited 38.5% and 44.5% dead cells, respectively. This

difference was maintained until at least 6 hours, when wild-type cells
continued to exhibit very high survival rates (only 5.5% dead). The

kinetics of death are particularly similar between the thy 1 mutants and cells

shmooed in calcium-free medium: in both cases, shmoo viability drops off

precipitously between three and four hours after the addition of

pheromone. Neither thyl allele exhibits as dramatic a defect as seen by

wild-type cells shmooed in calcium-free medium; however, these alleles

may not represent the null phenotype of a thy 14 mutant. In addition, there

may another gene with redundant function.

These results indicate that the try1 mutants share a second important

phenotype with cells shmooed in the absence of calcium and suggest that

TNY1 may function in transduction of the calcium signal during mating.

Two more experiments would help strengthen and extend this conclusion.

First, are the viability and mating defects of thyl mutants rescued by the

addition of high levels of calcium to the medium (but not other salts or

sorbitol; see Iida et al., 1994)? Second, do the try1 mutants have altered

levels of cytosolic calcium in response to pheromone? The result of this

experiment would help determine if the try1 mutants are defective in
calcium entry into the cell or transduction of the calcium signal.

Genes implicated in calcium signal transduction during mating

Several genes are good candidates for calcium targets (directly and

indirectly) during mating (Fig. A2-2). The tiny shmoo phenotype is

exhibited by mutants defective in the calcium-calmodulin dependent
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Table A2-1

tny I Mutants Die in the Presence of Pheromone

time in pheromone:

cells 0 hr 1 hr 2 hr 3 hr 4 hr 5 hr 6 hr

wild-type 2% 3% 1% 4% 3.5% 9.5% 5.5%

tny1-1 3.5 4 3 3.5 38.5 33.5 44

tny1-2 1.5 8 1 17 44.5 48 44.5

Numbers indicate the percentage of dead cells.
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phosphatase calcineurin (M. Cyert, personal communication) as well as

calmodulin mutants which cannot bind calcium (T. Davis, personal
communication). In addition, the calcineurin mutants exhibit pheromone
induced cell death as well as impaired mating (either a cnal cnaz double

mutant, which lacks the enzyme’s catalytic subunit, or a cnb1 mutant,

which lacks the enzyme’s regulatory subunit; Cyert et al., 1991; Cyert and

Thorner, 1992; M. Cyert, personal communication; Mazur et al., 1995).

These results indicate that calcineurin is a key component for the response

to calcium during mating.

A recent screen for mutants which die in the presence of pheromone

as small shmoos identified five complementation groups which could be

divided into two classes (Iida et al., 1994): those required for calcium

influx in the presence of pheromone (MID1 and MID3) and those with

normal pheromone-induced calcium influx (MID2, MID4, and MID5). The

latter group is especially intriguing as these gene products are good

candidates for molecules which transduce the calcium signal. MIDI encodes

a nonessential integral plasma membrane protein required for calcium

influx into cells in the presence of pheromone (Iida et al., 1994). MID2

encodes a nonessential, pheromone-induced protein with a putative calcium

binding domain as well as a putative transmembrane domain (Ono et al.,

1994).

Finally, a number of genes involved in cell wall regulation, possibly

in response to calcium, have been implicated as important for maintaining

cell integrity during mating. As described above, the cell wall undergoes

breakdown and resynthesis late during mating to allow cell fusion. The

clearest example is FKS2, one of two redundant genes (the other is FKS1)

200



required for synthesis of the major cell wall component, B(1,3) glucan
(Mazur et al., 1995). These genes (which are 88% identical) encode large
multi-transmembrane proteins which may encode the glucan synthase itself,

a channel through which newly synthesized glucan is exported, or another

essential component. Interestingly, FKS2 has at least one pheromone

response element in its promoter and is induced by pheromone after 45-60

minutes, roughly the same time as calcium begins to enter the cell. Indeed,

the pheromone-induced expression of FKS2 depends on calcineurin,

possibly by dephosphorylating and thereby activating a transcription factor

(although it is unclear how direct this effect is). FKS1 expression is

actually reduced in the presence of pheromone, suggesting that these two

highly homologous proteins have somewhat specialized functions in

different cell types.fks2A strains do not exhibit small shmoos or cell death

in the presence of pheromone, nor do they have a mating defect (unilateral

or bilateral); however, there may be sufficient Fks 1p present in the absence

of Fks2p to perform any essential function of Fks2p during mating. These

results suggest that FKS2 expression and consequently new synthesis of

B(1,3)glucan may be an important outcome of calcium entry during

mating, via the action of calcineurin.
Another tenuous connection between calcium, TNY1, and the cell

wall is suggested by the similar terminal phenotypes exhibited by try1 and

rhol mutants. During bud growth, rhol mutants correctly choose a site for

polarization and initiate polarized growth at that site, but cannot maintain

growth and lyse as small budded cells (Yamochi et al., 1994). This

behavior is similar to try mutants and cells in the absence of calcium,
which begin to shmoo but cannot continue growth and die as small
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Shmooed cells. RHO1, which encodes a small GTP-binding protein
(Madaule et al., 1987), has recently been identified as a cytosolic
component necessary for the activity of B(1,6) glucan synthase (Drgonova
et al., 1996; Qadota et al., 1996). This result suggests that as polarized
growth continues, Rholp plays a role in maintaining the integrity of the

cell wall at the site of new growth by activating synthesis of new cell wall

material. Calcium may activate a similar pathway during mating, possibly

through TNY1.

The nature of TNY1 remains unknown

Is there any evidence that TNY1 encodes any of the genes implicated

in the pheromone-induced calcium response described above? The only

candidate genes which have been tested are calcineurin and calmodulin. A

centromere-based plasmid carrying CMD1, which encodes calmodulin,

rescued a cmd.1-3 mutant but not the mating defect of thy 1-1 or thy 1-2 (C.

Detweiler and N. Valtz, unpublished data). Similarly, low copy plasmids

containing CNB1, CNA1, or CNA2 did not rescue the mating defect or

shmooing defect of thy 1-1 or thy 1-2. Unpublished results form the Cyert

lab also support the conclusion that thy 1 mutants are not defective in

calcineurin function. It would be of great interest to cross the mid mutants

to the try1 mutants, in order to determine if TNY1 corresponds to any of

these genes.

Finally, several attempts to clone TNY1 by complementation of its

mating defect were unsuccessful (N. Valtz and C. Detweiler, unpublished

data). Three independently isolated complementing plasmids carried

ADE2. Our interpretation of this result takes into account the lack of

nutritional markers available in the strain in which complementation was
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attempted; the Strains were ade2, uraj, met 1 before transformation with

the low copy library DNA. After transformation with the URA3 marked

plasmid carrying ADE2, only met 1 remained as a nutritional marker.

Mating was assayed by the appearance of diploids on minimal plates. If the

tny1 mutants were generally less nutrient requiring, then they may have

survived longer on the minimal plates, allowing increased mating to the O.

partner cell. The colonies which appeared in these mating reactions were in

fact diploids, supporting this conclusion. Future attempts to clone TNY1 on

the basis of its mating defect should be preceded by crossing the thyl

alleles into an isogenic strain carrying more markers, such as NVY 193

(uraj ade2 met 1 trp 1 leu2), in order to isolate a segregant with more

nutritional markers available (not including ade2!).
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Figure A2-2: A model for the roles of calcium during mating
Calcium enters a cell in response to pheromone after a delay of 30-40
minutes. The membrane proteins which mediate this influx are not

identified but may include Midlp. One intracellular calcium target is

calmodulin; calmodulin-calcium then binds the phosphatase calcineurin.

The regulatory subunit of calcineurin, Cnblp, also binds calcium which

allows it to interact with the catalytic subunit (Cna) to form an active

phosphatase. Transcriptional induction of FKS2 is one target of

calcineurin activation, although it is unclear how direct this effect is.

Calcineurin, calmodulin, and free calcium are all likely to have other,

unidentified targets which regulate the cellular response to calcium in the

presence of pheromone.
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APPENDIX 3

FURTHER CHARACTERIZATION OF 13 MATING

DEFECTIVE MUTANTS

The original screen for mating defective mutants identified 34 such
-

mutants, of which thirteen remained unidentified (Table 2-3; Chenevert et

al., 1994). These mutants exhibited wild-type shmoo morphologies

although they mated poorly to enfeebled partners. This combination of º

phenotypes (including wild-type signal transduction, cell cycle arrest, and -

pheromone production) is characteristic of mutants defective in orientation
-

towards a mating partner (e.g. the farl-S mutants) and mutants defective in

cell fusion, late during the mating reaction (e.g. the fusl fus2 mutants). We

used several assays to further characterize the mating defect of these

mutants in the hope of determining at what step during the mating reaction

they are blocked. First, their mating defects to wild-type and the enfeebled

partners far 1-c and fus 1 fus2 were determined quantitatively. Second,

discrimination assays were used to determine if each mutant could Y

discriminate between two mating partners, one producing pheromone and º

one producing no pheromone. Wild-type cells choose to mate with the

pheromone-producing partner with great fidelity: less than one in 10°
matings occur with the pheromone non-producing cell. Finally, pheromone

confusion assays were used to identify any mutants with possible roles in s

orientation (see Chapter 3).
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METHODS

Quantitative mating was performed as described in Chapter 2. The O.
mating partners were as follows: O wild-type, IH1793; O far 1-c, JC31-7D;
o, fus 1 fus2, IH2351.

Discrimination assays were performed essentially as described

(Jackson and Hartwell, 1990a). a and O. cells were grown to mid-log phase
(O.D. & 0.9) in YEPD at 30°C. A 1:1:1 ration of a tester cell:
pheromoneless O cells (IH1866): pheromone-producing of cells (IH1784)

was used, as this ratio gives the highest mating efficiency (K. Schrick,

personal communication). Mating reactions of the three cell types were

filtered onto 0.45 mm nitrocellulose filters (Millipore), transferred to

YEPD plates, and allowed to mate for 4 hr at 30°C. Cells were recovered
from the filter disks into 5 ml minimal SD medium by vortexing for 30 s

followed by Sonication. To determine mating efficiencies, cells were plated
on YEPD (to determine total cell numbers), SD (to determine total number

of diploids), and SD lacking tryptophan and adenine (to determine total

number of matings with the pheromoneless partner). Percent mating to the

pheromoneless strain (the discrimination index) was calculated as the

number of diploids formed with the pheromoneless strain divided by the

total number of diploids formed with either strain times 100.

Pheromone confusion assays are described in Chapter 3.
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RESULTS AND DISCUSSION

As an initial step towards defining the mating defect of the

unidentified mating defective mutants, the quantitative mating of each

mutant to a wild-type, far 1-c, and fus 1 fus2 partner was determined (Table

A3-1). For each mating, the total percent mating is shown in the first

column and the reduction from wild-type mating is shown in the second

column. Several features of these results are worth noting. First, the

mutant M3 had no significant mating defect to any of the mating partners.

Second, the mutants M8, M11, and M13 exhibited dramatic mating defects

only to a fusl fus2 mating partner. This defect suggests they may be
defective in cell fusion, as two fusion mutants mated to each other show

dramatic reductions in mating efficiency (Trueheart et al., 1987; J. Philips,

personal communication). Another group of mutants (including M4, M5,

M7, M9, and M10) were primarily defective in mating to a far 1-c partner.

Finally, the mutants M6 and M12 showed significantly decreased mating to

both enfeebled mating partners.

Mating partner discrimination is defined as the ability of a cell to

distinguish between two potential mating partners, one which produces

pheromone and the other which does not produce pheromone, and mate

with the pheromone-producing strain (Jackson and Hartwell, 1990 a,b). We

determined the behavior of the mating defective mutants M1-M13 in the

discrimination assay (Table A3-2). No significant defect was seen for any
of the mutants.
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The discrimination assay was originally believed to measure the

ability of a cell to polarize its cytoskeleton towards a mating partner, the
process known as Orientation. This interpretation assumed that a cell which

was unable to orient would choose a direction for polarization at random

(much as a bud mutant chooses a bud site at random) and mate with

whichever partner (pheromoneless or pheromone-producing) was closest to

the site of orientation. The tester cell would be exposed to pheromone even

though it was not being produced by the cell towards which it was oriented,

thereby ensuring that other pheromone-induced events (such as cell cycle

arrest) would occur normally. Thus, the prediction was that an orientation

mutant would be defective in the discrimination assay.

The isolation of an orientation mutant (the far!-s mutants)

discounted the ability of the discrimination assay to measure orientation.

far 1-s mutants are unable to polarize in a pheromone gradient (Chapter 3)

but behave like a wild-type cell in the discrimination assay (J. Chenevert,

personal communication; Dorer et al., 1995). This surprising result

indicates that whatever the discrimination assay measures, it is not

orientation. How the far!-s mutants discriminate between mating partners

is unclear, as their orientation is fixed at the presumptive bud site (Chapter

3). These mutants mate poorly in the discrimination assay, suggesting that

if an orientation mutant is polarized towards a pheromoneless cell, it may

fail to mate because it continues to experience localized signaling (from the

pheromone-producing cell) elsewhere on its cell. These results confirm a

model in which orientation requires two steps: localized signaling on the

inside of the cell surface adjacent to the mating partner and subsequent
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polarization in that direction. The behavior of the far!-s mutants suggests
that they do experience localized signaling but cannot respond to it.

A new assay believed to measure orientation was devised by Russell
Dorer and named the pheromone confusion assay factor (Chapter 3; Dorer
et al., 1995). The pheromone confusion assay compares the mating
efficiency of a cell mated to a wild-type partner in the absence and

presence of exogenous Oº-factor. The addition of exogenous pheromone to a
wild-type mating reaction reduces the mating efficiency by approximately

100-fold (from 100% to 1%). The interpretation of this observation is that

the pheromone gradient which an a cell usually uses to locate its mating

partner is masked by the exogenous pheromone, which creates a uniform

field O.-factor surrounding the a cell. The a cell can no longer use a

gradient to locate its mating partner, is confused about where that partner

is, and orients at random. Thus, the addition of exogenous pheromone to a

wild-type mating reaction creates a phenocopy of an orientation mutant.

Two predictions can be made about a bonafide orientation mutant. First, it

should exhibit roughly 1% mating to a wild-type partner (in the absence of

exogenous pheromone), as it is already confused about the partner's

position. Second, its mating efficiency should not be inhibited by the

addition of exogenous pheromone, as it is already confused about the

position of the mating partner. The only known orientation mutant, far 1-s,

behaves in this manner (Chapter 3; Dorer et al., 1995).

We were interested in determining if any of the thirteen mating

defective mutants were defective in the pheromone confusion assay (Table

A3-3). Exogenous pheromone inhibits the mating of wild-type cells

roughly 100-fold. In contrast, the supersensitive strain barl is scarcely

2 1 0



inhibited by the addition of pheromone (only 1.4-fold). Supersensitive
Strains experience greater effective concentrations of pheromone and thus
are expected to behave as if high levels of exogenous pheromone were
present under all conditions (even when it is not added). Only one mutant,
M5, exhibited a reproducible defect in this assay, with its mating efficiency
inhibited 7-fold in the presence of exogenous pheromone. Although this
defect is not as dramatic as the barl strain, it is comparable to the behavior
of the weak far!-s mutants (which exhibit 3- to 15-fold inhibition).

Furthermore, the allele carried by M5 may not represent the null

phenotype of its defective gene, which might have a stronger defect. (The
mutant M13 exhibited a similar defect, but this result was not

reproducible.) These results suggest that M5 is a good candidate for an
orientation mutant.

The ability of the mating defective mutants to fuse late during the

mating reaction has been characterized by Jennifer Philips (unpublished

data). These experiments identified several mutants as defective in cell

fusion. A variety of genes which are required for fusion have been

identified, including FUS1, FUS2, AXL1, STE6, and FPS1 (Trueheart et

al., 1987; J. Philips, personal communication; L. Marsh, personal

communication). The probable identity of several of these mutants was

determined by plasmid complementation of their mating defect (Table A3

4; Jennifer Philips, personal communication). FUS1 and FUS2 were the

first genes identified as required for cell fusion, although their precise role

remains unknown (Trueheart et al., 1987). AXL1 encodes a protease

necessary to produce active a-factor (and possibly other molecules); STE6

encodes a plasma membrane channel through which a-factor (and possibly
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other molecules) exits the cell. The fusion defect of mutants in these genes
suggests that they have other targets which are necessary for cell fusion or

possibly that a-factor itself plays a role in fusion.

Two final comments about the mutants identified in the original

Chenevert screen are worth considering. First, essentially all of the mutants

have now been accounted for (see Table 2-3 and Table A3-4). Second, all

of the genes identified in this screen play a role in mating: no mutations

affecting of DNA polymerase, tRNA genes, mitochondrial import proteins,
and the like were identified.
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Table A3-1

Quantitative Mating Efficiencies of 13 Mating-Defective
Mutants

% % %

mating mating to fus mating to farl-c
a Strain alias" to WT fuslfus2 wT" farl-c wT"
NVY 180 WT 77.4 28.8 0.37 3.2 0.04

NVY 142 M1 16.4 0.2 0.01 0.06 0.004

NVY 143 M2 9.4 3.0 0.32 <0.001 <0.0001

NVY 144 M3 66.5 28.1 0.42 3.0 0.05

NVY 145 M4 16.2 6.3 0.39 0.01 0.001

NVY 146 M5 18.2 1.1 0.06 0.22 0.01

NVY 147 M6 5.0 0.26 0.05 0.04 0.01

NVY 148 M7 7.3 2.7 0.37 0.01 0.001

NVY 149 M8 69.1 0.37 0.01 5.4 0.08

NVY 150 M9 2.9 0.97 0.33 0.03 0.01

NVY 151 M10 10.8 1.2 0.11 0.01 0.001

NVY 152 M11 66.5 1.3 0.02 5.3 0.08

NVY 153 M12 27.8 1.5 0.05 0.01 0.0004

NVY 154 M13 12.0 1.8 0.02 0.47 0.03

a .. - - - -aliases are new names for the 13 mutants described in Table 2-3 as
identity “”; the correspondence between the M-x number and the original
mutant number is given in Table A3-4.

values given are 96 mating to the enfeebled partner divided by percent
mating of the same strain to a wild-type partner.
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Table A3-2

Discrimination Assays of Mating-Defective Mutants

% Mating with
Previous Relevant Pheromoneless

a Strain Name Genotype 96 Total Diploids Strain

NVY 180 WT 66.4 7.8 x 10°
JC2-1B bar 1-1 3.1 7.2 x 10°
NVY 142 A5 M1 7.6 3.7 x 10"
NVY 143 G3 M2 3.0 3.1 x 10"
NVY 144 G17 M3 29.6 84 x 10°
NVY 145 E15 M4 15.7 2.1 x 10°
NVY 146 I11 M5 26.7 <13 x 10"
NVY 147 I15 M6 3.5 2.9 x 10°
NVY 148 J3 MT 5.5 <13 x 10°
NVY 149 B6 M8 64.9 3.1 x 10°
NVY 150 F16 M9 0.29 3.4 x 10°
NVY 151 I5 M10 no data no data

NVY 152 J10 M11 30.5 3.3 x 10°
NVY 153 J21 M12 11.1 9.0 x 10°
NVY 154 J26 M13 8.2 1.2 x 10°
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Table A3-3

Pheromone Confusion Assays of Mating-Defective Mutants

Relevant % Mating % Mating fold

a Strain Genotype - pheromone + pheromone inhibition"
NVY180 wild-type 9.9 0.09 110

JC2-1B bar 1-1 0.06 0.16 0.4

NVY 142 M1 1.5 0.01 150

NVY 143 M2 0.51 0.01 51

NVY 144 M3 9.3 0.001 9300

NVY 145 M4 1.2 0.01 120

NVY 146 M5 2.7 0.4 7

NVY 147 M6 0.53 0.03 17

NVY 148 M7 17.3 0.58 30

NVY 149 M8 23.3 0.49 48

NVY 150 M9 no data no data no data

NVY 151 M10 no data no data no data

NVY 152 M11 17.2 0.16 108

NVY 153 M12 2.3 0.13 18

NVY 154 M13 0.47 0.079

NVY162 far 1-s (B4) 0.34 0.09

NVY163 far I-s (D1) 0.11 0.04

NVY164 far I-s (H7) 0.13 0.03 4

NVY165 far 1-s (G18) 1.8 0.12 15
a

- - - -values reflect percent mating in the absence of pheromone divided by the
percent mating in the presence of pheromone.
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Table A3-4

Assignments of Mating-Defective Mutants

Mutant

M1

M3

M4

M5

M6

M7

M8

M9

M10

M11

M12

M13

Gene Identification/ Defect

unclear

AXL 1

wild-type
AXL 1

possible orientation mutant
unclear

AXLI

FPSI

STE6

STE6

FPSI

fusion defect

fusion defect, pheromone production
defect
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APPENDIX 4

FURTHER CHARACTERIZATION OF fari-s MUTANTS

FAR 1 is required for orientation towards a mating partner (Chapter

3; Dorer et al., 1995). Mutants defective in FAR1 cannot grow towards the

source of a pheromone gradient. These mutants also display mating defects

to wild-type cells, to other far 1-s mutants, and to enfeebled mating

partners. The mating defect of far 1-s mutants is interpreted to reflect an

inability to locate and orient towards a mating partner.

To further characterize the relationship between polarization in a

pheromone gradient and poor mating, we sought to test two predictions

about the mating of far 1-s mutants. First, we predicted their mating

efficiency should improve if they are given longer to mate. Wild-type a

cells exposed to pheromone for prolonged periods (4-5 hours) can project

several sequential shmoo tips. far I-s mutants also exhibit several shmoo

tips after 4–5 hours in the presence of pheromone. The ability of far 1-s

mutants to extend several shmoo tips indicates that their mating efficiency

should improve over time: if their first choice of polarization does not lead

to successful mating, they should be able to choose a second site, which

may lie adjacent to a potential mating partner.

A second prediction is that increasing the number of potential

mating partners should increase the ability of a far!-s mutant to mate.

Mating reactions are usually performed at a 1:1 ratio of a:O. cells, so that

each far!-s cell is surrounded by 50% potential mating partners (cells of
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the opposite mating type) and 50% non-potential mating partners (far 1-s
cells of the same mating type). The polarization of far 1-s mutants is fixed

towards the presumptive bud site (Chapter 3). By increasing the ratio of
potential mating partners: far!-s mutants, the likelihood that a far 1-s

mutant will have its bud site adjacent to a potential mating partner is
increased.

METHODS

Quantitative mating assays were performed as described in Chapter

3. The number of input a cells was determined by two methods. First, the

a cells were plated on rich YEPD plates before mixing with the o cells.

Second, mating cell mixes were plated at the beginning of the mating

reaction period on selective plates on which only the a cells grew (plates

lacking lysine). The numbers of input cells determined for each experiment

using both methods were highly similar. The number of final a cells was

determined by plating mating mixes (after the reaction) on plates lacking

lysine (on which unmated a cells and diploids grow) and minimal plates

(on which only diploids grow); the number of a cells was calculated as the

total number of colonies on lysine deficient plates minus the number of

colonies on minimal plates. In addition, there is a significant size difference

between haploid and diploid colonies on lysine deficient plates, which

allowed an independent determination of the number of unmated haploid

cells. Mating efficiencies for the experiments in Tables A4-1 and A4-2

were calculated as the number of total diploid cells divided by the number

of input a cells, multiplied by 100 to generate percentages.
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RESULTS AND DISCUSSION

The efficiency of far 1-s (G18) mating to a wild-type partner
improves with time (Table A4-1). In this experiment, cells were mated in

liquid cultures to allow one reaction to be sampled many times; however,

overall mating frequency is decreased in liquid cultures. This decreased

mating is reflected in the poor mating of wild-type a cells during short

mating times (e.g. 6.1% after 5 hours). A clear mating defective of the

far 1-s mutant can be seen at each time point, compared to the mating of the

wild-type cells. However, the mating of the far!-s mutant is dramatically

improved as the cells are allowed to mate longer. After 26 hours, 21.3% of

the mutant cells had mated, a vast improvement from their mating

frequency of 2.5% at 7 hours, for example. These results confirm that the

far 1-s mating defect is ameliorated when they are given longer to locate a

mating partner, during which time they may try polarizing in several
directions.

The mating defect of a far!-s mutant was also improved in the

presence of increased numbers of potential mating partners (Table A4-2).

Analysis of this experiment is complicated by the effects of O-factor on

unmated cells, as well as the potential division of diploids. In mating

reactions with increased numbers of a cells, more O.-factor is present,

which increases the likelihood that an unpartnered a cell will arrest in G1.

In addition, cells which have mated are able to re-enter the mitotic cycle

and divide. These two phenomena can explain two odd aspects of the data

in Table A4–2. First, the total number of final a cells appears to decrease
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as the ratio of a:O. cells decreases (for both wild-type and far 1-s mutants).
The total number of input a cells is 189 in the wild-type experiment, but
296 a cells are seen at the end of the mating reaction. This increase may be
due to division of haploid cells as well as division of diploids; it is not
possible to discriminate between these possibilities. Second, the number of

final a cells at the highest a:0 ratio is lower than the input number of a

cells. In fact, all of the wild-type a cells mated; their decreased number

may reflect a low level of cell death (although this was not observed by

staining for dead cells using methylene blue) or error in colony numbers

implicit in the assay. This experiment would have to be performed on a

large scale and in more detail to discriminate between these two

possibilities. The important observation here, however, is that the far!-s

mutants appear to display the same general behavior as the wild-type cells,

validating the use of this assay. The final number of input a cells is higher

than the input number at low a:0 ratios, but lower at high a:0 ratios.

The mating efficiency of the far 1-s mutant D1 is improved in the

presence of increasing numbers of potential mating partners, from 1.4% to

8.2% as the number of potential partners is quadrupled. This result was

predicted for cells whose polarization is fixed towards the presumptive bud

site. However, increasing the number of partners should only be able to

increase the mating frequency by two-fold. Mating in the presence of an

equal number of a and O. cells gives each a mutant with fixed polarity a
50% chance of polarizing towards a mating partner, and thus also predicts

a mating frequency of 50% for an orientation mutant in a 1:1 ratio of a:0.
cells.
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The farl-S mutants exhibit two distinct differences from the

predicted behavior of an orientation mutant. First, the mating efficiency of
these mutants in a 1:1 mix of a.o. cells is well below 50% in the strongest
alleles (see Table 3-1). Second, the mating of far 1-s (G18) is improved

roughly 5-fold in the presence of 4 a cells for every a far 1-s mutant, better

than the predicted 2-fold effect. Together, these results suggest the far 1-s

mutants may have another defect in addition to their inability to orient.

Alternatively, these mutants may not have another defect, but an

orientation mutant may behave in a more complex fashion than predicted.

If the far 1-s mutants can sense the presence of a pheromone gradient but

cannot organize their actin in that direction, they may polarize towards the

bud site but fail to mate at that site if a mating partner is not adjacent. This

interpretation is consistent with the behavior of these mutants in the
discrimination assay. A simple prediction of an orientation mutant was that

it would fail to discriminate between two mating partners, only one of

which creates a pheromone gradient; instead, an orientation mutant was

expected to mate with either partner. This has not been observed for far!-s
mutants, the only orientation mutants identified at this time. The far!-s

mutants mate very poorly in the discrimination assay, but they always mate

with the pheromone-producing cell. This result suggests that these mutants
are able to sense the presence of a pheromone gradient and do not mate

unless their polarity is directed towards that gradient. Clearly, the
identification of more orientation mutants and further experiments similar

to those presented here are essential to understand how cells recognize the
position of their mating partner and organize polarity in that direction.
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Table A4-1

The Mating of far I-s Mutants Improves with Longer Mating
Reactions

a cells" hours mating mating efficiency (%)
WT 3 3.0

5 6.1
7 11.1

9 16.1
26 67.9

G18 3 0.2
5 1.6
7 2.5
9 2.9

26 21.3

“a strains were as follows: WT, NVY180; G18, NVY165. The O. mating
partner was IH1793 (wild-type).
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Table A4-2

The Mating of far I-s Mutants Improves in the Presence of
Increased Numbers of Potential Mating Partners

a. O. input final % mating of
a strain" cells # a cells # a cells # diploids input a cells
WT 1:1 189 296 236 125
WT 1:2 189 268 264 140
WT 1:4 189 138 138 100

far 1-s (D1) 1:1 125 317 1.7 1.4
far 1-s (D1) 1:2 125 272 9.8 7.8
far 1-s (D1) 1:4 125 59 10.3 8.2

a The a strains were as follows: WT, NVY180; far 1-s (D1), NVY163.
The O. strain was IH1793 (wild-type).
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APPENDIX 5

YEAST STRAINS AND PLASMIDS

The following strains are isogenic to Janet Chenevert's original strain,
JC2-1B of the genotype:

MATa HMLa HMRa bar 1-1 met 1 ade2-101 ura■ -52

IH # NVY# other relevant genotype
Ilame

3128 1 JC2-1B a wild-type

3129 3 a thy 1-2 (H9)

3130 4 a try1-1 (G16)

3131 5 a peaz-2 (A10)

3132 6 a pea?-1 (I.14)

3133 7 a peal-l/spa2-1 (D6)

3134 8 a peal-2/spa2-2 (J9)

2628 JC-G11 a bem 1-sl (G11)

3135 80 a far I-s (B4)

3136 87 a far I-s (D1)

3137 98 a far I-s (H7)

3138 97 a far 1-s (G18)

3139 139 a spa2::URA3

3140 140 a spa2::URA3
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3141

3.142

3143

3.144

3.145

3.146

3147

3148

3149

3150

3151

3152

3153

3154

3155

3156

3157

3158

3159

201

202

203

237

243

245

79

94

96

88

103

105

104

81

92

101

108

110

111

M1

M2

M3

M4

M5

M6

M7

M8

M9

M10

M11

M12

M13

a peaz::URA3

a spa2-1 (D6) peaz::URA3

a spa2-2 (J9) peaz::URA3

a bni 1:: URA3

a peaz::URA3 spa2::TRP1 trp 1A99
leu2A1

a peaz::URA3 trp 1A99 leu2A1

a A5 (aka IH2642)

a G3 (aka IH2646)

a G17 (aka IH2647)

a E15 (aka IH 2644)

a I11 (aka 2649)

a J3 (aka 2651)

a I15 (aka IH2650)

a B6 (aka IH2643)

a F16 (original mutant wasn't
entered)

a I5 (aka IH2648)

a J10 (aka IH 2652)

a J21 (aka IH2653)

a J26 (aka IH 2654)
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The following strains are isogenic to the original JC2-1B background,
EXCEPT they are BAR1+ at the BAR1 locus following loop-in/loop out
of pn V28 (a ura■ -BAR1-uraj plasmid).

IH # NVY # Other relevant genotype
Ila■■ 1&

3160 180 a wild-type

3.16.1 162 a far 1-s (B4)

3.162 163 a far 1-s (D1)

3.163 164 a far1-s (H7)

3.164 165 a far 1-s (G18)

31.65 166 a bem 1-s2 (F5) may be URA+

3166 167 a bem 1-s! (G11) may be URA+

3.168 168 a spa2-2/peal-2 (J9)

3169 169 a spa2-1/peal-1 (D6)

3170 170 a peaz-1 (I.14)

3171 171 a peaz-2 (A10)

3172 142 M1 a A5

3173 143 M2 a G3

3174 144 M3 a G 17

3175 145 M4 a E 15

3176 146 M5 a I11

3177 147 M6 a I 15

3178 148 M7 a J3
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3179 149 M8 a B6

31.80 150 M9 a F16

3181 151 M10 a I5

3.182 152 M11 a J 10

31.83 153 M12 a J21

3.184 154 M13 a J26

Several steps were used to generate isogenic a and O. derivatives of the J.
Chenevert mutants (above) with additional nutritional markers.

A trp 1A99 mutation was introduced into NVY180 (BAR1+ wild-type) to
create JP44. A leu2A1 mutation was introduced into NVY 180 to create

JP45; this strain became petite in the process. Finally, an O. allele of
NVY 180 was created by switching of MAT to create JPO3. Finally, these
strains were crossed and segregants isolated to create the following strains.

The following strains are all ade2-101 met 1 uraj-52

IHÉ NVY# other name relevant genotype

3.185 JP44 a BAR1 trp 1A99

3186 JPO.3 O. BARI

31.87 JP45 a BAR1 leu2A1 po

the following strains are segregants from JP44 x
JPO3:

3.188 183 a BAR1 trp 1A99

31.89 184 a BAR1 trp 1A99
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3190 186 O. BAR1 trp 1A99

3.191 187 O. BAR1 trp 1A99

the following strains are segregants from NVY187 x
JP45

3.192 190 O. BAR1 leu2A1 trp 1A99

31.93 191 a BAR1 leu2A1 trp 1A99

3.194 192 cadillac O. O. BAR1 leu2A1 trp 1A99

3195 193 cadillac a a BAR1 leu2A1 trp 1A99

3196 196 a BARI leu.2A1

31.97 197 O. BARI leu2A1

The following strains are all derivatives of NVY 192 (os) or NVY 193(as).
Plasmids or NVY parents used to create these strains are indicated.

IH # NVY# relevant genotype plasmid or
parents

31.98 198 o, peaz::URA3 pNV44

31.99 199 o, peaz::URA3 pNV44

3200 204 o, spa2::TRP1 p211

3201 205 o, spa2::TRP1 p211

3202 238 O. bmi 1:: URA3 p321

3203 200 a peaz::URA3 pNV44

3204 206 a spa2::TRP1 p211

º
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3205 207 a spa2::TRPI p211

3206 239 a bni 1:: URA3 p321

3207 244 a peaz::URA3 spa2::TRP1 p211 in NVY246

3208 246 a peaz::URA3 (segregant from
NVY 1 x NVY198)

3209 208 a/o spa2::TRPI/spaz::TRP1 204 x 206

3210 209 a/o spa2:TRPI/spa2::TRPI 205 x 207

3211 210 a/o peaz::URA3/peaz::URA3 198 x 200

3212 211 a/o peaz::URA3/peaz::URA3 199 x 200

32.13 242 a/O, bni 1:: URA3/bni 1:: URA3 238 x 239

The following strains are segregants from the indicated crosses and are
BAR1+ met 1 ade2-101 ura■ -52 trp 1A99 leu2A1 unless otherwise
indicated:

3214 212 a/o far 1-s (D1)/ + 163 x 192

3215 216 o far 1-s (D1) 163 x 192

3216 217 a far 1-s (D1) 163 x 192

32.17 213 a/o far 1-s (B4)/ + 162 x 192

3218 214 o far 1-s (B4) 162 x 192

32.19 215 a far 1-s (B4) 162 x 192

3220 221 o, peaz-2 (A10) 171 x 192

3221 222 a peaz-2 (A10) 171 x 192

3222 223 a peaz-2 (A10) (leu--) 171 x 192

3223 224 o, peaz-2 (A10) (trp-H) 171 x 192

3224 225 o, pea2-1 (I.14) 170 x 192

º
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3225 226 a pea2-1 (I.14) 170 x 192

3226 227 O. peaz-1 (I.14) (leu-F) 170 x 192

3227 228 a peaz-1 (I.14) (trp--) 170 x 192

3228 229 O. spa2-1 (D6) 169 x 192

3229 230 a spa2-1 (D6) 169 x 192

3230 231 O. spa2-1 (D6) (trp-H) 169 x 192

3231 232 a spa2-1 (D6) (leu--) 169 x 192

3232 233 a spa2-2 (J9) 168 x 192

3233 234 o, spa2-2 (J9) 168 x 192

3234 235 a spa2-2 (J9) 168 x 192

3235 236 o, spa2-2 (J9) 168 x 192

The following strains are FAR1 alleles in W303:

IH # NVY# other relevant genotype
Ilame

3236 218 EY957 a bar 1-1

3237 219 #5 a bar 1-1 FAR1-HAñ5

3238 220 #7 a bar 1-1 FAR1-HA #7

The following strains are segregants from crosses with IH917 (O.
leul trp5 barl rme 1); the a parent is listed:

IH # NVY# relevant genotype a parent

2672 14 o, spa2-1 (D6) barl leul trp5 ura■ NVY7

2676 124 o, spa2-1 (D6) barl leul trp5 NVY7
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2675 123 o, barl leul trp5 uras NVY7

2673 20 o, peaz-1 (I.14) barl leul trp5 uraj NVY6

2674 118 o, pea2-1 (I.14) barl leul trp5 ade2 NVY6

52a o: tny1-1 (G16) barl ura■ trp5 NVY4

2677 126 o: tny1-1 (G16) barl leul trp5 ade2 NVY4

The following strains are from Janet Chenevert:

IH # other relevant genotype
Ila■■ 1&

2592 KO1-1A o bem 1::URA3 trp 1 leu2 uraj his 4

2595 KO2-5B O bem 1::LEU2 trp 1 leu2 uraj his 4

2663 JC108 o, bem 1-sl (G11) trp 1 ade2 uraj

2668 JC117 O. bem 1-5 1 (G11) his 4 leu2 ura■
FUSI::URA3::lac2

The following are tester strains from the IH collection:

IH # other relevant genotype
Ila■■ 1&

2625 JC31-7D o far 1-c lys 1

2626 JC31-1D a far 1-c lys!

2351 o, fusl-A1 fus2-A3 ura■ -52 trp 1-A1

2353 a fusl-A1 fus2-A3 ura■ -52 trp 1-A1

1793 a mate O. lys 1

1792 O. mate a lys 1 cry1
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993 a halo O. sst2-1 met 1 hisó can 1 cyh2

414 O. halo a barl arg9 ilv3 ura 1 killer--

2514 a far 1-c (Tn3::URA3) trp 1 leu2 ura■ his 4

The following are additional strains from the IH collection:

2356 O. FUS1::lacz trp 1 leu2 uraj his 4

2487 FC279 a bar 1::LEU2 uraj A his2 ade 1 trp 1 leu2

2581 YMP18 a far 1A bar 1::LEU2 ura■ A his 2 ade 1 trp 1 leu2

2588 K1989 a cac28-4 trp 1-1 leu2-3, 112 his3-11, 115 ura■

3060 YMP188 a cdc28-4 far 1A trp 1-1 leu2-3, 112 his3-11, 115
uraj

2431 E187Jo O. cdc24-3 (ts)

2433 CJ198 O. cdc43 (ts) ura■ trp 1

The following strains were gifts, as indicated:

IH # NVY# Other SOUlrC& relevant genotype
Ila IITC

2379 129 MSY601 M. Snyder O spa2-A3::URA3 uraj lys2
ade2 trp 1 his3

2380 130 MSY602 M. Snyder a spa2-A3::URA3 uraj lys2
ade2 trp 1 his3

2381 131 MSY603 M. Snyder of uraj lys2 ade2 trp 1 his3

2382 132 MSY604 M. Snyder a uraj lys2 ade2 trp 1 his3

2383 133 MSY609 M. Snyder a spa2-A2::TRP1 uraj lys2
ade2 trp 1 his3
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3239

3240

3241

3242

3243

3244

3245

3246

3247

3248

3249

3250

3251

3252

240 derivative of
MSY604

241 derivative of
MSY604

37 DBY 169 T. Stearns

38 DBY 170 T. Stearns

56 F21 R. Gabor

57 F23 R. Gabor

58 LM104- Pringle lab
HO1

59 LM170/2 Pringle lab
-HO1

60 JPT194- Pringle lab
HO1

62 NH5 Nancy H.

76 YPH499 M. Cyert

77 JGY41 T. Davis

112 22ABA1 B. Haarer

113 2Ba B. Haarer

a bni 1::URA3 uraj lys2
ade2 trp 1 his3

a peaz::URA3 uraj lys2
ade2 trp 1 his3

a/a cry 1-5 1/ cry1-51 leu2/+
his 4-539/+ lys2-801/lys2
801 +/ade2-101

O/O, lys 1/lys 1

O. lysQ ura■ -5 his 4-15

o, ergóA lysº ura■ -5 his 4-15

a/O calcã-1/cdc3-1

a/O. cacI0-1/cdc.10-1

a/O. cacI 1-6/cdc1 1-6

a/O HOP1-HA/HOP1-HA
ura■ -52/ura■ -52 +/his 7
ade2/ade2 trp 1/+ +/can 1
+/cyhl

a cnb1::LEU2 trp 1 uraj his
ade2

a crnd 1-3 ade2-100 can 1
100 his3-11 leu2-3, 112 trp 1
1 uraj-1

a/o +/pfy 1::LEU2 lys2/lys2
uraš/uraj his 3/his 3
trp1/trp 1 leu2/leu2

a pfy::LEU2 lys2 his3 trp 1
ura■ leu2+ YEp420-PFYI

233



3253

3254

3255

3.256

3257

156

157

158

159

161

CBY87

CBY26

CBY36

SY2625

SY2585

C. Boone

C. Boone

C. Boone

C. Boone

C. Boone

a SStz::LEU2 his 3::FUSI
HIS3 mfa2A::fus 1::lacz lys2
uraj-1 leu2-13, 112 trp 1-1
ade2-1 can 1-100 (W303)

a SSt2A his 3::FUS1-HIS3
mfazA::fus 1::lacz lys2 ura■
1 leu2-13, 112 trp 1-1 ade2-1
can 1-100 (W303)

a farl (mate- arrest+) sst 1A
his 3::FUS1-HIS3
mfa2A::fus 1::lacz lys2 ura■
1 leu2-13, 112 trp 1-1 ade2-1
can 1-100 (W303)

W303 wild-type isogenic to
IH3255 (sst1A)

W303 wild-type isogenic to
IH3255 (SST1+)
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Plasmid

Ila■■ le

pSB245

pSB265

pTP41

pSB286

pSL2287

pNV8

pNV10

pNV21

pNV22

pNV23

pNV28

pNV34

pNV35

pNV36

PLASMIDS

Description

FUSI in YCp50

FUS2 in YCp50

FARI in YCp50

fus 1::lacz

FAR1 flanking sequences (to recover

mutations in FAR 1)

original J9 (SPA2) complementing clone

Aatil fragment of pnW8 in YIp5

original I14 (PEA2) complementing
clone

Sau3A fragment of pnW21 in pRS316

Bamh 1-Xbal fragment of pn V22 in

pBLUESCRIPT

BAR1 in pRS306

HindIII fragment of pnW22 in YCp50

with XhoI site digested and religated to

generate a frameshift mutation

ApaI-HindIII fragment of pn V22 in

pBLUESCRIPT

pNV35 with a replacement of the PEA2

ORF with a Sall site introduced by PCR

Source

G. Fink

G. Fink

M. Peter

J. Trueheart

J. Horecka

This study

This study

This study

This study

This study

This study

This study

This study

This study

º
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pNV44

YIp31

p210

p211

p321

peaz::URA3 created by introducing the
HindIII fragment of YIp31 into the Sall

site of pV36

URA3 in pBR322

This study

This study

M. Snyder

M. Snyder

spa2::URA3

spa2:TRPI
bni 1:: URA3 C. Boone
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