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Analysis of Cell Polarity Determinants in Saccharomyces cerevisiae

Judy L. Shih

ABSTRACT

Subcellular asymmetry, or cell polarity, is essential to eukaryotic cells for diverse

biological processes such as cell division, differentiation, and morphogenesis. The

budding yeast, Saccharomyces cerevisiae, depends on cell polarity for vegetative growth,

cell division and mating. Spa2p, Peazp, Budóp/Aip3p, and Bnilp are known to be

involved in regulating cell polarity during budding and mating. These proteins localize to

sites of polarized growth, share polarity-related mutant phenotypes, and associate with

each other by various criteria. However, the molecular functions of these proteins are

still unknown. In order to gain insight into the roles of this set of proteins in polarity

development, both genetic and biochemical approaches were used. First, a co

immunoprecipitation method was used to identify proteins that associate with Spa2p.

The yeast myosin proteins, Myo1p and Myo2p, were identified by this method, and the

significance of their interaction with Spa2p was further characterized. We uncovered a

genetic interaction between Spa2p and Myo1p, suggesting that Spa2p may contribute to

the cell-separation and cytokinesis functions of Myolp. We also discovered that Spa2p

co-fractionated with Myo2p and associated with actin in an ATP-sensitive manner,

presumably via its interaction with Myo2p. Furthermore, Spa2p and Myo.2p depended on

each other for proper localization to sites of polarized growth. We propose that Myo2p



may be the motor protein that transports Spa2p and its binding partners to sites of growth

and that Spa2p may also serve as a docking protein for Myo’p at the sites of growth.

Second, a genetic approach was used to gain insight into the functional relationships of

these polarity proteins. Although these proteins appear to act together in their polarity

function, our investigations revealed that distinctions could be made among them with

respect to the behavior of the mutants. Spa2, peaz, budo, and bmil mutants exhibited

some differences in growth rate, shmoo morphology, mating efficiency and localization

dependence.
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CHAPTER I

INTRODUCTION



The development of cell polarity is of fundamental importance for diverse

biological processes, including cell division, differentiation, cell migration, and

morphogenesis. Cell polarity is generated by a complex mechanism that establishes and

maintains an asymmetric distribution of specialized proteins and organelles within a cell.

Though there are specific differences in polarity development, many cell types apply a

common mechanism to establish cell polarity. A general pathway for polarity

development has been proposed which begins with an intrinsic or extrinsic spatial cue

that acts at the cell surface to orient the polarity of the cell. Next, proteins are recruited to

the site to mark and interpret the cue. Localized assembly of proteins that stimulate actin

organization leads to a polarized cytoskeleton, which functions to reinforce and propagate

the asymmetry defined by the cue (Drubin and Nelson, 1996).

The budding yeast, Saccharomyces cerevisiae, establishes cell polarity at several

stages of its life cycle, for vegetative growth, cell division, and mating. The mechanism

of polarity development in yeast shares many features with that in cells of more complex

systems. Examples of such features include regulation by intrinsic and extrinsic cues,

requirement of conserved regulatory molecules such as the GTPase, Cdc42, and

dependence on an asymmetrically organized cytoskeleton. The tractability of yeast

allows for the application of both genetic and biochemical approaches, making it a

valuable organism in which to investigate polarity development. This thesis describes

work in yeast that has contributed to our understanding of how cell polarity is regulated

by a group of cell polarity determinants.
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The polarized yeast cell

Yeast cells in early G1 grow isotropically, that is, in an unpolarized manner, and

deposit new cell wall material all over their cell surface. When these cells reach a certain

size, activation of a G1 cyclin-dependent kinase (Cdc28p–Clnp) or the mating pheromone

response MAP Kinase pathway initiates cellular polarization and directed cell growth

(Kron and Gow, 1995; Lew and Reed, 1993). The deposition of new membrane and cell

wall material to a localized region of the cell surface results in the formation of a bud or a

mating projection and depends on a polarized actin cytoskeleton.

Figure 1-1 illustrates the polarized organization of budding and mating cells

(shmoo). The cytoskeleton serves to organize the cytoplasm, provides a means to

generate force within the cell, and determines and maintains the shape of the cell. The

polarized yeast cytoskeleton consists of three types of structures: microtubules, septins,

and actin filaments. Microtubules are polymers of tubulin that emanate from both sides

of the microtubule organizing center, the spindle pole body (SPB). The SPB is embedded

in the nuclear envelope and is positioned facing the bud or shmoo tip in the polarized

cell. Because the nuclear membrane never breaks down during mitosis in yeast,

microtubules extending from the SPB can be divided into two classes: nuclear and

cytoplasmic microtubules (for review, see Barnes et al., 1990). The microtubule

cytoskeleton does not appear to play a role in targeting secretion or polarized growth but

rather is involved in chromosome movement (mitosis and meiosis), spindle orientation,

and nuclear migration during the cell cycle and after mating (Carminati and Stearns,

1997; Jacobs et al., 1988; Read et al., 1992; Snyder et al., 1991). Thus, nuclear



Figure 1-1. Polarized yeast cells.

Cellular components of a budding cell (A) and a mating cell (B) are polarized towards the

growing bud (A) or shmoo tip (B). The cell nucleus (gray) elongates in response to

mating pheromone and migrates towards the shmoo neck during mating or towards the

mother-bud neck during budding. The spindle pole body (SPB, green rectangle) is

embedded in the nuclear envelope and is positioned facing the site of polarization.

Cytoplasmic microtubules (green lines) emanate from the SPB into the bud or shmoo tip.
* *

The septin ring (blue) is localized at the mother-bud neck or at the shmoo neck. Cortical :
tº

actin patches (red dots) are localized at the growth site and actin cables (red lines) are • *- :

i

oriented towards the bud or shmoo tip. Secretory vesicles (black dots) are concentrated i.
around the site of polarized growth. Arrows (orange) indicate sites of localized cell *º-

surface growth. º

*
-

* .. 4
* *
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microtubules are oriented parallel to the mother-bud axis, and cytoplasmic microtubules

are oriented toward the bud or shmoo tip.

Yeast septin proteins are thought to be the structural components of a filament

system, called the 10 nm neck filaments. The septins are present at the mother-bud neck

throughout the cell cycle and are believed to serve as a scaffold for cytokinesis functions

(Chant, 1996; Frazier et al., 1998; Longtine et al., 1996). In mating cells, the septins are

also found at the shmoo neck, and are thought to have a role in controlling

morphogenesis during shmoo formation.

The third cytoskeletal element is filamentous actin. In yeast, the actin

cytoskeleton is composed of two structures: filamentous cortical patches and actin cables.

Actin cables orient towards sites of polarized growth, the tip of the growing bud and the

shmoo tip; actin patches concentrate at these sites (Adams and Pringle, 1984; Ford and

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

1984; Read et al., 1992). Studies of actin mutants reveal that the maintenance of cell

polarity depends on the actin cytoskeleton, which directs polarized secretion to the bud or

mating projection (Drubin et al., 1993; Dunn and Shortle, 1990; Novick and Botstein,

1985; Shortle et al., 1984; Wertman et al., 1992). Accordingly, the exocytic machinery

and Secretory vesicles are highly polarized and are targeted to sites of new growth (Finger

and Novick, 1998).

Basic steps in polarizing the yeast cell

The development of cell polarity in yeast occurs in three sequential steps that can

be distinguished genetically (Figure 1-2). First, the cell must choose the site towards

6



Figure 1-2. Steps in polarity development in Saccharomyces cerevisiae.

The basic steps of polarity development occur sequentially, ending with polarized

secretion, which results in bud formation. Cells shown on the right illustrate the

phenotypes of mutants defective in each step of the polarity development pathway. The

gray circles represent the correct polarization site towards which a wild-type cell would

polarize. Arrows inside the cells indicate the direction of cell surface growth.

A. Cells choose the site towards which to polarize (blue circle). Actin cables (red lines)

and actin patches (red dots) are depolarized at this time. During budding, the polarization

site is determined intrinsically by the bud-site selection proteins (Bud1-10p and others).

In the absence of these bud-site determining proteins, cells are able to polarize, but do so

at incorrect positions.

B. Cells signal to the cytoskeleton. The polarity establishment proteins, which signal to

the actin cytoskeleton, are recruited to the marked site (yellow patch). In the absence of a

functional polarity establishment complex, cells fail to polarize, grow isotropically, and

do not form a bud.

C. Cells organize a polarized cytoskeleton. If the cytoskeleton is not properly organized,

exocytosis (Secretion) is not polarized. Thus, these cells grow isotropically and fail to

form a bud, similar to mutants defective in step B above.



D. Polarized secretion at the determined site of polarization results in bud formation.

Similar to mutants defective in steps B and C above, mutants defective in secretion grow

isotropically and fail to form a bud.

-
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which to polarize. During budding, the site is determined intrinsically in a cell-type

specific manner by the bud-site selection proteins. By contrast, the site of polarization

during mating is determined extrinsically by the position of the mating partner. In the

absence of bud site-determining proteins, cells are able to polarize and form a bud, but

the bud is formed at an incorrect position. Next, proteins that signal to the cytoskeleton

must be recruited to the site. A group of proteins collectively known as the polarity

establishment proteins is essential for signaling to the cytoskeleton. In the absence of a

functional polarity establishment complex, cells fail to polarize, grow isotropically, and

are unable to form a bud (or mating projection). Finally, the cell must organize a

polarized cytoskeleton so that exocytosis (secretion) occurs at the determined site of

polarization resulting in bud or shmoo formation. If the cytoskeleton is not properly

organized, polarized growth cannot occur, and cells exhibit the same phenotypes as

polarity establishment mutants.

The remainder of this chapter is organized into two sections. The first section is

divided into three parts: (1) Choosing a direction for polarization, (II) Building an axis of

polarity, and (III) The role of the actin cytoskeleton in polarity. Parts I and II address

how polarity cues are established and interpreted to polarize the actin cytoskeleton. Part

III discusses the role of the actin cytoskeleton in directing polarized growth. The second

section introduces a group of polarity determinants, Spa2p, Peazp, Budóp, and Bnilp,

and describes their proposed roles in polarity development.

*…* ...
** * =
*

-
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I. CHOOSING A DIRECTION FOR POLARIZATION

Cell type-specific budding patterns

The three cell types of yeast, haploid a and O. cells, and diploid a■ o cells, divide in

distinct genetically determined patterns (Chant and Pringle, 1995). Haploid a or O. cells

divide in an axial budding pattern and form new buds directly adjacent to the previous

site of cytokinesis. Diploid a■ o cells divide in a bipolar budding pattern, in which new *~,

buds are formed near the previous bud site or at the opposite end of the cell (Figure 1-3). º
Three classes of genes are required to specify these budding patterns. The first º

---

class includes of BUD3, BUD4, AXL1, and AXL2/BUD10, and is specifically required for º º

the axial pattern in haploid cells (Chant and Herskowitz, 1991; Fujita et al., 1994; Halme º
et al., 1996; Roemer et al., 1996). Haploid a or of cells defective for any of these genes ºs

exhibit a bipolar budding pattern. Thus, these gene products may contribute to an axial º* -
landmark and direct axial budding by localizing additional bud-site selection components * :
(Rsrlp/Budlp, Bud2p, and Budsp, see below) to the presumptive bud site. The second -->
class of genes includes BUD6-BUD9, BNI1, SPA2, and PEA2, and is specifically required

for the bipolar pattern in diploid cells (Zahner et al., 1996) (Snyder, 1989) (Valtz and

Herskowitz, 1996). Diploid a■ o mutants lacking any of these gene products exhibit a

random budding pattern, whereas haploid a or O. mutants defective in any of these genes

bud in the wild-type axial pattern. These proteins are hypothesized to be involved in

establishing a bipolar landmark at the distal tip of daughter cells and at both ends of

mother cells. The final class of genes consists of RSR1/BUD1, BUD2, and BUD5 (which

encode a Ras-like GTPase, its GTPase activating protein, and its guanine nucleotide

exchange factor, respectively) and is required for the correct budding pattern in all cell

11



Figure 1-3. Axes of polarization in budding and mating cells.

A. Haploid a or O. cells bud in an axial pattern, in which mother and daughter cells bud

adjacent to the previous site of cytokinesis. Diploid a■ o cells bud in a bipolar pattern, in

which new buds are formed near the previous bud site or at the opposite end of the cell.

Daughter cells usually place their first bud at the pole opposite of the mother (distal

pole); mother cells can bud at either pole. Arrows inside the cells indicate the axes of

polarization. Cells at the far right illustrate the bud scar patterns that result from each

budding scheme. The birth scar (gray) marks the pole at which the cell was attached to

its mother. Bud scars (blue circles) mark each subsequent site of cell division and can be

visualized by calcofluor staining.

B. Haploid cells of opposite mating type polarize toward each other. The cells “shmoo"

towards each other and eventually fuse to form an a■ o diploid zygote.

**, ºr- ** --**
**** º
* : * : ****

tº * *
*--- --

*** * º

º:
tº º-º- *
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types (Bender and Pringle, 1989; Chant et al., 1991; Park et al., 1993) (Chant and

Herskowitz, 1991). It is believed that these gene products recognize the axial and bipolar

landmarks established by the first two classes of gene products and recruit the polarity

establishment proteins (Cdc42p, Cdc24p, and Bemlp) to the bud site (Figure 1-4 and

discussed below).

Polarization toward the mating partner

In contrast to budding, in which the site of polarization is predetermined, the

polarization site in mating cells is determined by an extrinsic cue: a gradient of mating

pheromone secreted by the mating partner (Arkowitz, 1999; Chenevert, 1994). Mating

cells signal to each other with cell type-specific pheromones and orient towards the

partner that secretes the highest level of pheromone (Jackson and Hartwell, 1990a;

Jackson and Hartwell, 1990b; Segall, 1993). Yeast pheromones are secreted peptides and

are sensed by receptors on the cell surface of the mating partners. Haploid a cells secrete

a-factor, which binds to the receptor of O. cells (Ste2p); O. cells secrete O-factor, which

binds to the receptor of a cells (Ste:3p). Binding of pheromone to these seven

transmembrane spanning receptors triggers a variety of responses, including arrest of cell

division in the G1 phase of the cell cycle, induction of genes required for mating, and

alteration of cell morphology (shmoo formation, Figure 1-1).

Cell cycle arrest and transcriptional induction during mating is mediated by a

signal transduction pathway that is well understood. The events leading to these

responses will be described briefly to provide general background. For a more detailed

discussion, see previously published reviews (Kurjan, 1992; Leberer et al., 1997).

** --> ---
*...* * ---
* *-*.*~~~~

14



Figure 1-4. Pathway for yeast polarization during budding and mating.

In budding cells, the axial or bipolar landmarks are thought to recruit the RSr1p/Budlp

GTPase module to the determined polarization site. Rsrlp/Budlp-GTP then recruits the

oCdc42p GTPase module to the landmark via its interaction with Cdc24p. During mating,

cells instead polarize their growth towards a landmark determined by the highest

concentration of mating pheromone (secreted by the mating partner). The landmark,

which may include the activated receptor, Gºy, and Farlp, then recruits the Cdc42p

GTPase module to the polarization site. In both budding and mating processes, the

Cdc42p GTPase module then signals to the actin cytoskeleton.

***

------tº

*** - sº wº
*

º -

ºr--- ºr a
**º-axe
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When pheromone peptides bind the appropriate receptors, a heterotrimeric G

protein, composed of Gpalp (O), Ste4p (3), and Ste 18p (Y), is activated. The GO subunit

exchanges GDP for GTP and causes the dissociation of G■ y from GO. G|3y binds and

activates Ste20p (PAK kinase) and Stejp (MAP kinase cascade scaffold protein), which

in turn activate the MAP kinase cascade composed of Ste 11p (MEK kinase), Ste?p

(MAPK kinase), and Fus3p (MAP kinase) (Herskowitz, 1995; Leeuw et al., 1998;

Whiteway et al., 1995). Fus3p phosphorylates Ste 12p (a transcription factor), which

mediates transcriptional induction, and Farlp, which causes cell cycle arrest and is

necessary for directional polarization (see below) (Peter et al., 1993; Valtz et al., 1995).

As mentioned above, the spatial signal that directs polarized growth during

mating is a gradient of pheromone emanating from the mating partner. Given a choice

between mating partners, cells choose the partner cell that secretes the highest level of

pheromone and polarize towards it (Jackson and Hartwell, 1990a; Jackson and Hartwell,

1990b). Exogenously supplied pheromone causes a morphological response called

Imating projection formation, or shmoo formation, which results in a change from a

round-shaped cell to a pear-shaped cell.

It is thought that the positional information provided by the pheromone gradient

Creates a cortical landmark that is recognized by the polarity establishment complex,

Vvhich then directs polarized growth to the site. Genetic studies have identified many

Proteins important for pheromone-induced polarization. These proteins can be divided

into two categories: 1) those required for proper orientation of the axis of polarity

CPolarization in the direction of the pheromone gradient) and 2) those required for proper

*ssembly of the polarization axis. Mutants defective for proteins of the first group are

17



able to form wild-type mating projections, but do so in random directions with respect to

the pheromone gradient. Thus, these mutants are defective in mating partner

discrimination. Such mutants include those carrying special alleles of steq (G3), farl,

and cac24 (exchange factor for Cdc42 GTPase) (Butty et al., 1998; Nern and Arkowitz,

1998; Valtz et al., 1995). Mutants defective for proteins of the second group are unable

to form shmoos or form abnormal-shaped shmoos. Proteins of the second group include

Cdc24p, Cdc42p, and the polarity determinants, Spa2p, Peazp, and Bnilp (Evangelista et >
** *

* , a
al., 1997; Gehrung and Snyder, 1990; Valtz and Herskowitz, 1996). *****

E." a -- *

A complex composed of the pheromone receptor, G■ , Farlp, and Cdc24p appears --

to contribute to the landmark established during mating. Several lines of evidence

support this hypothesis. First, pheromone receptors become localized to the region of

morphogenesis in response to mating pheromone, suggesting that receptor localization is a
*** ---ºr,

involved in mating partner discrimination (Jackson et al., 1991). Second, mutants ■ a-’
gº-r -º- ****

defective in the receptor, G protein, Farlp, and Cdc24p are defective in mating partner *~~~~~
º-º-º- *

discrimination (Dorer et al., 1995; Jackson et al., 1991; Schrick et al., 1997; Valtz et al.,

1995) (Nern and Arkowitz, 1998). Finally, binding experiments demonstrate that G|3,

Farlp, and Cdc24p form a complex, thus, providing a link between the receptor

associated heterotrimeric G protein and the polarity establishment proteins, via Farlp

(Figure 1-4) (Butty et al., 1998; Nern and Arkowitz, 1998; Nern and Arkowitz, 1999).

18



II. BUILDING AN AXIS OF POLARITY: ESTABLISHMENT OF CELL

POLARITY

Polarized growth requires, first, that a cell choose a site to polarize towards, and,

second, that it directs growth towards that site via a polarized actin cytoskeleton.

Organization of the actin cytoskeleton towards the landmarks established during the cell

cycle and mating depends on a set of factors called the polarity establishment proteins.

The polarity establishment proteins localize to regions of polarized growth and include >
* * *

*** * *

Cdc42p, Cdc24p, and Bemlp (Drubin and Nelson, 1996) (Chant, 1994; Nern and - º

Arkowitz, 1999; Ziman et al., 1993). Mutants deficient for these proteins fail to grow in º
a polarized manner and instead grow isotropically (Adams et al., 1990; Chenevert et al., º º
1992; Sloat et al., 1981; Sloat and Pringle, 1978). Cdc42p is a Rho-family GTPase and –
Cdc24p is its guanine-nucleotide exchange factor. Thus, Cdc24p is thought to activate !---

*-ºses

Cdc42p by promoting the exchange of GDP for GTP (Ziman et al., 1993). (Zheng et al., º * >
**--->1994; Ziman and Johnson, 1994). Bemlp is an SH3-domain containing protein that

interacts with numerous proteins including Cdc24p (Peterson et al., 1994), Cdc42p

(Gladfelter et al., 2001), Rsrlp/Budlp (Park et al., 1997), Farlp (Butty et al., 1998;

Lyons et al., 1996), Ste20p (Leeuw et al., 1995), and Stej (Leeuw et al., 1995; Lyons et

al., 1996). It has also been found to exist in a complex with actin (Zheng et al., 1995).

Cdc42p is central to polarizing the actin cytoskeleton in yeast. Thus, recruitment

of Cdc42p to the polarity landmark is an essential polarizing event. During budding, it is

thought that the Rsrl/Budl GTPase module recruits the polarity establishment proteins to

the bud site. This model is supported by the observations that Rsrlp/Budlp interacts

with Cdc24p and Bemlp (Park et al., 1997). During mating, it is believed that Farlp is

19



responsible for recruiting the polarity establishment proteins to the mating site (as

discussed above and Figure 1-4). A consequence of Cdc42p localization to growth sites

is the localized activation of its effectors, which in turn contributes to polarization of the

actin cytoskeleton at the growth site. However, the mechanism by which Cdc42p exerts

its effects on the actin cytoskeleton remains unclear. Potential effectors of Cdc42p

(based on demonstrated interactions) are numerous and include the PAK kinases, Ste20p,

Cla4p, and Skm1p (Cvrckova et al., 1995; Leberer et al., 1992; Martin et al., 1997); the

formins, Bnilp and Bnr1p (Evangelista et al., 1997; Imamura et al., 1997; Kohno et al.,

1996); the CRIB domain-containing proteins, Giclp and Gic2p; and the IQGAP-related

protein, Iqg1p (Osman and Cerione, 1998).

III. THE ROLE OF THE ACTIN CYTOSKELETON IN CELL POLARITY

The actin cytoskeleton polarizes growth for budding during the cell cycle and

shmoo formation during mating (Figure 1-5). Throughout the cell cycle, actin cables and

cortical patches exhibit a polarized distribution that correlates with directed cell surface

growth (Adams and Pringle, 1984; Lew and Reed, 1995). In late G1, actin cables orient

towards and actin patches localize at the presumptive bud site. During apical growth,

actin cables extending from the mother cell converge at the tip of the bud, where cortical

patches also concentrate. During isotropic bud growth, the cables form a meshwork in

the bud whereas the patches redistribute over the bud surface. Finally, after cytokinesis,

both actin cables and patches reorient to the mother-bud junction.

The main function of the actin cytoskeleton in yeast is to direct the delivery of

new membrane and other factors (Finger and Novick, 1998). Temperature-sensitive
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Figure 1-5. The polarized actin cytoskeleton.

Throughout the cell cycle, actin cables and cortical patches exhibit a polarized

distribution that correlates with directed cell surface growth. In late G1, actin cables (red

lines) orient towards and actin patches (red dots) localize at the presumptive bud site.

During apical growth, actin cables extending from the mother cell converge at the tip of

the bud, where cortical patches also concentrate. During isotropic bud growth, the cables

form a meshwork in the bud while the patches redistribute over the bud surface. Finally,

after cytokinesis, both actin cables and patches reorient to the mother-bud junction.

The black arrows within the cells indicate the direction of new cell surface growth.
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mutants defective in actin or actin-associated proteins do not polarize Secretion to the bud

tip at the restrictive temperature; instead, these mutants become enlarged, round, and

multinucleate (Novick and Botstein, 1985; Welch et al., 1994). Actin mutants also

accumulate post-Golgi secretory vesicles and are partially defective in invertase

secretion, demonstrating that an intact actin cytoskeleton is also important for the

exocytic process (Novick and Botstein, 1985). In addition, depolymerization of F actin

by latrunculin A, the actin monomer-sequestering drug, or by mutation (e.g. cdc24-4) >
---..."

blocks polarized growth (Ayscough et al., 1997; Sloat et al., 1981). Altogether, these * --

observations are consistent with a role for actin in polarized delivery of secretory º . º

vesicles. º º
It is believed that Myo’p, a type V myosin in yeast, is a motor that brings ~

secretory vesicles into the bud tip along actin cables. This hypothesis is supported by the .

fact that myo.2 mutants accumulate post-Golgi vesicles and grow isotropically at the
** º -

sº se

restrictive temperature, indicating that secretion continues but is not polarized (Govindan **-a-ru- "

et al., 1995) (Johnston et al., 1991). In addition, myo.2 mutations genetically interact with

several post-Golgi sec mutations (Govindan et al., 1995), and Myo2p localizes to sites of

polarized growth (Lillie and Brown, 1994).

Other studies have also revealed roles for the actin cytoskeleton in nuclear

division and cytokinesis (Palmer et al., 1992), endocytosis (Benedetti et al., 1994; Kubler

and Riezman, 1993), bud site selection (Drubin et al., 1993), and organelle movement

and positioning (Drubin et al., 1993). In addition, the actin cytoskeleton is required for

changes in cell morphology in response to extracellular cues such as nutrient availability

and mating pheromone (Kron and Gow, 1995; Read et al., 1992).
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A group of proteins comprised of Spa2p, Peazp, Budóp/Aip3p, and Bnilp, is

involved in apical growth, bud site-selection, and mating cell morphogenesis. The genes

coding for several of these proteins have been identified in genetic screens to be

components of the polarity development pathway in both budding and mating. SPA2,

PEA2, and BUD6 were previously identified in a screen for genes specifically required

for the bipolar budding pattern (Zahner et al., 1996); and SPA2 and PEA2 were identified

in a screen for genes required for pheromone-induced polarization (Chenevert et al.,

1994). Of note, Budóp/Aip3 was identified as an actin-interacting protein using the two

hybrid system (Amberg et al., 1997). Spa2p, Peazp, and Bud6p are all non-essential

proteins with no obvious functional domains except for regions of potential coiled-coil

(Amberg et al., 1997; Snyder, 1989; Valtz and Herskowitz, 1996). Bnilp is a member of

the formin family of proteins, members of which participate in cytokinesis, establishment

of cell polarity, and vertebrate limb formation (Imamura et al., 1997; Kohno et al., 1996).

Bnilp and related proteins contain two domains named FH1 and FH2 (Formin

Homology). The FH1 domain consists of several proline-rich sequences which have

been shown to bind to the SH3 domain (Src Homology 3) (Ren et al., 1993) and to

profilin, an actin binding protein (Tanaka and Shibata, 1985).

Previous studies show that mutants defective for Spa2p, Peazp, Budóp, or Bnilp

exhibit similar polarity-related defects. The most prominent defects include an a■ o.

diploid-specific bud site-selection defect in vegetatively growing cells and altered

º r - *

*** º -->
*-* ***
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morphology in response to mating pheromone in mating cells. In spa2, peaz, budó, and

bnil mutants, diploid a■ o cells bud in a random pattern whereas haploid a or O. mutant

cells are unaffected and bud in an axial pattern (Evangelista et al., 1997; Snyder, 1989;

Valtz and Herskowitz, 1996; Zahner et al., 1996). Mutants defective for Spa2p, Peazp,

and Bnilp have also been shown to exhibit altered morphology in response to mating

pheromone. In response to exogenously added mating pheromone, wild-type cells form a

pointed mating projection, which results in a pear-shaped cell (shmoo cell). In contrast,

spa2 and peaz mutants form broad mating projections, resulting in peanut-shaped cells

(Chenevert et al., 1994). bnil mutants are unable to shmoo, instead forming enlarged,

round, unpolarized cells in the presence of mating pheromone (Evangelista et al., 1997).

Other notable polarity-related phenotypes include inefficient mating to an enfeebled

mating partner by spa2 and peaz mutants (Chenevert et al., 1994), defects in cell fusion

during mating by spa2, peaz, and bmil mutants (Dorer et al., 1997; Gammie et al., 1998),

and defects in cytokinesis and septation by spa2 and budé mutants (Amberg et al., 1997;

Snyder et al., 1991).

Consistent with their proposed function in cell polarity development, Spa2p,

Peazp, Budóp, and Bnilp, also localize to sites of growth in both vegetative and mating

cells. All of the proteins in this group localize in an identical pattern throughout the cell

cycle and during mating. During budding, these proteins appear at the presumptive bud

site prior to bud emergence, remain at the tips of the small bud, and form a ring (or pair

of rings) at the mother-bud neck prior to cytokinesis. During mating, these proteins

localize to the tips of mating projections (Arkowitz and Lowe, 1997; Gehrung and

: º

-
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Snyder, 1990; Snyder, 1989) (Amberg et al., 1997; Evangelista et al., 1997; Longtine et

al., 1996; Valtz and Herskowitz, 1996).

In addition to sharing similar localization patterns and polarity-related mutant

defects, members of this group of proteins have also been previously shown to associate

with each other. Both co-immunoprecipitation studies and two-hybrid assays have

demonstrated that Spa2p interacts with Peazp (Sheu et al., 1998) and Bnilp (Fujiwara et

al., 1998). In addition, Spa2p interacts with Budóp by two-hybrid assay, and Spa2p,

Pea’p, and Budóp co-sediment in sucrose gradients as a 12S complex (Sheu et al., 1998).

Finally, Bud6p has also been shown to interact with Bnilp by two-hybrid assay

(Evangelista et al., 1997).

Although it is clear that the group of polarity proteins is involved in regulating the

development of cell polarity during budding and mating, their molecular functions are

still unknown. The goal of this thesis is to gain insight into the roles of these components

in polarity development. Chapter II focuses on Spa2p and describes the identification of

proteins that associate with it. Chapter III describes a genetic analysis of SPA2, PEA2,

BUD6, and BNI1 and reveals that distinctions can be made among them with respect to

the behavior of the mutants defective in these genes.
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CHAPTER II

PROTEINS INVOLVED IN ACTIN FUNCTION ASSOCIATE WITH CELL

POLARITY PROTEIN Spa2p IN SACCHAROMYCES CEREVISIAE
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ABSTRACT

Spa2p is a nonessential protein that regulates yeast cell polarity but whose molecular

function is unknown. It is one of the first proteins to localize to sites of polarized growth,

appearing as a distinct patch at the presumptive bud site. As the cell cycle progresses,

Spa2p localizes to the tips of small buds and then later to the mother-bud neck, reflecting

the sites of new growth (Arkowitz and Lowe, 1997; Snyder, 1989). To understand how

Spa2p localization is regulated and gain insight into its molecular function in cell

polarity, we employed a co-immunoprecipitation strategy to identify proteins that

associate with Spa2p in vivo. Tandem mass spectrometry analysis identified Myolp,

Myo2p, Panlp, and Yfr016p as proteins that interact with Spa2p. Myo1p, Myo2p, and,

Pan 1p are involved in cell polarity and/or actin function. Studies to determine the

functional significance of these protein associations with Spa2p have revealed that

Spa2GFP localization to sites of polarized growth depends on functional Myo2p but not

on Myo1p, Panlp, and Yfro16p. Additional support for a functional interaction between

Spa2p and Myo2p comes from actin co-sedimentation assays. Myo2p has previously

been shown to have high affinity for F-actin in the absence of ATP and low affinity for F

actin in the presence of ATP (Reck-Peterson et al., 2001). We find that a fraction of

Spa2p co-sediments with F-actin in a similar ATP-sensitive manner. Peazp, a cell

polarity protein that interacts tightly with Spa2p (Sheu et al., 1998; Valtz and Herskowitz,

1996), co-sediments with F-actin in a pattern identical to that of Spa2p. Since Spa2p

lacks an obvious actin-binding domain, its association with actin is likely to be via its

interaction with Myo2p. These results support a model in which Spa2p is a cargo protein
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of Myo2p that mediates polarized localization of secretory vesicles and the polarity

proteins. We have also identified a synthetic lethal genetic interaction between spa2 and

myo1 at 37°C: at the nonpermissive temperature, the myo.1 cell separation defect is

enhanced in the myol spa2 strain. This observation suggests that Spa2p also plays a role

in cell wall morphogenesis and cytokinesis.
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INTRODUCTION

Polarized cell growth is of fundamental importance for numerous cellular

functions including differentiation, proliferation, and morphogenesis. Despite differences

in the specific molecular mechanisms, essentially all cells follow a general scheme in

their development of cell polarity (Drubin and Nelson, 1996). Cells first recognize an

external cue (e.g. cell-cell contact or chemical gradients) or an internal cue that

establishes the site of polarization at the cell surface. Next, a group of proteins are

recruited to the site to interpret the cue. These proteins stimulate the assembly of a

polarized cytoskeleton, which mediates delivery of proteins, cell wall constituents,

organelles, and other factors necessary for the initiation and maintenance of polarized cell

surface growth.

Development of cell polarity in Saccharomyces cerevisiae is critical for its ability

to divide and mate. During the vegetative cycle, yeast cells polarize their growth towards

a specific site on the cell surface to form a bud. The position of the new bud determines

the axis of polarity and is dictated by the bud site selection proteins (for review, see

(Chant, 1999)). In contrast, during mating, yeast cells respond to an external cue, that of

peptide pheromone secreted by cells of the opposite mating type, which orients polarized

growth in the direction of their mating partner.

Many of the components that influence cell polarity in yeast are necessary for

both budding and mating processes and are localized to sites of polarized growth: the

presumptive bud site, bud tip, mother-bud neck, and the projection tip of mating cells.

Such factors include cytoskeletal elements, motor proteins, G proteins, and a group of
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proteins that include Spa2p, Peazp, Budóp, and Bnilp. How these proteins are localized

to and maintained at sites of growth remains unclear.

Spa2p is a nonessential protein that regulates yeast cell polarity but whose

molecular function is unknown. Previous studies showed that spa2 mutants exhibit

several polarity-related phenotypes. Wild-type cells divide in two precise spatial patterns

(Chant and Pringle, 1995). Diploid a■ o cells divide in a bipolar budding pattern in which

new buds are formed either near the previous bud site or at the opposite end of the cell.

Haploid a or O. cells divide in an axial budding pattern and form new buds adjacent to the

previous site of cytokinesis. By contrast, spa2 cells display an a■ o diploid-specific bud

site selection defect, in which diploid a■ o spa2/spa2 cells bud in a random pattern while

haploid a or O spa2 cells are unaffected and bud in an axial pattern (Snyder, 1989;

Zahner et al., 1996). a■ o spa2/spa2 cells also exhibit a rounder cell morphology

compared to wild type cells, suggesting that they exhibit reduced apical growth (Sheu et

al., 2000). Other spa2 polarity defects include altered morphology in response to mating

pheromone (broad mating projection instead of pointed), inefficient mating to an

enfeebled mating partner (Chenevert et al., 1994), and a defect in cell fusion during

mating (Gammie et al., 1998). Finally, spa2 mutants display a cytokinesis defect, most

evident in a/O diploid cells (Snyder et al., 1991).

Consistent with its role in cell polarity, Spa2p localizes to sites of growth in both

vegetative and mating cells (Arkowitz and Lowe, 1997; Gehrung and Snyder, 1990;

Snyder, 1989). Furthermore, Spa2p interacts with a number of proteins involved in cell

polarity and signaling. Both co-immunoprecipitation studies and two-hybrid assays have

demonstrated that Spa2p interacts with PeaZp (Sheu et al., 1998) and Bnilp (Fujiwara et
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al., 1998). In addition, Spa2p interacts with Budóp/Aip3p by two-hybrid assay, and

Spa2p, Peazp, and Budóp/Aip3p co-sediment in sucrose gradients as a 12S complex

(Sheu et al., 1998). All four proteins exhibit similar localization patterns, and spa2, pea9,

bnil, and budó/aip3 mutants display similar polarity-related phenotypes (Amberg et al.,

1997; Evangelista et al., 1997; Snyder, 1989; Valtz and Herskowitz, 1996; Zahner et al.,

1996). The two-hybrid assay also demonstrates that Spa2p interacts with Ste 11p (the

MEK kinase of the pheromone-response pathway), Ste7p (the MEK of the pheromone

response pathway), and Mkklp and Mkk2p (MEKs of the Mpk1 MAPK pathway) (Sheu

et al., 1998).

To understand the role of Spa2p in determining cell polarity, we used a co

immunoprecipitation method coupled with tandem mass spectrometry analysis to identify

potential in vivo binding partners of Spa2p. Our investigations revealed that Spa2p

associates with Myo1p, Myo2p, Pan 1p, and Yfro16p. Further studies indicate that at

least some of these interactions have functional significance in vivo and suggest that

Spa2p may be a cargo protein of Myo2p.
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MATERIALS AND METHODS

Yeast Strains and Growth Conditions

The yeast strains are described in Appendix 1. Standard yeast growth conditions

and genetic manipulations are described in Rose et al. (1990). Cells were grown in

YEPD medium at 30°C unless otherwise noted.

Strain Construction

C-terminal protein A tagging was performed as described by Puig et al. (1998).

Briefly, a PCR product was generated that contained the coding information for a protein

A Ura3p cassette flanked by the final 48 nucleotides of the Spa2p coding region and 48

nucleotides downstream of the stop codon. The PCR product was transformed into

JSY162 by the lithium acetate method, essentially as described (Ito et al., 1983) to create

JSY163. Correct integration into the genome was verified by PCR. Expression of the

fusion protein was confirmed by Western blot.

Similarly, C-terminal GFP, 3HA and 13Myc tagging were performed as described

by Longtine et al. (1998). PCR products were generated that contained a GFP Kan

coding cassette, 3HA Trplp coding cassette, 3HA Kan coding cassette, or a 13Myc Kan

coding cassette flanked by Spa2p coding sequence. These amplified products were

transformed into yeast and correct substitution was verified by PCR. Expression of the

fusion protein was confirmed by Western blot. The Spa2GFP Kan construct was

transformed into ABY531, ABY533, ABY535, and ABY536 to create JSY231, JSY232,

JSY233, and JSY234 respectively. JSY231, JSY233, and JSY234 were each crossed to

***-a- *
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JSY237 to generate diploids, which were then used to obtain JSY257, JSY256, and

JSY254. The Spa2GFP Trp1 construct was transformed into YEF1813 to generate

JSY213. The Myol GFP construct was transformed into YEF473A to create JSY212.

The Spa2HA Kan construct was transformed into NY580 and NY1125 to create JSY278

and JSY279, respectively. JSY261 was created by transforming the Myo2-myc Kan

construct into JSY162.

Gene deletions were constructed as described by (Puig et al., 1998). Briefly, a … " " -

PCR product was generated that contained a K. lactis URA3 cassette flanked by --- º

sequences immediately upstream and downstream of the SPA2 ORF. The amplified ~

fragment was transformed into yeast and correct integration was verified by PCR and º
--

******* -- ºr

phenotypic analysis. The SPA2 knock-out construct was transformed into YEF1681 to º
*º-ºne.

create JSY212 and transformed into JSY261 to create JSY262. *

º
Immunoprecipitation of Proteins Associated with Spa2-zz :* - º

~~~~

Log-phase cells from a 250-ml culture of either JSY162 or JSY163 were II)
harvested and washed with 50 ml H2O. The pellet was resuspended in 1.5 ml IgG buffer

containing 50 mM Tris, pH 7.5, 1 mM EDTA, 5 mM MgCl2, 0.1 mM DTT, 5% glycerol,

1% NP40, 150 mM NaCl, and a complete mini protease inhibitor tablet (Boehringer

Mannheim, Indianapolis, IN). Cells were lysed using 0.5 mm glass beads (Biospec,

Bartlesville, OK) using a Mini-BeadBeater (Biospec) for 10 sec x 10 at 4°C with 1 min

resting periods on ice. Lysates were cleared by spinning in a microfuge at 14,000 rpm for

10 min at 4°C. Clarified lysates were diluted 5 fold before incubation with IgG

Sepharose (Amersham Pharmacia, Piscataway, NJ). Fifteen eppendorf tubes with 500 pil

aliquots of diluted lysate were incubated with 25 pil IgG-Sepharose for 90 min at 4°C.
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The resin was washed extensively with IgG buffer, and bound proteins were eluted with

IgG buffer containing 1 M MgCl, and concentrated with chloroform-methanol

precipitation. Bound proteins from the 15 eppendorf tubes were pooled and resolved by

SDS-PAGE and visualized by Coomassie Blue staining.

In-Gel Digestion of Protein Excised from SDS-PAGE

The dominant bands observed by Coomassie Blue staining were excised and

minced. The gel pieces were dehydrated in acetonitrile for 10 min, centrifuged, and the º

supernatant aspirated. This step was repeated and followed by evaporation of the gel

pieces under vacuum. Fifty pil of milli-Q water was added, and the gel slices were : º º
allowed to re-swell for 15 min. Excess water was removed and the gel pieces were again ~. º

dehydrated in acetonitrile for 15 min. Excess acetonitrile was aspirated off and the gel *~.

pieces were then dried under vacuum. º **
* * **,

In-gel protein digestion and peptide extraction were performed according to the : gº º:
* -----

procedures of Shevchenko et al. (Shevchenko et al., 1996). Gel pieces were rehydrated at ~~ *

4 C in a digestion buffer containing 50 mM NH, HCO, and 12.5 ng/ul modified porcine

trypsin (Promega, sequencing grade). After 45 min, the tubes were topped up with milli

Q water to just cover the gel pieces and transferred to 37 C for overnight incubation.

Analysis of Peptides by Microelectrospray LC-MS/MS

Microelectrospray columns were constructed from 360 pm o.d. x 75 pum i.d. fused

silica capillary with the column tip tapered to a 5-10 pm opening. The columns were

packed with 200A 5 pm Cls beads (Michrom Bioresources Inc.), a reverse phase

packing material, to a length of 10-12 cm. The flow-through of the column was split pre
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column to achieve a flow rate of 200 ni/min. The mobile phase used for gradient elution

consisted of (A) 0.4% acetic acid, 0.005% heptafluorobutyric acid, and 5% acetonitrile

and (B) 0.4% acetic acid and 0.005% heptafluorobutyric acid in acetonitrile. The

gradient was linear from 0.5% to 45% B in 35 minutes followed by 45-65% B in 5

minutes.

Tandem mass spectra were recorded on an LCQ ion trap mass spectrometer

(Thermoguest Corp., San Jose, CA) equipped with an in-house microelectrospray

ionization source. Needle voltage was set at 1.6 kV. Non-redundant yeast protein

sequence databases were searched directly with the tandem mass spectra using the

computer algorithm, SEQUEST, described previously (Eng et al., 1994), (Yates et al.,

1995).

Cell Fractionation

For crude fractionations, log-phase cells from a 100-ml culture of JSY214 were

harvested, washed with 20 ml H2O, and the pellet resuspended in 1 ml 50 mM Tris, pH

7.5, 1 mM EGTA, 0.1 mM DTT, 150 mM KCI, and a Complete mini protease inhibitor

tablet (Boehringer-Mannheim, Indianapolis, IN). The cells were lysed using 0.5 mm

glass beads (Biospec, Bartlesville, OK) using a Mini-BeadBeater-8 (Biospec) for 45

seconds x 3 at 4°C. The cell extract was cleared by centrifugation at 2,000 x g for 5 min

at 4°C in a Beckman TLA100.2 rotor/Beckman Optima ultracentrifuge (Beckman

Instruments, Palo Alto, CA) and designated S1 (supernatant 1). The S1 fraction was then

centrifuged at 30,000 x g for 30 min at 4°C to create fraction S2 (supernatant 2) and P2

(pellet 2). Finally, the S2 fraction was centrifuged at 100,000 x g for 1 hr to create S3

(supernatant 3) and P3 (pellet 3). Samples from each fraction were separated by SDS
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PAGE, transferred to nitrocellulose, and immunoblots performed with anti-HA antibody

(1:1000, Covance), anti-Myo2p antibody (1:2000, generous gift of Samara Reck

Peterson, Yale University, New Haven, CT), anti-Snc.1p antibody (1:1000, generous gift

of Pat Brennwald, Cornell University Medical College), or anti-Peazp antibody (1:200,

(Valtz and Herskowitz, 1996)).

Actin Co-sedimentation Assays
`-- .

Log-phase cells from 100 ml of NY580, NY1125, JSY278, JSY279, JSY261, or º
- -

JSY262 were harvested and lysed as described above in buffer A: 20 mM imidazole, 75 º º

mM KCl, 1 mM EGTA, 2.5 mM MgCl2, 2 mM DTT, and a Complete mini protease º
-
º

inhibitor tablet (Boehringer-Mannheim, Indianapolis, IN) or a protease inhibitor cocktail º
º

(1 mM Pefabloc-sc [Boehringer], 10 mM pepstatin A, 10 mM leupeptin, 1 mM **ºs.

benzamidine, pH 7.2). JSY278 and JSY279 were grown to log-phase at 25°C and then ---

shifted to 37°C for 2.5 hr before harvesting and cell lysis. º º
The lysate was spun at 2,000 x g for 5 min and the resulting supernate was spun at E-5

257,000 x g for 20 min. The supernatant (S3) and P3 fractions from this spin were used

for actin co-sedimentation assays.

To monitor actin binding of soluble Myo2p, S3 (supernatant after a 257,000 x g

spin for 20 min) was mixed with 7 puM F-actin purified from chicken skeletal muscle

(Spudich and Watt, 1971) or 10 puM phalloidin-stabilized F-actin purified from

Acanthamoeba (generously provided by D. Mullins, UCSF) in buffer A with or without 4

mM ATP. The reaction mixture was incubated on ice for 10 min and then centrifuged at

175,000 x g for 20 min to pellet the F-actin.
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To monitor actin binding of P3 Myo2p, 7 p.M F-actin was mixed with P3 in the

presence of 20 mM MgCl, (to form paracrystalline actin bundles that pellet at low

speeds), 25 puM phalloidin (Boehringer-Mannheim) in buffer A with or without 4 mM

ATP. The reaction mixture was incubated on ice for 10 min and then spun at 21,000 X g

for 15 min to pellet the F-actin bundles. The resulting supernatant and pellet fractions

were separated by SDS-PAGE. The lower half of the gel was stained with Coomassie

Blue to visualize F-actin. The top half of the gel was transferred to nitrocellulose, and … -->

immunoblots were performed with anti-HA antibody or anti-Myo2p tail antibody (Reck- º
Peterson et al., 1999). º

-
.

Microscopy º
Microscopic analysis was performed using an Olympus BX60 with a 100X *~.

UplanApo objective. Cells were visualized by differential interference contrast (DIC) or º
epifluorescence. Images were captured with a SPOT2e camera (Diagnostic Instruments, : --

º
*** * *

Sterling Heights, MI) and downloaded directly into Adobe Photoshop (Adobe Systems, -->
San Jose, CA).

Two scoring strategies were used to quantify Spa2GFP localization defects. In

one scheme, the percentage of cells with some Spa2-GFP in the correct location (bud site,

bud cortex, or neck cortex) was determined. This assay was performed three times,

scoring >200 cells for each strain. In the other scheme, cells that properly localized

Spa2GFP were classified into three groups: localization at presumptive bud site/tips of

small buds, localization to medium-sized buds, and localization at the neck in large

budded cells.
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RESULTS

Identification of proteins that associate with Spa2p

To understand how Spa2p localization to sites of growth is regulated and gain

insight into its function in yeast cell polarity, a co-immunoprecipitation method coupled

with tandem mass spectrometry was used to identify proteins that physically associate

with Spa2p. We constructed a strain that expressed a fusion protein (Spa2-zz) consisting

of Spa2 and two Protein A z-domains (zz) to immunoprecipitate Spa2p and its associated

proteins. Cells expressing Spa2-zz as their only Spa2 protein did not exhibit defects

observed in spa2 mutants such as altered shmoo morphology or random bud site selection

pattern in the a/o diploid strain (Chenevert et al., 1994; Zahner et al., 1996),

demonstrating that the fusion protein was functional.

IgG Sepharose was added to yeast whole-cell extract derived from wild-type or

Spa2-zz strains to precipitate Spa2-zz and associated proteins. The resin was washed,

and bound proteins were eluted with 1 M MgCl2, separated by SDS-PAGE, and

visualized with Coomassie Blue. We found three protein bands present specifically in the

Spa2-zz immunoprecipitate and excised them individually from the gel for analysis by

tandem mass spectrometry (Figures 2-1A and B). Eight different tryptic peptides of

Yfrô16p were identified from Band I, 18 different peptides of Spa2p and eight different

peptides of Myolp were identified from Band II, and 14 different peptides of Myo2p and

seven different peptides of Panlp were identified from Band III (Table 2-1). Thus, we
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* * * -- ºr
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Figure 2-1. Immunoprecipitation of proteins that interact with Spa2-zz.

(A) Lysates derived from untagged (JSY162) or Spa2-zz (JSY163) strains were incubated

with IgG-Sepharose beads for 90 min at 4°C. The resin was washed, and bound proteins

were eluted with 1 M MgCl2. Eluted proteins were concentrated, separated on 6.5%

SDS-PAGE, and visualized by Coomassie Blue staining. Three bands (I, II, and III) were

present specifically in the Spa2-zz immunoprecipitate and individually excised for

tandem mass spectrometry analysis. (B) Samples of the lysates before and after (post-IP)

incubation with IgG-Sepharose and the 1 M MgCl, eluant were separated by SDS-PAGE,

transferred to nitrocellose, and visualized by immunoblotting with NDT80 pre-immune

serum. Immunoprecipitation of Spa2p-zz is relatively efficient and specific. (C) Myo2p

co-immunoprecipitates with Spa2p-HA. Proteins prepared from untagged (JSY162) and

Spa2p-HA (JSY214) strains were immunoprecipitated with HA-Sepharose beads for 2 hr

at 4°C. Total lysates and immunoprecipitates were analyzed on immunoblots and probed

with anti-HA or anti-Myo2p antibodies.
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Table 2-1

Peptides identified by LC-MS/MS

Excised Protein Position Peptide identified
Band name

I Yfr016C 171-184 ESTGIEVGNSPITR
239-251 VNIVQDEPVNVEK
529-542 SSIIEIEGSANSAK
578–588 DDVEIVEAVEK

637-647 QEGTAELSNEK
730–742 VQISTEQAETTQK (5)
1093-1109 IVDDSELNALLQSLDAK (2)
1205-1224 GHNDLIGNWEEIEEANEDYK (2)

II Spa2 1–13 MGTSSEVSLAHHR
71–84 IGEDANOPDYLLPK
151-175 TSTNSSSVTQVAPNVSVQPS LVIPK
523-537 SDSNGESTTSNEGNR
596–615 AINSPIIRPSSSNGVPTTSR
634–638 639-643 644-649 NSSHK EDNDK YVSPIK
650–667 AVTSASNSASSNISEIPK

676–691 IGTVIPPSENQVPNIK
873-889 NFQEPLGNVESPDMTQK (2)
899–907 908-918 AVGPESDSR VESPGMTGQIK (2)
969–976 977-981 LASSGEVDK IESPR
985-1003 ESESLEAVGNTIPSNMTVK
1060–1067 TPSSATLK

1069–1085 SGLPEPNSQIVSPELAK (2)
1 100-11 17 ETNKPHTETITSVEPTNK (2)
1125–1130 DADLNR

1431–1440 LAGIAFDVAK (2)

Myol 850–862 IKPLLTSSNDMTR
1013–1018 LENEIK

1063-1074 LQSLVTENSDLR
1337-1351 AHYDAENAISALHSK

1450–1459 EALLSEQLDR
1695–1711 TDALQISNAALSSSTQK
1761–1773 NIDLYEENQTLQK
1916–1925 NIDSNNAQSK
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Excised Protein Position Peptide identified
Band name

III Myo.2 180–203 YFASVEEENSATVQHQVEMSETEQ
205–219 ILATNPIMEAFGNAK
354-366 NDASLSADEPNLK

395–408 IVSNLNYSQALVAK
514-525 LGILSLLDEESR (2)
595-610 ASTNETLINILEGLEK (2)
621-629 LELEQAGSK
735-746 ETTEEDIISVVK

947-957 VIELTQNLASK
1009-1022 TIENNLQSTEQTLK
1055–1071 TLVEYQTLNGDLQNEVK (2)
1075–1079 EEIAR

1474-1493 LISQYOVADYESPIPQEILR
1561–1574 IVDLVAQQVVQDGH

Pan 1 581-595 SNFNNNLIDNSSQDK
617-629 GLLDSPTAVEIFR

740–752 NEEQSSFSSPSAK
930-940 SSISDISASLK
981-1000 SVTESSPFVPSSTPTPVDDR (2)
1055–1070 EQPQQIAGSSNLVEPR
1248–1260 DASASSTSTFDAR

The numbers in parentheses indicate the number of times a peptide was identified if it was
identified more than once.

-

-
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have identified Yfro16p, Myo1p, Myo2p, and Panlp as proteins that associate with

Spa2p.

Using a different c-terminal tag, we further confirmed the interaction between

Spa2p and Myo.2p by co-immunoprecipitation of Myo2p with Spa2-HA. Anti-HA

immunoprecipitates from yeast extracts derived from either wild-type or Spa2-HA strains

were loaded on SDS-PAGE and blotted onto nitrocellulose membrane and probed with

Myo?p antibody. Figure 2-1C shows that Myo2p is readily detected in the Spa2HA º * * *

a *. *

immunocomplex. ---.

Spa2p is thought to be involved in cell division and polarized growth in yeast. * ...

Given that Myo1p and Myo2p are also thought to participate in these processes and that

they co-localize with Spa2p in the cell, we decided to pursue the significance of their :*

interaction with Spa2p. º

Subcellular fractionation of Spa2p is similar to that of Myo2p * *.

Subcellular fractionation studies of Myo2p indicate that it is present in both -I)
plasma membrane and microsomal fractions (Reck-Peterson et al., 1999). Similar studies

have shown that Budóp/Aip3p, which interacts with Spa2p by two-hybrid assay and co

sediments with Spa2p and PeaZp (Sheu et al., 1998), is also present in the microsomal

fraction (Jin and Amberg, 2000). Given the interactions of Spa2p with Myo2p and

Budóp/Aip3p and the fact that the subcellular fractionation of Spa2p has not been

previously investigated, we characterized Spa2p in wild-type cells using differential

centrifugation, following the scheme described by Reck-Peterson et al. (1999) and Jin

and Amberg (2000).
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Cell extracts obtained by mechanical lysis were clarified by centrifugation at 2000

x g to remove cell debris (S1). S1 was first fractionated at 30,000 x g for 30 minutes to

create supernatant 2 (S2) and pellet 2 (P2). Pmalp, a marker of plasma membrane in

yeast, is found primarily in P2 (Reck-Peterson et al., 1999). S2 was then fractionated at

100,000 x g for 1 hour to create supernatant 3 (S3) and pellet 3 (P3). P3 is the

microsomal fraction and is enriched in late secretory vesicles (Goud et al., 1988).

Consistent with the contention that P3 contains secretory vesicles, we find Snclp, a late - -

vesicle-borne, integral membrane protein (Protopopov et al., 1993) present primarily in -

the P3 fraction. Samples from each fraction were separated by SDS-PAGE, transferred ** º

to nitrocellulose, and probed with anti-HA or anti-Myo2 antibodies or antibodies for º º
other markers. As can be seen in Figure 2-2, Spa2p was present in every fraction, ~ º
exhibiting a pattern similar to that of Myo2p. Interestingly, we find Peazp, a protein *

-

involved in cell polarity that interacts tightly with Spa2p (Sheu et al., 1998; Valtz and º
Herskowitz, 1996) to be present only in the S2 and the S3 fractions and not in the P2 and --- º

- D
P3 fractions.

Spa2p and Myo2p co-sediment with actin

Yeast Myo2p can co-sediment with F-actin only in the absence, but not in

presence, of 4 mM ATP (Reck-Peterson et al., 2001). We wanted to see if Spa2p could

associate and co-sediment with actin through its interaction with Myo2p. First, Myo2

and Spa2 proteins present in either the S3 or P3 fractions were assayed for their ability to

co-sediment with chicken skeletal muscle F-actin. As can be seen in Figure 2-3A, a pool

of Spa2 protein from the S3 fraction co-sedimented with actin in an ATP-sensitive

manner, presumably via its interaction with Myo2p. By contrast, Spa2p present in the P3

45



Figure 2-2. Spa2p co-fractionates with Myo2p.

Lysate from log-phase cells of the Spa2-HA strain (JSY214) was spun at 2,000 x g to

generate supernatant 1 (S1). S1 was spun at 30,000 x g, resulting in S2 and pellet 2 (P2).

S2 was spun at 100,000 x g to generate S3 and P3. Gel samples were prepared using

volumetric stoichiometry and equal volumes of each sample were loaded per lane,

separated by SDS-PAGE, and transferred to nitrocellulose. Blots were then probed with

anti-HA, anti-Myo2p, anti-Peazp, or anti-Snclp antibodies. º “...a
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fraction did not exhibit this behavior, although Myo2p in the same P3 fraction was able to

co-sediment with actin in an ATP dependent manner (Figure 2-3B).

Since Peazp has been shown to interact tightly with Spa2p, we wished to

determine if Peazp might also co-sediment with actin via its interaction with Spa2p.

Figure 2-3D shows that a pool of Peazp co-sedimented with actin similarly to Spa2p. We

were unable to determine if the pool of Pea?p that associates with actin is dependent on

Spa2p because Peazp is not stable in the spa2 background (data not shown and (Valtz

and Herskowitz, 1996)). º
To determine if the association of Spa2p with actin is dependent on Myo2p, we º

assayed sedimentation of Spa2p in the myo2-66 background. Myo2-66 protein from º º
myo2-66 cells shifted to nonpermissive conditions showed impaired binding to actin in ~
the absence of ATP, consistent with the presence of a point mutation in the predicted

actin-binding face of the motor domain in this mutant (Figure 2-3C and (Reck-Peterson et ,”
º

ºw- º,
al., 2001)). In the myo.2-66 background, a pool of Spa2 protein continued to co-sediment *** *

with F-actin, similar to its behavior in the wild-type background. Given these results, no

conclusions can be made regarding the dependence of Spa2p co-sedimentation with actin

upon Myo2p. However, in the least, our results suggest that Spa2p, Peazp, and Myo2p

exist together in a complex that associates with actin in an ATP-sensitive manner.

Spa2p localization depends on Myo2p

In wild-type cells, Myo2p localizes to sites of polarized growth in a pattern

identical to that of Spa2p (Lillie and Brown, 1994). Both proteins localize to the

presumptive bud site, the tips of small buds, the mother-bud neck prior to cytokinesis,

48



Figure 2-3. Actin co-sedimentation assays.

S3 supernatant or P3 pellet fractions derived from lysates of wild-type strains, NY580 (A

and B), JSY278 (C) or JSY261 (D); myo2-66 strain, JSY279, (C); or spa2A strain,

JSY262 (D) were used for actin co-sedimentation assays. Wild-type and myo2-66 strains

in (C) were grown at 25°C and shifted to 37°C for 2.5 hr before harvesting and cell lysis.

Myo2p, Myo2-66p, Spa2p-HA, and Peazp present in the S3 (A, C, and D) or Myo2p and

Spa2p-HA present in the P3 (B) were incubated with F-actin in the presence or absence ... : - -

of 4 mM ATP. After centrifugation to pellet the F-actin, the supernatant and pellet

fractions were immunoblotted with antibodies to Myo2p, HA or Pea2p. Actin was º

visualized by Coomassie Blue staining. A fraction of Spa2p and PeaZp (present in S3) º
co-sediment with actin in an ATP manner similar to that of Myo2p. ~

º * **
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and to the tips of mating factor-induced projections. Co-localization of these proteins led

us to investigate the polarized localization dependence of each protein on the other.

We constructed Spa2CFP fusions in several myo2 mutant backgrounds to

determine the dependence of Spa2p localization upon Myo2p function. Current models

for myosin function propose that the motor domain moves along actin filaments and the

tail domain binds cargo. We first examined the dependence of Spa2GFP localization on

Myo’p motor function in budding cells. myo2-66 encodes a protein with a mutation in

the actin-interacting motor domain (Lillie and Brown, 1994). The strain carrying this

allele exhibited severe defects in Spa2GFP localization within five minutes following a

temperature shift to the nonpermissive temperature, 37°C (Figure 2-4); only 28% of

myo2-66 cells exhibited polarized localization of Spa2p compared to 84% of wild-type

cells (Figure 2-5A).

We next examined the localization dependence of Spa2GFP on the tail domain of

Myo’p in budding cells. The tail domain of Myo2p has been shown to contain distinct

regions involved in the movement of different cargoes. These include vacuolar elements,

secretory vesicles, and the spindle polarity determinant, Karºp (Catlett et al., 2000;

Schott et al., 1999; Yin et al., 2000). Several alleles including conditional lethal

mutations in the tail domain of Myo2, myo2-13 and myo2-16, have been identified and

shown to affect maintenance of the polarized distribution of secretory vesicles (Schott et

al., 1999), but not vacuolar inheritance (Catlett et al., 2000, Schott, 1999 #20). Strains

carrying the myo2-16 allele exhibited loss of Spa2GFP localization within five minutes

following a shift to 37°C (Figures 2-4 and 2-5A). Similar observations were made for

myo2-13 (data not shown). By contrast, Spa2GFP remained polarized at sites of growth

===->

*** *
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Figure 2-4. Localization of Spa2CFP depends on functional Myo2p.

Exponentially growing wild-type (JSY257), myo2-16 (JSY255), and myo.2-66 (JSY24)

cells expressing Spa2-GFP were shifted to 37°C for 5 min. Cells were visualized by DIC

microscopy (left side). Spa2-GFP localization in the same cells was visualized by

fluorescence microscopy. All cells are shown at the same magnification; all images were

captured with the same exposure time.
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Figure 2-5. Quantitative analysis of Spa2CFP localization in myo2 mutants.

(A) Percentage of cells exhibiting polarized localization of Spa2GFP at different cell

stages was determined in wild-type (JSY257), myo2-16 (JSY255), and myo.2-66 (JSY24)

strains after a 5 or 15 min shift to 37°C. This assay was performed three times, scoring

>200 cells for each strain. (B) Distribution of cells exhibiting polarized localization of

Spa2CFP after 5 or 15 min shift to 37° C. Cells were classified into three groups:

unbudded/small budded (representing cells that exhibit apical growth), medium budded º- +

(representing cells that exhibit isotropic growth), and large budded (representing cells º º

that exhibit repolarization to the mother-bud neck). This assay was performed three

times, scoring at least 100 cells for each strain.
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in another tail-domain mutant, myo2-2 (data not shown), which causes defects in vacuolar

inheritance but is not involved in the essential functions of Myo2p (Catlett and Weisman,

1998).

When mutants were shifted to nonpermissive conditions for five minutes, we

observed a preference for loss of Spa2GFP from the presumptive bud site and bud tips

over loss of Spa2CFP from the mother-bud neck in cells with large buds (Figure 2-5B).

In wild-type cells that properly localized Spa2CFP after a shift to 37°C for 5 minutes,

27% of cells localized Spa2GFP at the presumptive bud site or at the tips of small buds,

46% localized at the tips of medium-budded cells, and 26% localized as either one or two

rings at the bud neck in large-budded cells. By contrast, in myo2-16 cells that localized

Spa2CFP after a five-minute shift to 37°C, 14% were unbudded or small-budded cells,

36% were medium-budded cells, and 49% were large-budded cells. Similarly, in myo2

66 cells that localized Spa2CFP after a 5 minute shift to 37°C, 11% were unbudded or

small-budded cells, 26% were medium-budded cells, and 61% were large-budded cells.

The shift in the distribution of localized Spa2GFP to the bud neck in large-budded cells

in both myo2-16 and myo2-66 cells was more pronounced after 15 minutes at 37°C.

Taken together, these results indicate that efficient localization of Spa2p to sites of

polarized growth requires functional Myo2 head and tail function. The fact that a small

population of Myo2-deficient cells is able to localize Spa2GFP to the mother-bud neck

suggests that there may be a redundant pathway involved in localizing Spa2p to the neck

of large-budded cells; possibly mediated by the Spa2p-Myo1p interaction.

Since both Spa2p and Myo2p co-localize at the tips of mating cell projections

(shmoo tips), we also examined the localization dependence of Spa2GFP on Myo2p in
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mating cells. We observed that Spa2CFP is not polarized in the shmoo tips of both

myo2-66 and myo2-16 cells observed at five minutes after shift to nonpermissive

temperature (data not shown).

Finally, we examined the localization dependence of Myo2p on Spa2p in

vegetative cells. We observed that Myo2p exhibited some dependence on Spa2p for its

localization to sites of growth (Figure 2-6). Whereas 72% of wild-type cells properly

localized Myo2GFP to sites of polarized growth, only 36% of spa2 cells were able to - -

localize Myo2GFP. Interestingly, loss of Myo2GFP localization in spa2 cells did not * * *
º

show preference for any particular stage, in contrast to localization of Spa2GFP in the
-

º

absence of functional Myo2p. º
*...* - ºr

Localization of Spa2p does not depend on Myo1p, Pan 1p, or Yfr016p ~

We next analyzed the dependence of Spa2GFP localization on the other Spa2p- . ---
- : *-*.

interacting proteins that we identified. Myo1p forms a ring at the presumptive bud site * * :
aux. a- *

shortly before bud emergence. This ring remains in the mother-bud neck until the end of I)
anaphase, when a ring of F-actin forms in association with it. The actomyosin ring

contracts to a point and then disappears (Bi et al., 1998; Lippincott and Li, 1998). Since

Spa2p localizes to the bud neck during part of the cell cycle, we wished to know if its

localization to the neck required Myo1p.

Figure 2-7 shows that Spa2p and Myo1p are independent of each other for their

proper localization. Spa2GFP localized to all sites of growth in the absence of Myo1p,

and Myo1p localized as a ring to the presumptive bud site and to the bud neck before

contracting to a point and disappearing in the absence of Spa2p. These results indicate

57



Figure 2-6. Localization of Myo2GFP partially depends on Spa2p.

Exponentially growing wild-type (JSY244) or spa2A (JSY245) cells expressing Myo2

GFP were examined by DIC and fluorescence microscopy for proper polarized

localization of Myo2GFP. 72% of wild-type cells exhibit polarized Myo2-GFP

localization compared to 36% of spa2A cells. (n=400)

**
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Figure 2-7. Polarized localization of Spa2p and Myo1p are independent of each

other.

Exponentially growing wild-type (JSY154) and myo 1A (JSY213) cells expressing

Spa2CFP (A) or wild type (YEF1681) and spa2A (JSY212) expressing Myo1CFP were

examined under DIC (left side) or fluorescence (right side) microscopy.
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that the localization co-dependence of Spa2 and Myo2 is specific and is not a general

property of yeast myosins.

Finally, we examined the localization of Spa2GFP in pan1-20 and yfr016c

mutants. Panlp is involved in organization of the actin cytoskeleton and in endocytosis.

It has recently been shown to interact with the Arp2/3 complex and activate actin

nucleation (Duncan et al., 2001). We observed that Spa2GFP localization was not

disrupted in pan1-20 cells (Wendland and Emr, 1998) after a five-minute shift to 37°C * - ,

(data not shown). Yfro016c is a protein of unknown function that has 22% similarity
-

over a segment of 108 amino acids residues to Uso 1p, a protein involved in ER-vesicle

transport. The null mutant is reported to be viable (Winzeler et al., 1999). We .
--

constructed the mutant strain and found that Yfro16p is not required for localization of -
Spa2GFP to sites of growth (data not shown). Furthermore, we found that yfr016 was not *

-

defective for bud site selection in an a haploid or in an a■ o diploid strains and was not º º
defective for shmoo morphology in the YEF473A background. sº

. 2.
I}

Genetic interaction of Spa2p with Myo1p

Previous studies suggested that loss of Myo1p function causes a partially

penetrant defect in cytokinesis and/or cell separation associated with aberrant septum

formation (Brown, 1997; Rodríguez-Medina et al., 1998; Watts et al., 1987). To examine

the relationship between Spa2p and Myo1p, we constructed a spa2 myo 1 double mutant

and assayed its growth and examined its morphology at different temperatures (Figures 2

8 and 2-9). At 25°C and 30°C, spa2 and myo1 strains are both viable and grow at a rate

similar to wild type. Although the spa2 myo1 strain grew at a rate indistinguishable from

wild type at 25°C, it exhibited a slow-growth phenotype at 30°C. At 37°C, the spa2 myo 1
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Figure 2-8. Synthetic lethality between spa2A and myo 1A.

Wild-type, myo1A, spa2A, and spa2A myo1A strains were grown on YEPD plates at 25,

3O, or 37°C. Plates were photographed after 3–4 days. At 30°C, only spa2A myo 1A

exhibits slow growth compared to wild type. At 37°C, myo1A exhibits a slow growth

phenotype compared to wild type and spa2A myo1A is not viable.
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Figure 2-9. spa2A exacerbates the cell separation defect of myo I.A.

(A) Log-phase wild-type, spa2A, myo1A, and spa2A myo 1A cells grown in YEPD

culture at 25°C were shifted to 30°C for 3.5 hrs and then examined under DIC

microscopy. (B) The percentage of cells displaying three or more cells connected

together was determined for each strain at 25°C, after shift to 30°C for 3.5 hrs, and after

shift to 37°C for 3.5 hrs (after mild sonication). The assay was done 3 times and at least

200 cells were scored for each strain. <1% of wild-type and spa2A cells exhibit a cell * - -

separation defect after 3.5 hrs at 30°C compared to 19% of myo1A cells and 78% of º * -º

spa2A myo 1A cells. This defect is enhanced in both myo1A and spa2A myo1A cells after

a shift to 37°C for 3.5 hrs.
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myo1A spa2A myol A

B % unseparated
25°C 30°C 37°C

WT ×1 <1 <1

spa2 <1 <1 <1

myol 8 19 41

spa2 myol 19 78 100
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strain was inviable, in contrast to myo1, which exhibited a slow-growth phenotype, and

spa2, which grew at a similar rate as wild-type cells.

The morphological characteristics of myo1 mutants include formation of attached

cells, abnormal distribution of cell wall chitin, and formation of an abnormally thickened

chitinous junction between mother and daughter cells (Bi et al., 1998; Hales et al., 1999;

Lippincott and Li, 1998; Rodriguez and Paterson, 1990). Under Nomarski optics, we

find that after shifting cells to the nonpermissive temperature for 3.5 hours, all spa2 myo 1

cells were in chains (n= 600; defined as three or more cell bodies connected together after

mild sonication). In contrast, 41% of myo.1 cells and <1% of spa2 cells were found in

chains after 3.5 hours of growth at 37°C (Figure 2-9).
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DISCUSSION

We have discovered new physical associations with Spa2p and validated some of

the interactions in vivo. Our results reveal associations between Spa2p and proteins

involved in actin function and cell polarity, providing new insight into the molecular

function of Spa2p in yeast cell polarity. The existence of a physical interaction between

Spa2p and Myo2p combined with their co-dependence for localization suggests that

Spa2p may be a cargo protein of Myo’p. In addition, a genetic interaction between

Spa2p and Myolp suggests an additional role for Spa2p in cytokinesis and cell wall

morphogenesis.
**

Spa2p interacts with proteins known to be involved in cell polarity and actin
* * * *

function -

Using a co-immunoprecipitation strategy coupled with tandem mass spectrometry

analysis, we have identified Myo1p, Myo2p, Panlp, and Yfro16p as proteins that interact

with Spa2p. We have further confirmed the interaction between Spa2p and Myo2p by

co-immunoprecipitation of Myo2p with Spa2-HA. Although we do not know if the

interaction between Spa2p and Myo2p is direct, we believe it is functionally significant

based on actin co-sedimentation assays and localization dependence studies.

Myo2p has recently been shown to associate with actin in an ATP-sensitive

manner (Reck-Peterson et al., 2001). We show that Spa2p and its binding partner, Peazp,

exhibits the same property, most likely via the interaction between Spa2p and Myo.2p.

We expected that the Spa2-actin association would be disrupted by the myo2-66
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mutation. However, our results can neither confirm nor disprove this prediction since it

is apparent that the myo2-66 mutant retained some function, which may have been

adequate to bind Spa2p. Alternatively, the fraction of Spa2p associating with actin in the

myo2-66 mutant may be a consequence of its interaction with Myo1p. In any case,

Spa2p, Pea?p, and Myo2p likely form a complex that associates with actin in an ATP

sensitive manner to mediate cell polarity and/or actin function. The observation that

Spa2p is present in some cell fractions without Peazp indicates that Spa2p and Peazp are

not obligate heteromultimers.

Spa2p depends on Myo2p for localization

In further support of a functionally significant relationship between Spa2p and

Myo2p, we have found that proper localization of Spa2p to sites of growth depends on

functional Myo2p motor and tail domains. We observed that depolarization of Spa2GFP

occurs within five minutes at 37°C in the temperature-sensitive myo2-66 mutant.

Depolarization of Sec4p, the vesicle-associated Rab protein, as well as Myo2-66p has

previously been shown to occur at the nonpermissive temperature within five minutes,

whereas actin organization remains generally polarized in the myo.2-66 mutant (Schott et

al., 1999). These observations suggest that the Myo2p motor domain may be directly

responsible for targeting Spa2p, as well as secretory vesicles, and Myo2p itself to sites of

growth.

Our observation that polarized localization of Spa2GFP is also affected in the

myo2-16 strain in the same time frame suggests that proper localization of Spa2p may be

dependent on an interaction between Spa2p and the region of the Myo2p tail that is

required for the essential function carried out by Myo2p. This hypothesis is supported by

:
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our observation that polarized Spa2GFP distribution is not disrupted in the tail domain

mutant myo2-2, which causes defects in vacuolar inheritance but does not affect the

Myo2 essential function (Catlett and Weisman, 1998).

Possible functional role of the Myo2p-Spa2p interaction

A previous study demonstrated that myo2-16 cells incubated at the nonpermissive

temperature for five minutes exhibit polarized actin organization and Myo2-16p

localization but depolarized Sec4p distribution (Schott et al., 1999). How do we interpret

our Spa2GFP localization results in the context of these observations? One possible

model for Spa2p function is that Spa2p, either directly or as part of a multi-protein

complex, functions as a bridge between secretory vesicles and the Myo2p tail as Myo2p

transports its cargo along actin cables. Alternatively, Spa2p may be transported to

polarized sites via an interaction with Myo2p-associated secretory vesicles. We favor the

first possibility since Budóp has previously been shown to associate with post-Golgi

vesicles (Jin and Amberg, 2000). It is, therefore, possible that the complex of Spa2p

Pea2p-Budóp mediates the interaction between secretory vesicles and Myo2p (Figure 2

10).

A connection between Spa2p and late secretory vesicles is conceivable and is

supported by the recent observation that spa2 cells exhibit diffuse localization of Sec4p at

the bud tip during apical growth and at the division site during repolarization just prior to

cytokinesis (Sheu et al., 2000). In added support, failure to concentrate Sec4p at

polarized sites is also observed in mutants defective for the other polarity proteins, Peazp,

Bud■ p/Aip3p, and Bnilp (Sheu et al., 2000), which have also been previously shown to

physically interact with Spa2p (Fujiwara et al., 1998; Sheu et al., 1998). Furthermore,
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Figure 2-10. Possible mechanism for the polarized localization of Spa2p, its binding

partners, and secretory vesicles.

A model in which Myo2p transports Spa2p, its binding partners, and secretory vesicles

along actin cables to sites of polarized growth. Spa2p may serve a second function as a

docking site for Myo2p localization and cargo targeting.
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cell-surface expansion in all of these mutants is not confined to the distal tip of the bud

(Sheu et al., 2000).

The observation that Myo2p partially depends on Spa2p for polarized localization

suggests that Spa2p may also have a role in regulating efficient Myo2p targeting and/or

maintenance at sites of growth. If we suppose that Myo2p localization represents a

balance between rapid translocation of Myo2p along actin cables to growth sites and

slower release or diffusion from these sites, it is conceivable that Spa2p could have a role * *

in either or both of these processes. The observation that Sec4p is diffusely localized at

polarized sites in spa2 cells is consistent with either possibility (Sheu et al., 2000). º

Possible roles of Spa2p in mating

Ultrastructural characterization of prezygotes that are formed by mutants ~

defective in cell fusion supports the hypothesis that vesicles play an important role in cell º

fusion. In prezygotes formed by mating of spa2 mutants, vesicles are present at the zone -
:

-

of cell fusion but are not properly clustered and aligned (Gammie et al., 1998). Our º
discovery of a Spa2p-Myo2p-actin interaction, combined with our observation that

Spa2GFP is depolarized from shmoo tips of both myo2-66 and myo2-16 cells (data not

shown), supports a role for Spa2p in vesicle targeting and maintenance at the fusion zone.

An additional role for Spa2p in mating may involve localization of signaling

components to the fusion site via its interaction with Myo2p. Given the interactions

between Spa2p and the signaling proteins, Ste7p, Ste 11p, Mkklp, and Mkk2p (Sheu et

al., 1998), it is possible that a linkage between Spa2p and Myo2p could provide the

targeting mechanism required for spatial regulation of the mating and cell integrity

signaling pathways required during yeast mating. In added support, Sheu et al. (1998)

73



observe that deletion of the MEK-interacting region of Spa2p results in decreased mating

efficiency and defects in proper mating projection formation. Precedent for a model in

which signaling components are localized by Spa2p via its interaction with Myo2p comes

from a recent study which suggests that signaling complexes associated with transport

vesicles are transported along microtubules to their cellular sites of action by kinesin-I

via interaction with a scaffold protein (Verhey et al., 2001).

Spa2p involvement in cytokinesis, cell separation, and cell wall morphogenesis

Previous observations indicate that Spa2p may have a role in cytokinesis and cell

wall morphogenesis. First, Spa2p localizes to the mother-bud neck prior to cytokinesis

(Arkowitz and Lowe, 1997; Snyder, 1989; Snyder et al., 1991). Second, a spa2-7 mutant,

was observed to exhibit a mild defect in cell separation (Snyder, 1989; Snyder et al.,

1991). Third, Spa2p has genetic interactions with proteins known to be involved in

cytokinesis or cell wall morphogenesis, including Cdc10p, and Chs5p. CDC10 encodes a

conserved potential GTP-binding protein that localizes to the bud neck and is involved in

cytokinesis (reviewed in (Longtine et al., 1996)); cacI0-10 strains require Spa2p for

growth (Flescher et al., 1993). CHS5 encodes a regulatory subunit for Chitin Synthase

III, which is responsible for chitin synthesis and deposition in both budding and mating

cells; the spa2 chs5 double null mutant exhibits a severe growth defect at 37° (Santos and

Snyder, 2000). We discovered a synthetic lethal genetic interaction between spa2 and

myo1 at 37°C and observed that the myo1 cell separation defect at nonpermissive

temperature is enhanced in the myo.1 spa2 strain. These observations provide a further

indication that Spa2p is involved in cytokinesis and cell wall morphogenesis.
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CHAPTER III

GENETIC ANALYSIS OF POLARITY-DETERMINING PROTEINS Spa2p, Peazp,

Budóp/Aip3p, AND Bnilp IN SACCHAROMYCES CEREVISIAE
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ABSTRACT

Recent studies have led to the proposal that a group of cell-polarity determinants, Spa2p,

Peazp, Budó/Aip3p, and Bnilp, functions together to generate the bipolar budding

pattern during vegetative growth and proper polarization and cell morphology during

mating (Sheu et al., 2000; Sheu et al., 1998; Valtz and Herskowitz, 1996; Zahner et al.,

1996). Spa2p, PeaZp, Budóp, and Bnilp share many features which suggest that they

function together to generate cell polarity in yeast. First, all of these proteins localize to

sites of polarized growth throughout the cell cycle in budding cells and in mating cells.

Second, spa2, peaz, budo/aip.3, and bmil mutants display similar polarity-related

phenotypes, suggesting that they are all involved in the same biological processes.

Furthermore, members of this group of proteins have been previously shown to associate

with one another. Two-hybrid studies suggest that Budóp interacts with Bnilp

(Evangelista et al., 1997) and Spa2p interacts with Bud6p and Peazp; co

immunoprecipitation studies indicate that Spa2p associates with Peazp (Sheu et al., 1998)

and Bnilp (Fujiwara et al., 1998); and velocity sedimentation studies suggest that Spa2p,

Peazp, and Budóp form a multi-protein complex (Sheu et al., 1998). We have carried out

genetic studies to gain insight into the functional relationships among these proteins in

yeast cell polarity. Our studies reveal that although these proteins appear to function

together in the same processes, distinctions can be made among them with respect to the

behavior of mutants, which exhibit some differences in growth rate, shmoo morphology,

mating efficiency and localization dependence. Further analysis of double mutant and

triple mutant combinations indicates that some of these genes may perform redundant

functions.
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INTRODUCTION

Cellular polarization is an essential feature of the eukaryotic cell and is

fundamentally important for many cellular processes including cell differentiation,

neurite outgrowth, directional cell migration, phagocytosis, and asymmetric cell division.

Essentially all cells respond to intrinsic and/or extrinsic signals to direct polarized cell

growth. Since many of the components important for cell polarity are conserved in other

organisms, the basic mechanisms mediating polarized cell growth are likely to be

conserved among eukaryotes.

Cells of the yeast Saccharomyces cerevisiae depend on their ability to polarize

cell growth in order to divide and to mate. During budding, yeast cells polarize toward

an intracellular signal. During mating, cells polarize toward an extracellular signal. In

both processes, the cytoskeleton, the secretory apparatus, and numerous other proteins

and organelles are organized in the direction of the signal and facilitate localized plasma

membrane growth, which is required for formation of a bud and a mating projection.

A group of proteins comprised of Spa2p, Pea?p, Budóp, and Bnilp appears to act

together to generate cell polarity during yeast budding. Spa2p, Peazp, and Budóp are all

non-essential proteins with no obvious functional domains except for regions of potential

coiled-coil (Amberg et al., 1997; Snyder, 1989; Valtz and Herskowitz, 1996). Bnilp is a

member of the formin family of proteins, which participates in cytokinesis, the

establishment of cell polarity, and vertebrate limb formation (Imamura et al., 1997;

Kohno et al., 1996). Bnilp and related proteins contain two domains named FH1 and

º

º
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FH2 (Formin Homology). The FH1 domain consists of several proline-rich sequences

which have been shown to bind to the SH3 domain (Src Homology 3) (Ren et al., 1993)

and profilin, an actin binding protein (Tanaka and Shibata, 1985).

Many of the components that influence cell polarity in yeast are localized to sites

of polarized growth. The cell polarity determinants, Spa2p, Pea'p, Budóp, and Bnilp,

also localize to sites of growth in both vegetative and mating cells. All of the proteins in

this group localize in an identical pattern throughout the cell cycle and during mating.

During budding, these proteins appear at the presumptive bud site prior to bud

emergence, remain at the tips of the small bud, and form a ring (or pair of rings) at the

mother-bud neck prior to cytokinesis. During mating, these proteins localize to the tips

of mating projections (Arkowitz and Lowe, 1997; Gehrung and Snyder, 1990; Snyder,

1989) (Amberg et al., 1997; Evangelista et al., 1997; Longtine et al., 1996; Valtz and

Herskowitz, 1996).

Previous studies show that mutants defective for Spa2p, Peazp, Budóp, or Bnilp

exhibit similar polarity-related defects. The most prominent defects include an a■ o.

diploid-specific bud site selection defect in vegetatively growing cells and an altered

morphology in response to mating pheromone in mating cells. Wild-type cells divide in

two precise spatial patterns (Chant and Pringle, 1995). Diploid a■ o cells divide using the

bipolar budding pattern, in which new buds are formed either near the previous bud site

or at the opposite end of the cell. Haploid a or O. cells divide by the axial budding pattern

and form new buds adjacent to the previous site of cytokinesis. By contrast, spa2, peaz,

budo, and bmil cells display an a■ o diploid-specific bud site selection defect, in which

diploid a■ o homozygous mutant cells bud in a random pattern while haploid a or 0.

** *
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mutant cells are unaffected and bud in an axial pattern (Evangelista et al., 1997; Snyder,

1989; Valtz and Herskowitz, 1996; Zahner et al., 1996). Mutants defective for Spa2p,

Peazp, and Bnilp have also been shown to exhibit altered morphology in response to

mating pheromone. In the presence of mating pheromone, wild-type cells form a pointed

mating projection, which results in a pear-shaped cell termed a shmoo. Spa2 and peaz

cells instead form broad mating projections, resulting in peanut-shaped cells (Chenevert

et al., 1994). In contrast, bnil cells have been previously described as unable to shmoo,

instead forming enlarged, round, unpolarized cells in the presence of mating pheromone

(Evangelista et al., 1997). Other notable polarity-related phenotypes include inefficient

mating to an enfeebled mating partner by spa2 and peaz mutants (Chenevert et al., 1994),

defects in cell fusion during mating by spa2, peaz and bmil mutants (Dorer et al., 1997;

Gammie et al., 1998), and defects in cytokinesis and septation by spa2 and budo mutants

(Amberg et al., 1997; Snyder et al., 1991).

In addition to sharing similar localization patterns and polarity-related mutant

defects, members of this group of proteins have also been previously shown to associate

with each other. Both co-immunoprecipitation studies and two-hybrid assays have

demonstrated that Spa2p interacts with Pea?p (Sheu et al., 1998) and Bnilp (Fujiwara et

al., 1998). In addition, Spa2p interacts with Budóp by two-hybrid assay, and Spa2p,

Peazp, and Budóp co-sediment in sucrose gradients as a 12S complex (Sheu et al., 1998).

Finally, Budóp has also been shown to interact with Bnilp by two-hybrid assay

(Evangelista et al., 1997).

We used a genetic approach to gain insight into the functional relationships of the

polarity-determining proteins, Spa2p, Peazp, Budóp/Aip3p, and Bnilp, in yeast cell
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polarity. Although these proteins appear to act together to generate cell polarity during

yeast budding and mating, our investigations reveal that distinctions can be made among

them. In response to mating pheromone, mutants defective for Bnilp and Budóp exhibit

altered shmoo morphologies that are distinct from the peanut-shaped shmoos observed in

spa2 and peaz cells. bmil mutants form broad-shaped shmoos that are reminiscent of but

not identical to the peanut shmoos of spa2 and peaz cells; and budo cells form elongated

mating projections that are distinctly different from those of the other mutant shmoos. '' - , ºr

Each of the mutants also exhibited varying defects in mating efficiency when mated with º

an enfeebled partner. Analysis of the double mutant and triple mutant combinations

indicates that some of these genes may exist in redundant genetic pathways.
* * * *

* * ~ *
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MATERIALS AND METHODS

Strains, Media, and Genetic Methods

Yeast strains isogenic to YEF473A and are described in Appendix 1. Mutant

strains have complete gene deletions. Yeast growth conditions and genetic manipulations

were used as described (Rose et al., 1990). Cells were grown at 30°C in rich (YEPD)

medium unless otherwise noted.

Quantitative mating assays and shmoo formation

Equal numbers of log phase a or O. cells (6 x 10") cells were mixed and then

filtered onto 0.45 pm nitrocellulose filters (Millipore Corp., Bedford, MA). The filters

were placed on YEPD plates and incubated for 5 hr at 30°C. Cells were resuspended in 5

ml SD by vigorous vortexing followed by mild sonication. Dilutions were plated on

YEPD (to determine the sum of non-mating haploid cells and diploid cells) to determine

the total number of haploid cells in the mating mix and on SD minimal plates (selection

for diploid cell growth) to determine the number of haploid cells that successfully mated.

Mating efficiency (% mated haploids) was calculated as the ratio of haploid cells that

successfully mate to the total number of haploid cells in the mating mix [% mated

haploids = 2 x SD/(YEPD + SD) x 100]. Each experiment was carried out in triplicate at

least twice.

Shmoo morphology was determined by the addition of 10°M alpha-factor to 3 ml

log phase cultures. Cultures were grown at 30°C, and aliquots were removed at 0, 2, 4, or
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6 hr after alpha-factor addition. Cells were briefly sonicated and viewed by differential

interference contrast (DIC) microscopy on a Zeiss axioscope.

Immunofluorescence

Immunofluorescence techniques were essentially as described (Pringle et al.,

1989). Early log phase cells or shmoo cells were fixed with formaldehyde for 1 hr.

Spheroplasted cells were attached to polylysine-coated slides and further permeabilized

with 0.2% SDS for 5 min. Cells were blocked in 1% bovine serum albumin (BSA) for 1

hr, incubated with anti-Peazp antibodies (1:80 dilution) or anti-Spa2p antibodies

(generous gift of M. Snyder, 1:400 dilution) for 2 hr, and finally incubated with Cy3

conjugated secondary anti-rabbit antibodies (1:100, Sigma, St. Louis, MO) for 1 hr. Cells

were observed on an Olympus BX60 microscope with a 100X Uplan/Apo objective and

photographed using TMAX 400 film.

* * *.
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RESULTS

Multiple mutant strains exhibit synthetic growth defects

We constructed an isogenic set of strains consisting of single mutant deletions of

each gene in the group, all double mutant deletion combinations, all triple mutant

deletion combinations, and the quadruple deletion mutant, spa2 peaz budó bril. These

strains were tested for their ability to grow at 30°C and at 37°C on YEPD plates to

identify potential synthetic growth defects. Mutants defective for each of the cell

polarity-determining proteins are viable and exhibit polarity-related defects, suggesting

that they may share redundant functions. A synthetic growth phenotype resulting from

combinations of deletion mutations may reveal parallel genetic pathways for generating

polarity required for cell division.

We found that while most strains grew as well as wild-type strains at 30°C,

several double-mutant and triple-mutant combinations grew considerably less well at

37°C. Table 3-1 summarizes the growth phenotypes of all strains tested at 30°C and

37°C. Figure 3-1 shows representative strains grown at 30°C and at 37°C to illustrate

how the growth phenotypes were scored. Of the double-mutant combinations, pea2 budo

was the least affected and grew as well as wild type at 37°C. spa2 peaz and peaz bril

strains exhibited a mild growth phenotype at 37°C, while spa2 budo, spa2bnil and budo

bnil strains exhibited a synthetic growth defect at 37°C. The quadruple-mutant strain,

spa2 peaz budo bnil, formed colonies of heterogeneous sizes and grew slower than wild

type at 30°C. At 37°C, the quadruple mutant strain exhibited a severe growth defect.

.
--
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Table 3-1

Growth Rates of spa2A, peazA, budo A, and bmil A Mutants

Independently and in Combination

Strain

WT

spa2
peaz
budo
bnil

peaz budo
peaz bril
Spa2 peaz
spa2 budo
spa2bnil
budo bril

spa2 peaz bril
spa2 pea? budo
spa2 budo bnil
peaz budo bnil

spa2 peaz budo bnil

30°C

++++

++++

++++

++++

++++

++++

++++

++++

++++

++++

++++

++++

++++

+++

+++

++

Growth

37°C

++++

++++

++++

+++

+++

++++

+++

+++

++

++

+/-

+++

+++

+/-
+/-
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Each strain was streaked onto YEPD plates and grown for 2-3 days at 30°C or 37°C.

++++, growth indistinguishable from wild type; +/-, slowest growth and greatest heterogeneity of

colony size (see Figure 3-1). Strains carrying both bud■ A and bmil A exhibited the greatest

growth defects at 37°C.

Strains tested were: WT (IH3425), bud■ (IH3427), peaz (JSY5), spa2 (JSY120),

bni 1 (IH3444), spa2 peaz (JSY 121), peaz budo (JSY108), peaz bril (JSY42), spa2 budo

(JSY114), spa2bni 1 (JSY104), budo bni 1 (JSY50), spa2 pea2bni 1 (JSY138), spa2 peaz

budó (JSY122), pea’ budo bnil (JSY112), spa2 bud■ bnil (JSY118), spa2 peaz budo

ani 1 (JSY145).
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Figure 3-1. Multiple mutant strains exhibit synthetic growth defects at 30°C and

37°C.

Each strain was grown on YEPD at 30°C (A) or at 37°C (B) for 2-3 days. Representative

strains are shown to illustrate how growth rate was scored. ++++, growth similar to wild

type; +/-, severe growth defect. Strains tested were: WT (IH3425), spa2 (JSY120), budó

(IH3427), budo bnil (JSY50), spa2 budo (JSY114), spa2bni 1 (JSY104), spa2 peaz bril

(JSY138), spa2 peaz budo (JSY122), spa2 budo bnil (JSY118), peaz budo bril

(JSY112), spa2 peaz budo bni 1 (JSY145).
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spa2 peaz
budé brmi I

budo bril
++++

Spa2
budo bni I

+++ *

º:

º
spa2bnil D

++++ -

++++ spa2

spa2 bud■ ++++

spa2 peaz
WT bud■ brmil

++++ ++
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budé brail

+/-spa2 peaz
budó brmil

peaz
budo bnil

spa2
budo bnil

+/-

spa2
peaz bril

+++ spa2
peaz bud■

+++

spa2 peaz
bud■ bni I

+/-
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Interestingly, all strains that contained both the budo and bmil deletions showed the

greatest defect in growth at 37°C.

bnil and budo mutants exhibit altered shmoo morphology

In the presence of mating pheromone, wild-type cells formed a pointed mating

projection, which resulted in a pear-shaped cell termed a shmoo. Previous studies report

that spa2 and peaz cells form broad mating projections, resulting in peanut-shaped

shmoos (Chenevert et al., 1994). We found that in the YEF473 strain background, bnil

cells also formed peanut-shaped shmoos, whereas budo cells formed shmoos with

elongated projections (Figure 3-2). Although bnil cells formed peanut-shaped shmoos,

the morphology defect was not identical to that of spa2 and peaz. After two hours of

exposure to pheromone, spa2 and peaz cells formed enlarged shmoos with broad tips and

broad necks compared to wild-type cells. In contrast, bnil cells exposed to pheromone

for the same period of time exhibited less broad projection tips and tighter shmoo necks

compared to spa2 and peaz shmoos (Figure 3-2). bnil cells have been previously

described as unable to shmoo, instead forming enlarged, round, unpolarized cells in the

presence of mating pheromone (Evangelista et al., 1997). This difference in phenotype

may be due to the differences in strain background or in experimental conditions. After

two hours of exposure to pheromone, budo cells form shmoos with slightly broadened

mating projections and slightly broadened shmoo necks compared to wild-type cells.

After four hours of pheromone exposure, wild-type cells abandon growth at the original

shmoo tip and initiate a second tip at another site on the cell surface (Figure 3-2).

However, after four hours of pheromone incubation, budé Shmoos continued to grow at

the original projection, resulting in an elongated shmoo tip. The altered shmoo
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Figure 3-2. budo A and bmil A exhibit altered shmoo morphology.

a cells of WT (JSY12), spa2 (JSY26), peaz (JSY6), budé (JSY7), and bmil (JSY11)

strains were treated with O. factor for 2 or 4 hours. All strains are mutant for barl.
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morphology seen in budé and bmil cells exposed to mating pheromone supports a role for

these proteins in cell morphogenesis during mating.

bnil and budo exhibit defects in mating efficiency to an enfeebled partner

SPA2 and PEA2 were identified in a screen designed to identify genes involved in

pheromone-induced cell polarization (Chenevert et al., 1994). The rationale for the

mutant isolation was based on the prediction that a mutant defective in pheromone

induced polarization may show little or no defect when mating to a wild-type partner, but

a dramatic defect when mating to an enfeebled mutant partner defective in the same

function. Given our observations indicating that Budóp and Bnilp may be involved in

cell morphogenesis during mating (discussed above) and that they are members of a

group of cell polarity-determining proteins in yeast, we wondered if mutants defective for

Budóp and Bnilp exhibited similar mating efficiency defects as those observed in spa2

and peaz mutants. Thus, we tested budo and bmil mutants for their abilities to mate to

the enfeebled mating partner, farl-c, using a quantitative mating assay.

Yeast strains carrying the farl-c mutation respond to pheromone and arrest well,

but have a mating defect, either due to an inability to orient towards a mating partner (F.

Chang, thesis) or due to its mating cell fusion defect (J. Philips, thesis), or both. We

mixed equal number of cells of each mutant strain and the enfeebled mating partner, far 1

c, and quantified the mating ability by determining the proportion of haploid cells that

successfully mated with respect to the total number of haploid cells present in the mating

mix.

Compared to wild-type cells mating to the same enfeebled partner, farl-c, we

found that budo mutants exhibited a mild mating defect similar to that observed in peaz
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mutants, and that briil mutants exhibited a strong mating defect similar to that observed

in spa2 mutants (Table 3-2). To compare the relative mating defects, we normalized the

mating efficiencies of all strains tested to that of wild type. We found that budo mated to

farl-c with an efficiency of 57% of the wild type mating efficiency, which is slightly

better than the mating efficiency observed for peaz (47% of wild type). In contrast, the

bnil mutant exhibited a strong mating defect, mating to farl-c with an efficiency of 18%

of wild type. This is comparable to the mating efficiency observed for spa2, which

mated with an efficiency of 20% of wild type (Table3-2).

Multiple mutant strains exhibit synergistic mating defects

To understand the formal relationships among SPA2, PEA2, BUD6, and BNII, we

constructed double mutant and triple mutant combinations and tested their ability to mate

to farl-c. Results are summarized in Table 3-2. We found that spa2 peaz mated to farl

c at an efficiency of 23% of wild type, which is approximately the same mating

efficiency as observed for spa2 (20% of wild type). Similarly, pea2bnil mated to farl-c

with an efficiency of 16% of wild type, which is approximately the same level of mating

observed by the bnil mutant (18% of wild type). These results suggest that SPA2 and

PEA2 function in the same pathway and that BNI1 and PEA2 function in the same

pathway, both of which lead to efficient mating. To determine if SPA2 and BNII

function in the same pathway with PEA2, we tested the mating efficiency of the spa2

bnil double mutant. We were surprised to find that spa2bni 1 exhibited a synergistic

mating defect (7% of wild type mating) compared to the defects of the single mutants

alone. This finding suggests that SPA2 and BNII may function in two different

pathways, both of which are required for efficient mating, and that PEA2 is involved in

ºr a --
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Table 3–2

Quantitative Mating Efficiencies of spa2A, peazA, budo A, and bmil A

Mutants Independently and in Combination

Normalized Predicted

%Mating Mating Mating
MATa strain (N) Efficiency Efficiency Efficiency

WT 9 32.0 + 11.9 1.0
budo 5 15.6 + 7.5 .57 -- . 13
peaz 4 11.3 + 4.4 .41 + .07
Spa2 6 6.9 + 3.9 .20 + .06
bni I 8 4.3 + 2.6 .18 + .07

Spa2 peaz 3 7.7 ± 2.3 .23 + .05 .082 + .039
peaz budo 3 5.6 + 2.2 .18 + .03 .234 + .093
peaz bril 4 4.6 + 2.7 .16 + .04 .074 + .041
spa2 budo 6 6.8 + 1.3 .12 + .05 .114 + .06
spa2 bnil 3 6.2 + 3.1 .07 -- .05 .036 + .025
budo bnil 3 2.2 + 2.3 .06 + .04 .103 + .063

spa2 peaz bril 3 7.1 + 2.9 .16 + .07 .015 + .025
spa2 pea? budo 5 4.1 + 1.9 .11 + .04 .047 it .058
peaz budo bni 1 3 1.6 + 0.3 .04 + .01 .042 + .044
spa2 budo bnil 3 0.4 + 0.2 .01 + .003 .021 +.038

spa2 peaz budo bril ND ND

Quantitative mating assays were performed by mating each mutant a strain with O.

farl-c (IH2625). Mating efficiencies were calculated as described in Materials and
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both pathways. Spa2 budo, peaz budo, and budo bnil strains exhibited synergistic mating

defects (12%, 18%, and 6% of wild type, respectively) compared to the defects observed

in the single mutants alone. These data suggest that BUD6 may function in a third

pathway, distinct from the SPA2 and BNI1 pathways, required for efficient mating in

yeast. Our results for the mating efficiencies observed in the triple mutant combinations

are also consistent with a model in which three separate pathways that lead to efficient

mating in yeast.
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Spa2p and Budép are localized to polarized sites by independent mechanisms

Spa2p, Peazp, Budóp, and Bnilp localize in an identical pattern to sites of growth

in both vegetative and mating cells. During budding, these proteins appear at the

presumptive bud site prior to bud emergence, remain at the tips of the small bud, and

form a ring (or pair of rings) at the mother-bud neck prior to cytokinesis. During mating,

these proteins localize to the tips of mating projections (Amberg et al., 1997; Arkowitz

and Lowe, 1997; Evangelista et al., 1997; Gehrung and Snyder, 1990; Longtine et al.,

1996; Snyder, 1989; Valtz and Herskowitz, 1996). Furthermore, Spa2p, Peazp, Budóp,

and Bnilp have been previously shown to associate with each other by two-hybrid assay º

and co-immunoprecipitation (Evangelista et al., 1997; Fujiwara et al., 1998; Sheu et al., ****

1998), and at least some of these proteins exhibit interdependent localization. In budding

º º =cells, Peazp is not localized in spa2 mutants, and Spa2p is transiently localized in peaz

mutants (our observations and (Valtz and Herskowitz, 1996) (Sheu et al., 1998)); Bnilp

is not localized in spa2 mutants (Fujiwara et al., 1998); and Budóp and Bnilp are

independent of each other for localization (Jin and Amberg, 2000).

To further understand the functional relationships between these proteins, we

examined the localization dependence of Spa2p, Peazp, Budóp, and Bnilp on each other

in budding and mating cells. A summary of our results and related published

observations is shown in Tables 3-3 and 3-4. The fact that PeaZp and Bnilp depend on

Spa2p for their localization in budding cells (Valtz and Herskowitz, 1996) (Fujiwara et

al., 1998) suggests that Spa2p may be involved in localizing these proteins to sites of

polarized growth. We therefore were interested in whether Spa2p depended on either of

these proteins for its localization. It was reported previously that Spa2p did not localize

96



Table 3–3

Summary of Spa2p, Pea?p, Budóp, and Bnilp Localization Dependence

in Budding Cells

Polarized Localization

Spa2p Peazp Budóp Bnilp

WT + + + + º

spa2
- _1 + _2 º

peaz +/-
- + ND ..

budo + - -
+3 º

bnil +!
- + -

.
}

Spa2p and Peazp localization was assayed by immunofluoresence using anti-Spa2p

antibody and anti-Peazp antibody. Budóp localization was assayed by visualizing Budó

GFP. Strains assayed were: WT (IH3425), spa2 (JSY120), peaz (JSY5), budé (IH3427),

bnil (IH3444). Data shown in black were obtained in this study; data shown in red were

'Valtz et al., 1996
* Fujiwara et al., 1998
*Jin et al., 2000
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previously shown. + indicates proper localization to sites of growth, - indicates no

localization, and +/- indicates weak or transient localization.
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Table 3-4

Summary of Spa2p, Peazp, Budóp, and Bnilp Localization Dependence

in Mating Cells

Polarized Localization

Spa2p Pea?p

WT + +

spa2
- -

peaZ
- -

budo + +

bnil + -

Spa2p and Peazp localization in mating cells was assayed by immunofluoresence using

anti-Spa2p antibody and anti-Peazp antibody. Log-phase cells were treated with alpha

factor for 2.5 hr to induce shmoo formation. Strains assayed were: WT (JSY12), spa2

(JSY26), peaz (JSY6), bud■ (JSY7), and bmil (JSY11) strains. + indicates proper

localization to sites of growth; - indicates no localization.
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in peaz mutants (Valtz and Herskowitz, 1996). However, in our studies, we observed

that Spa2p localized to the presumptive bud site and to the tips of small buds, albeit

inefficiently (Figure 3-3). We also found that Spa2p localization to sites of growth did

not depend on Bnilp. Taken together, these results support a model in which Spa2p is

involved in the localization of Peazp and Bnilp. By contrast, we observed that proper

Budóp localization is independent of Spa2p (data not shown) and that proper localization

of Spa2p is independent of Budóp for its localization (Figure 3–3). These observations º

suggest that Spa2p and Budóp are delivered to the cell surface by independent

mechanisms, which is notable because Spa2p and Budóp interact with each other and are

involved in the same process. Finally, we observed that proper localization of Peazp was a

dependent on Budóp and Bnilp (Table 3-3), in addition to being dependent on Spa2p :

(Valtz and Herskowitz, 1996). Interestingly, we found that the relationships between
these proteins with respect to Spa2p and Pea2p localization dependence were not

conserved in mating cells. In mating cells, Spa2p localization to shmoo tips depended on
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Figure 3-3. Spa2p does not depend on Budóp for localization in budding and

mating cells

Spa2p localization was assayed by immunofluorescence using anti-Spa2p antibody in

budding and mating cells. Budding cells of WT (IH3425), peaz (JSY5), and budo

(IH3427) strains were assayed (left side). Log-phase cells of WT (JSY12), pea2 (JSY6),

and budo (JSY7) strains were treated with alpha-factor for 2.5 hours to induce shmoo

formation (right side) and then assayed.
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Peazp but not on Budóp (Figure 3-3) or Bni 1p (data not shown), and Peazp localization

to shmoo tips depended on Spa2p and Bnilp but not on Budóp (Table 3-4).
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DISCUSSION

The work presented here represents a genetic study of the functional relationships

between Spa2p, Peazp, Budóp, and Bnilp. These proteins comprise a group of polarity

determinants in yeast and share many features that indicate that they function as a group

to mediate the development of cell polarity in yeast budding and mating. We undertook a

genetic approach to examine the functional relationships between these proteins in

regulating yeast cell polarity. Our studies revealed that although these proteins function

in the same process and appear to act together as a group, each protein is unique in its

contribution to polarity development in yeast.

BUD6 and BNII may exist in parallel genetic pathways that are required for cell

polarity development during budding

Analysis of the multiple mutants revealed synthetic growth defects in several

double-mutant and triple-mutant combinations at 37°C. Of the six double-mutant strains

assayed, budo bnil exhibited the greatest growth defect at 37°C, suggesting their

involvement in parallel pathways leading to polarity during vegetative growth.

Consistent with this hypothesis is the observation that spa2 budo bnil and peaz bud■

bnil exhibited equally poor growth at 37°C as budó bril whereas spa2 pea2bnil and

spa2 peaz budo exhibited only a mild growth defect under the same conditions. To

further understand the roles of the Spa2, Peaz, Budó, and Bni 1 proteins in cell division,

microscopic analysis of the multiple mutants growing at nonpermissive temperatures is

required.
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BUD6 and BNII function in pheromone-induced cell morphogenesis

Spa2p and Peazp have previously been shown to be involved in cell

morphogenesis during mating by virtue of their mutant phenotype: peanut-shaped shmoo

cells (Valtz and Herskowitz, 1996). We discovered that Budóp and Bnilp are also

important for shmoo morphogenesis in yeast mating. When treated with mating

pheromone, budé mutants exhibited elongated mating projections, and bmil mutants

exhibited broad-shaped mating projections (reminiscent of peanut shmoos). The fact that

the mutant phenotypes of budo and bmil are not identical to that of spa2 and peaz

suggests that Budóp and Bnilp may have different specific functions from that of Spa2p

and Peazp in mating cell morphogenesis. Further analysis of the shmoo morphology of

the double mutants, particularly double mutants with budo, might give insight into the

epistatic relationships of these proteins in shmoo formation.

Efficient mating in yeast requires BUD6 and BNII

SPA2 and PEA2 were identified in a screen for genes involved in pheromone

induced cell polarization and shown to be important for efficient mating (Chenevert et al.,

1994). We discovered that budo and bmil mutants also exhibited similar defects in

mating efficiency to farl-c mutants. Our analysis of the double mutants, triple mutants,

and the quadruple mutant further revealed that some of the mutant combinations

exhibited synergistic mating defects (Table 3-2). Altogether, these observations suggest

that Spa2p, Budóp, and Bnilp function in three distinct pathways that are important for

efficient mating (Figure 3-4). The mating efficiency observed in the spa2 peaz and peaz

bnil double mutants suggest that Pea?p likely functions in both the Spa2p and Bnilp

pathways.

- -

* * *

***

};}º

-!
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Figure 3-4. Formal relationships of SPA2, PEA2, BUD6, and BNI1 with respect to

mating in yeast.

SPA2, BNI1, and BUD6 function in distinct pathways, X, Y, and Z, all of which lead to

efficient mating in yeast. PEA2 functions in both the SPA2 and BNI1 pathways.

an
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Spa2p and Budóp are localized to polarized sites by independent mechanisms

Spa2p, Peazp, Budóp, and Bnilp localize in an identical pattern to sites of

polarized growth throughout the cell cycle and during mating. All of these proteins are

localized early in polarity development, as they are seen as a patch at the presumptive

bud site before a bud is formed. The observations that Peazp and Bnilp depend on

Spa2p for their proper localization (Fujiwara et al., 1998; Valtz and Herskowitz, 1996)

suggest that Spa2p is likely to be one of the first proteins to localize to the presumptive

bud site. Further support for this hypothesis is that Spa2p does not depend on Peazp,

Budóp, or Bnilp for proper localization (our observations and Fujiwara et al., 1998).

The findings that Spa2p associates with Myo2p and depends on Myo2p for proper

maintenance at sites of growth suggest that Spa2p is transported to sites of growth as a

cargo protein of Myo2p (Chapter II). This model also suggests a mechanism for proper

localization of PeaZp and Bnilp via their interactions with Spa2p.

Although Spa2p and Budóp associate and are likely to function together in a

complex, our observations that Spa2p and Bud6p do not depend on each other for their

localization to sites of growth suggests that Spa2p and Budóp may be localized by

independent mechanisms. Other evidence also supports this possibility. First, a subset of

Budóp does not co-fractionate with Spa2p and is likely to be associated with vesicles

(Sheu et al., 1998). This observation indicates that Spa2p and Budóp are not always

associated. Second, neither Peazp nor Bnilp depend on Budóp for proper localization

(our observations and Jin et al 2000). A recent study has shown that Budóp depends on

the secretory pathway for proper localization (Jin and Amberg, 2000). It would be
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interesting to know if Spa2p also depends on the secretory pathway for proper

localization.
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CHAPTER IV

CONCLUSION
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Cell polarity is generated by a complex mechanism and is essential in diverse cell

types for important biological processes such as cell division, differentiation, and

morphogenesis. The budding yeast, Saccharomyces cerevisiae, establishes cell polarity

for vegetative growth, cell division, and mating. Thus, study in yeast presents an

excellent opportunity to investigate polarity development. Cell polarity in yeast depends

on a polarized cytoskeleton and requires a number of regulatory components that function

to establish and maintain cytoskeletal polarity and polarized secretion. A group of

proteins comprised of Spa2p, PeaZp, Budóp, and Bnilp, regulates polarity development

in yeast budding and mating. However, the molecular functions of these proteins are still .

unknown. The goal of this thesis was to gain insight into the molecular function of one

of these polarity proteins, Spa2p, and its relationship to other components of the group.

Spa2p association with Myo1p and Myo2p

To understand the role of Spa2p in polarity development, a co

immunoprecipitation method was used to precipitate Spa2p and its associated proteins.

This method identified Myo1p, Myo2p, and Panlp, all of which are known to be

involved in actin function. Given that Spa2p co-localizes with Myo1p and Myo2p at

several stages of the cell cycle, we pursued the significance of these interactions further.

We discovered that Spa2p can associate with actin in an ATP-sensitive manner,

presumably via its interaction with Myo2p. We also found that Spa2p depends on

Myo2p for proper localization to polarized sites. Furthermore, Myo2p partially depends

on Spa2p for its own localization. These observations led us to hypothesize that Spa2p

may be a cargo protein of Myo2p that is transported to polarized sites along actin cables

via Myo2p.
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Now that we have a link between Spa2p and Myo2p, the next goal is to

understand the nature of the interaction. Is the interaction direct? Or, does it depend on

other polarity proteins? Also, what are the interaction domains? The tail domain of

Myo2p is thought to be the cargo-binding domain and has been shown to be important for

vacuolar and vesicular movement as well as spindle pole orientation (Catlett et al., 2000;

Catlett and Weisman, 1998; Schott et al., 1999; Yin et al., 2000). Thus, we predict that

Spa2p also associates with the Myo2p tail. With respect to the region within Spa2p that

associates with Myo2p, we might predict that the Spa2 box might be involved. The Spa2

box is a region within Spa2p that is necessary and sufficient for localization to sites of

growth (Arkowitz and Lowe, 1997). It is therefore possible that the Spa2 box mediates

the interaction between Spa2p and Myo2p.

The connection that we have made between Spa2p and Myo1p is also intriguing.

Although we did not observe localization dependence of either protein upon the other, we

did identify a genetic interaction. Spa2p has been implicated in cytokinesis based on its

mutant phenotype (Snyder, 1989; Snyder et al., 1991) and genetic interactions with a

septin protein, Cdc10p, and the chitin synthase protein, Chs5p (Flescher et al., 1993)

(Santos and Snyder, 2000). Thus, our finding that spa2A exacerbates the myo 1A cell

separation defect at the nonpermissive temperature is consistent with a role for Spa2p in

cytokinesis. However, biochemical confirmation of the Spa2p-Myo1p interaction still

remains. Beyond that, the usual questions can be asked: Is the interaction direct? Does

the interaction depend on the other polarity proteins? What are the interaction domains?

Finally, we can also take the co-immunoprecipitation method one step further and ask, at
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what stages of the cell cycle does the Myo1p-Spa2p (and Spa2p-Myo2p) interaction take

place? Does the interaction also occur in mating cells?

The proteins that interact with Spa2p are numerous, and together, they create a

complex picture (Figure 4-1). Through protein interactions with Gic2p and Bnilp, Spa2p

is linked to Cdc42p (polarity establishment); and through interactions with Bnilp and

Budóp, Spa2p is connected to actin organization. These protein interactions suggest that

Spa2p, along with its binding partners may have an important role in regulating actin

organization.

Polarity proteins

The polarity proteins, Spa2p, Peazp, Budóp, and Bnilp, localize to sites of

polarized growth, interact with each other, and mutants share polarity-related phenotypes.

These common features have suggested that these polarity proteins function together as a

group to regulate polarity in yeast. Our genetic analyses have indicated to us that these

proteins can be distinguished from one another with respect to their roles in growth,

shmoo morphology, mating efficiency and localization dependence. Our localization

data suggests that Spa2p and Budóp are localized to sites of growth by independent

mechanisms and that Spa2p may be important for localizing Peazp and Bnilp to sites of

growth.

An important question regarding the polarity proteins is whether they can be

purified biochemically as a multi-protein complex. Isolation of such a complex would

finally validate the idea of the polarisome, a term which has been prematurely introduced

and misused in the polarity field (Sheu et al., 1998). However, if such a complex exists,
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Figure 4-1. Summary of protein interactions among the polarity proteins.

Proteins in grey boxes belong to the group of polarity proteins investigated in this thesis.

Green arrows indicate interactions demonstrated by two-hybrid; Blue arrows indicate

interactions demonstrated by co-immunoprecipitation; Black arrows indicate a biological

pathway. Red arrows and red boxes indicate proteins that were identified in this thesis to

associate with Spa2p by co-immunoprecipitation.
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it would be of further interest to examine the composition of the complex throughout the

cell cycle and in mating cells.

Remaining questions

There are many intriguing questions that remain in the world of Spa2p and

friends. First, how does Spa2p and the other polarity proteins affect secretion? Mutants

defective for Spa2p, Peazp, Budóp, and Bni 1p exhibit defects in efficient localization of

the vesicle marker, Sec4p, to the bud tip (Sheu et al., 2000). Furthermore, the shmoo

morphology of spa2, peaZ, and bmil mutants suggests that localized secretion is

defective. A second question regards how Spa2p and the others contribute to the bipolar

landmark. For the bipolar budding pattern, Bud8p is thought to be the proximal landmark

and Bud9p is thought to be the distal landmark. However, Spa2p does not depend on

either Bud8p or Bud9p for proper localization (unpublished observations). Thus, it is

possible that Spa2p could be involved in localizing the proximal and distal landmarks to

the correct sites. Finally, one might ask why these proteins are all non-essential if they

have important roles in polarity development. One explanation is that they represent

redundancy within a complex pathway. We observed that some of the triple mutants and

the quadruple mutant exhibited growth defects at non-permissive conditions. However,

the cause of this phenotype is not known. Perhaps examination of the morphology of

these mutants could give us some insight into the function of the polarity proteins, as a

group.
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Although the molecular function of Spa2p remains elusive, I hope that the work

described herein contributes to our understanding of Spa2p and its related proteins in the

development of polarity in yeast.
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APPENDIX 1

YEAST STRAINS

A. The following strains are isogenic to IH3425 (also known as YEF473A, gift from J.

Pringle) whose full genotype is:

MATa trp 1A63 leu2-A1 ura■ -52 his3-A200 lys2-801

IHÉ alias Genotype■ comments

IH3425 YEF473A MATa wild-type (gift from J. Pringle)

IH3426 YEF473B MATO wild-type (J. Pringle)

IH3427 J7354 MATa budg::TRPI (J. Pringle)

IH3428 JZ356 MATO budo::TRP1 (J. Pringle)

IH3429 HH394 MATa bud&::TRP1 (J. Pringle)

IH3430 HH391 MATO bud■ : : TRPI (J. Pringle)

IH3431 CDV55–8L MATa budg::HIS3 (J. Pringle)

IH3432 CDV55–8D MATO bud9::HIS3 (J. Pringle)

IH3433 JZ426 MATa bri I: HIS3 (J. Pringle)

IH3434 JZ427 MATO. bhi 1:: HIS3 (J. Pringle)

IH3435 MATa bud&:TRP1 budg::HIS3

IH3436 MATO bud&: : TRPI budg: : HIS3

IH4104 JSY39 MATa spa2::TRP1
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IHÉ

IH4105

IH4106

IH4107

IH4108

IH4109

IH4110

IH4111

IH4112

IH4113

IH41 14

IH4115

IH4116

IH4117

IH4118

IH4119

IH4120

IH4121

IH4122

IH4123

IH4124

IH4125

IH4126

alias

JSY102

JSY120

JSY225

JSY5

JSY23

JSY 121

JSY106

JSY107

JSY 1 14

JSY115

JSY137

JSY104

JSY105

JSY108

JSY109

JSY42

JSY44

JSY50

JSY52

JSY122

JSY116

JSY117

Genotype

MATO spa2::

MATa spa2::

MATO spa2::

MATapeaz::

TRPI

Cq HIS3 (complete SPA2 deletion)

Cº TRP1 (complete SPA2 deletion)

URA3

MATO pea2::URA3

MATa spa2::

MATa spa2::

MATO spa2::

MATa spa2::

MATO spa2::

MATa spa2::

MATa spa2::

Cq HIS3 peaz::URA3

TRP1 peaz::URA3

TRP1 peaz::URA3

TRPI budg::TRPI

TRPI budo::TRPI

C9 LEU2 bnil::HIS3

TRP1 bni 1::HIS3

MATO spa2::TRP1 bnil::HIS3

MATa peaz::

MATO peaz::

MATapeaz::

MATO peaz::

URA3 budo::TRPI

URA3 budo::TRP1

URA3 bni 1:: HIS3

URA3 bni 1:: HIS3

MATa budg::TRP1 bni 1::HIS3

MATO budd:

MATa spa2::

MATa spa2::

: TRP1 bni 1::HIS3

CG HIS3 peaz::URA3 budo::TRP1

TRP1 peaZ::URA3 budo::TRP1

MATO spa2::TRP1 peaz::URA3 budg::TRP1

---

119



IHÉ

IH4127

IH4128

IH4129

IH4 130

IH4131

IH4132

IH4133

IH4134

IH4135

IH4136

IH4137

IH4138

IH4139

IH4140

IH4141

IH4142

IH4143

IH4144

IH4145

IH4.146

IH4147

alias

JSY138

JSY 110

JSY 1 11

JSY 1 18

JSY119

JSY112

JSY113

JSY145

JSY146

JSY12

JSY26

JSY27

JSY6

JSY24

JSY7

JSY11

JSY3

JSY9

JSY139

JSY28

JSY103

Genotype

MATa spa2::Cg LEU2 peaz::URA3 bnil::HIS3

MATa spa2:: TRP1 peaz::URA3 bnil::HIS3

MATO spa2:: TRP1 peaz::URA3 bnil::HIS3

MATa spa2::TRP1 budg::TRP1 bni 1::HIS3

MATO spa2::TRP1 budg::TRP1 bnil::HIS3

MATapeaz::URA3 budg::TRP1 bnil::HIS3

MATO peaz::URA3 budé::TRP1 bnil::HIS3

MATa spa2::Cg LEU2 peaz::URA3 budg::TRP1 bnil::HIS3

MATO spa2::Cg LEU2 pea2::URA3 budg::TRP1 bnil::HIS3

MATa bar I::LEU2

MATa spa2::TRP1 barl::LEU2

MATO spa2::TRP1 barl::LEU2

MATapea2::URA3 barl::LEU2

MATO peaz::URA3 barl::LEU2

MATa budg::TRPI bar 1::LEU2

MATa bril::HIS3 bar 1::LEU2

MATa bud&::TRPI bar 1::LEU2

MATa budg::HIS3 bar 1::LEU2

MATa spa2::Cg HIS3 peaz::URA3 barl::LEU2

MATa spa2::TRP1 peaz::URA3 barl::LEU2

MATa spa2::TRP1 bnil::HIS3 barl::LEU2

º
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IHÉ

IH4148

IH4149

IH4150

IH4151

IH4152

IH4153

IH4154

IH4155

IH4156

IH4157

IH4.158

IH4159

IH4160

IH416.1

IH4.162

IH4163

IH4164

IH4165

IH4074

IH4166

a 1a S

JSY46

JSY54

JSY53

JSY10

JSY93

JSY96

JSY94

JSY95

JSY97

JSY142

JSY154

JSY 155

JSY226

JSY213

JSY230

JSY143

JSY210

JSY151

YEF1681

JSY212

Genotype

MATapeaz::URA3 budg::TRP1 barl::LEU2

MATapea2::URA3 bnil::HIS3 bar 1::LEU2

MATa budg::TRP1 bni 1::HIS3 bar 1::LEU2

MATa bud&:TRP1 bud9::HIS3 bar 1::LEU2

MATa/O wild-type

MATa/o spa2::TRP1/spa2::TRP1

MATa/o peaz::URA3/peaz::URA3 BARI/bar 1::LEU2

MATa/O budg::TRPI/budo::TRP1 BAR1/bar 1::LEU2

MATa/O, bni 1::HIS3/bni 1::HIS3 BARI/bar 1::LEU2

MATa SPA2GFP: HIS3

MATa SPA2GFP:TRPI

MATO SPA2GFP:TRP1

MATa SPA2GFP:HIS3 bar 1::LEU2

MATa SPA2GFP:TRPI myo1::HIS3

MATa SPA2GFP:TRPI myo1::HIS3 bar I::LEU2

MATa SPA2GFP:HIS3 pea2::URA3

MATa SPA2GFP:HIS3 yfro16c::KI URA3

MATa PEA2GFP:HIS3

MATa MYO1-GFP (gift from E. Bi)

MATa MYO1-GFP:Kan spa2::Kl URA3
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IHÉ

IH4167

IH4168

IH4169

IH4170

IH4069

IH4071

IH4171

IH4172

alias

JSY227

JSY228

JSY244

JSY245

YEF2056

YEF1813

JSY229

JSY235

Genotype

MATa MYO1-GFP:Kan bar 1::LEU2

MATa MYO1-GFP:Kan spa2::Kl URA3 barl::LEU2

MATa MYO2–GFP. Kan

MATa MYO2-GFP:Kan spa2:CG HIS3

MATa myo1::HIS3 +YCp50-MYO1 (E. Bi)

MATa myo.1::HIS3 (E. Bi)

MATa myo1::HIS3 bar 1::LEU2

MATa myo.1::HIS3 spa2::Cg TRP1

B. The following strains are in the S288C background and are isogenic to IH4080 (also

known as ABY531, gift from A. Bretscher) whose full genotype is:

MATO MYO2:HIS3 ade2-101 his3A200 leu3-3, 112 lys2-801

IHÉ

IH4080

IH4081

IH4082

IH4083

alias

ABY531

ABY533

ABY535

ABY536

Genotype

MATO MYO2: HIS3 (gift from A. Bretscher)

MATO myo2-13: HIS3 (A. Bretscher)

MATO. myo2-66:HIS3 (A. Bretscher)

MATO myo2-16:HIS3 (A. Bretscher)

!
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IHÉ

IH417.3

IH4174

IH4175

IH4176

IH4.177

IH4178

IH4179

IH4 180

IH4181

IH4.182

IH4183

IH4184

IH4.185

IH4186

IH4187

IH4.188

IH4189

alias

JSY237

JSY253

JSY255

JSY257

JSY254

JSY256

JSY231

JSY232

JSY233

JSY234

JSY271

JSY272

JSY273

JSY236

JSY282

JSY283

JSY284

Genotype

MATa MYO2: HIS3

MATa myo2-66:HIS3

MATa myo2-16:HIS3

MATa MYO2: HIS3 SPA2GFP: Kan

MATa myo2-66:HIS3 SPA2GFP:Kan

MATa myo2-16:HIS3 SPA2GFP:Kan

MATO MYO2: HIS3 SPA2GFP:Kan

MATO. myo2-13:HIS3 SPA2GFP:Kan

MATO. myo2-16:HIS3 SPA2GFP:Kan

MATO myo2-66:HIS3 SPA2GFP:Kan

MATa MYO2: HIS3 SPA2GFP:Kan bar 1::LEU2

MATa myo.2-66:HIS3 SPA2GFP:Kan barl::LEU2

MATa myo2-16:HIS3 SPA2GFP:Kan barl::LEU2

MATa/O MYO2: HIS3/ MYO2: HIS3

MATa/O MYO2: HIS3/ MYO2: HIS3

SPA2GFP:Kan/SPA2GFP:Kan

MATa/o myo2-16:HIS3/myo”-16:HIS3

SPA2GFP:Kan/SPA2GFP:Kan

MATa/o myo2-66:HIS3/myo2-66:HIS3

SPA2GFP:Kan/ SPA2GFP: Kan
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C. The following strains are isogenic to JSY162 whose full genotype is:

MATa pep4::HIS3 prb141.6R ura■ -52 his3A 200 trp 1 lys2-801 leu.2A1 can 1 gal

IHÉ alias Genotype

IH4190 JSY162 MATapep4::HIS3 prb141.6R

IH4.191 JSY163 MATa SPA2-zz: Kl URA3

IH4.192 JSY214 MATa SPA2–HA:TRP

IH4193 JSY261 MATa MYO2-myc:Kan

IH4.194 JSY262 MATa MYO2-myc:Kan spa2::Kl URA3

D. The following strains are isogenic to IH4099 (also known as NY580, gift from P.

Novick) whose full genotype is:

MATa PEP4::URA3 ura■ -52 leu2-3, 112

IHÉ alias Genotype

IH4099 NY580 MATa PEP4:: URA3

IH4098 NY 1125 MATO myo2-66

IH4195 JSY278 MATa SPA2-HA: Kan

IH4.196 JSY279 MATO. myo.2-66 SPA2-HA:Kan

-

124



E. Other Strains

IHÉ alias Genotype

IH2625 JC31-7D MATO farl-c lys 1(allele at HML unknown)

IH2626 JC31-1D MATafarl-c lys! (allele at HML unknown)

The following strains are isogenic

IH41.97 LWY2598 MATa ura■ -52 leu2-3, 112 (gift from L. Weisman)

trp1A90 lys2-801 ade&:HIS3

IH4 198 LWY2599 MATa myo2-2 HIS3 (L. Weisman)

IH41.99 JSY276 MATa SPA2GFP: Kan

IH4200 JSY277 MATa myo.2-2 SPA2GFP:Kan

The following strains are isogenic

IH420.1 JCY452 MATO trp 1 leu2 ura■ his3 lys2 suc2 (B. Wendland)

IH4202 JCY455 MATO. pan1-20 (B. Wendland)

IH4203 MATO pan1-20 SPA2GFP:HIS3
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