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Summary

The budding yeast Saccharomyces cerevisiae establishes cell polarity at several
stages during cell division. At the beginning of the division cycle, cells of S.
cerevisiae choose sites for cell division in specific spatial patterns that are under
genetic control of the cell-type and of external conditions. Diploid strains bud in a
bipolar pattern, where cells form buds either near their birth site, called the proximal
pole, or at the pole opposite to the birth site, called the distal pole. In response to
nitrogen starvation, diploid strains switch to a unipolar bud site selection pattern,
where buds form predominantly at the distal pole. Selection of division sites is a
three-step process that includes (i) marking the division site by spatial landmark
proteins, (ii) recognition of the landmark by polarity establishment and actin-
organizing proteins, and (iii) polarization of the actin cytoskeleton and direction of
secretion towards the site of the landmark to initiate cell division.

In this work, the molecular functions of two spatial landmark proteins, Bud8p and
Bud9p, were analyzed in molecular detail. Genetic and cell biological analysis
revealed that Bud8p is localized at the distal cell pole and is required for selection of
the distal cell pole as division site under all conditions. Bud9p is localized at both
poles, but is required for selection of the proximal pole only. In contrast to Bud8p,
Bud9p is prevented from being delivered to the distal pole by nitrogen starvation.
Biochemical analysis showed that Bud8p and Bud9p associate in vivo. Thus, Bud8p
islikely to be alandmark protein for bud initiation at the distal pole, whereas Bud9p
inhibits cell division at the distal pole, but serves as a landmark protein at the
proximal pole.

In order to test the role of actin-organizing proteins in the process of bud site
selection, genetic and physical interactions between the landmark protein Bud8p and
Bud9p and the yeast type | myosins Myo3p and Myo5p were analyzed. Both, Myo3p
and Myo5p are required for bud site selection that is directed by Bud8p and Bud9p.
Biochemical analysis revealed that Bud8p associates with Myo3p in vivo. This
suggests, that landmark proteins interact with type | myosins, in order to induce site-
specific actin assembly and cell growth.

Novel interaction partners for Bud8p were isolated by the yeast two-hybrid system,
and physical interactions were verified by biochemical co-purification experiments.
Surprisingly, proteins involved in cellular transport and translation were identified to
interact with Bud8p and to control bud site selection including the ribosomal protein
Rpl12Ap, the RNA-binding and polysome-associated vigilin protein Scp160p and
Trs120p, afactor involved in directed vesicular transport. Thus, the landmark protein
Bud8p might control directed cell division by interaction with components that
regulate cellular transport and site-specific trandlation.



Zusammenfassung

Zellen der Béackerhefe Saccharomyces cerevisiae werden zu verschiedenen
Zeitpunkten wahrend der Zellteilung polarisiert. Zu Beginn der Teilung werden
spezifische Orte fir die Sprossung ausgewéhlt. Die Wahl der Sprossungsorte folgt
definierten rdumlichen Mustern und unterliegt der Kontrolle von Zelltyp und
Nahrstoffbedingungen. Diploide Hefezellen folgen bel der Sprosswahl einem
bipolaren Muster, bei dem die Zellteilung mit gleicher Wahrscheinlichkeit entweder
am Geburtsende, dem proximalen Zellpol, oder am direkt gegentiber liegenden Ort,
dem distalen Zellpol beginnt. Bei Stickstoffmangel wechseln diploide Zellen zu
einem unipolar-distalen Sprossungsmuster. Die Wahl des Sprossungsortes erfolgt in
drei Schritten. (i) Der Sprossungsort wird markiert durch spezifische Zellpolproteine,
die (ii) von weiteren Polaritétsproteinen erkannt werden, die ihrerseits (iii) das
Aktinzytoskelett und die intrazelluldre Sekretion auf die Polproteine ausrichten.

In dieser Arbeit wurden die Funktionen von zwei Zellpolproteinen, Bud8p und
Bud9p, im Detail analysiert. Genetische und zellbiologische Analysen zeigten, dass
Bud8p am distalen Zellpol lokalisiert ist und fur die Wahl des distalen Zellpols
bendtigt wird. Bud9p ist an beiden Zellpolen zu finden, wird aber nur fur die
proximale Sprossung bendtigt. Biochemische Untersuchung zeigten zudem, dass
Bud8p und Bud9p (vermutlich am distalen Pol) im Komplex vorliegen. Bud8p
fungiert deshalb vermutlich als Markerprotein fir die distale Sprosswahl und wird
dabel durch die Anwesenheit von Bud9p negativ beeinflusst. Bud9p hat zusétzlich
eine positive Funktion als Markerprotein fir die Wahl des proximalen Zellpols.

Um die Funktion von Regulatoren des Aktinzytoskeletts bei der Sprosswahl zu
untersuchen, wurden genetische und biochemische Interaktionen zwischen den
Polproteinen Bud8p und Bud9p und den Typ | Myosinen Myo3p und Myo5p
analysiert. Sowohl Myo3p als auch Myo5p werden fur die Erkennung der Zellpole
bendtigt. Zusétzlich bindet Bud8p an Myo3p, was darauf hindeutet, dass Typ |
Myosine durch Interaktion mit Polproteinen die Sprosswahl durch ortspezifische
Aktinpolymerisierung steuern konnten.

Neue Interaktionspartner von Bud8p wurden mit dem Hefe-Two-Hybrid-System
isoliert und Uber biochemische Co-Reinigungsexperimente weiter charakterisiert.
Dabei wurden einige Proteine als Bud8p-Bindepartner identifiziert, die an der
Translation oder am zelluldren Transport beteiligt sind, z.B. das ribosomale Protein
Rpl12Ap, das Polysomen-assozierte und mRNA-bindende Protein Scp160p, sowie
das am Vesikeltransport beteiligte Protein Trs120p. Diese Befunde lassen vermuten,
dass Bud8p die Sprosswahl durch Beeinflussung des zellul&ren Transports und der
Tranglation regulieren konnte.
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Chapter 1

Introduction
1. Definition and importance of cell polarity

Eukaryotic cells respond to intracellular and extracellular cues to direct cell growth
and division. Cell polarity is most ssimply defined as an asymmetric distribution of
specific proteins, nucleic acids, macromolecular assemblies and organelles near a
defined spatial site, thereby allowing the cell to increase its surface in an
asymmetrical or polar fashion. Cell polarity is fundamentally important for
differentiation, proliferation, morphogenesis, and function of unicellular and
multicellular organisms. Directional cell divisions occur during the life cycle of
many distinct organisms. In the bacteria Caulobacter crescentus and Bacillus
subtilis, differentiation is aresult of asymmetric cell division (Hofmeister and Brun,
2000). In the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe,
cell polarization is essential to division and mating (Bahler and Peter, 2000). In the
filamentous fungi Neurospora crassa and Aspergillus nidulans, polarized growth is
a regulated cellular expansion that underlies the hyphae formation process. (Gow,
1996). Ininsects, e. g. Drosophila melanogaster, and in mammals cell polarity plays
an important role in oogenesis, embryogenesis, neurogenesis and often involves
asymmetric messenger RNA (mMRNA) transport (Jansen, 1999 ; Jansen, 2001).

Study of model organisms is a promising avenue to uncover general molecular
mechanisms that underlie the establishment and maintenance of a polarized cell. The
budding yeast S. cerevisiae is an excellent model system for the study of polarized
cell growth and establishment of cell polarity. Molecular genetics and biochemical
studies in this organism have contributed to getting afirst insight into the framework
of genes and gene products that control cell polarity in eukaryotes. In recent years, a
large number of proteins have been identified to be involved in the establishment
and maintenance of cell polarity, among them many regulatory and cytoskeletal
components. In addition, a number of proteins have been identified, whose
mechanism of action is not well understood.

This introductory chapter summarizes recent advances on the molecular machinery
that controls establishment and maintenance of cell polarity in S. cerevisiae.
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2. Polarization of cell growth in the budding yeast S. cerevisiae

2.1. Establishment of polarity statesduring cell division

Y east cells divide by budding that confers a unique relationship between cell growth
and the sequence of events that constitute the cell division cycle. Progression
through the cell division cycle is divided into several phases, and yeast cells
establish polarity at several stages during cell division (Figure 1).

Figure 1. Cell divisions and establishment of cell polarity in budding yeast by a polarized actin
cytoskeleton throughout the cell cycle. The cell cycle beginsin G1 (START) to select a bud site. In
this phase, a cap (blue dots) of regulatory and cytoskeletal proteins establishes the polarity of actin
cables (black filaments) and cortical patches (black dots). During S phase, where the cell grows
apically, actin cables extend from the mother cell into the bud. Tight localization of the cap orients
actin cables. Actin cables direct secretory vesicles to the cap, where they accumulate (blue) and fuse,
thus polarizing growth (arrows). During isotropic growth (G2-M), the proteins of the cap are more
diffusely distributed, cortical patches are isotropically distributed, and actin cables form a meshwork.
In M phase, the bud separates from mother cell, where an additional cytoskeletal structure, a
cytokinetic ring, mediates cell division (red).

In the G1 phase, the cell remains unbudded until there are sufficient nutrients for cell
division to begin, at “START”. Polarization begins towards the site for cell division
and involves non-essential and essential steps. In a first non-essential step, yeast
cells select a bud site by spatial control. In a second and essential step, the cell
initiates division and starts to emerge a bud.
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During S phase, the cell shows apical growth that means polarized growth towards
the apex of the bud. In G2 phase, cell growth switches to isotropic growth. Timing
of the switch from apical to isotropic growth controls cell morphology. A prolonged
polarized phase leads to a long cell morphology. Short or too short apical growth
phases lead to round cells. The time period of polarized cell growth also affects bud
site selection, because it influences the deposition of (non-essential) spatial cues that
regulate bud site selection (discussed below in sections 3.1 — 3.3). In M phase, the
cytoplasm of the bud separates from that of the mother cell (cytokinesis) and the bud
itself separates from the mother cell.

2.2 Theroleof theactin cytoskeleton for cell polarization

Virtually all aspects of cell polarization derive from polarization of the actin
cytoskeleton. Therefore, regulation of cell polarization involves a careful and
elaborate control of the actin cytoskeleton during all phases of the yeast division
cycle. The yeast actin cytoskeleton is organized into four biochemical and
morphological structures: the cap, actin cables, cortical patches, and a cytokinetic
ring (Adams and Pringle, 1984; Chant and Pringle, 1995; Lew and Reed, 1995). The
cap consists of a polarized accumulation of cytoskeletal proteins and regulatory
proteins, actin cables are long bundles of actin filaments, cortical patches are
discrete cytoskeletal bodies, and the cytokinetic ring is a set of proteins which affect
cell division or separation. The cap, actin cables and cortical patches, all reside at the
cell cortex in a polarized distribution that correlates with growth (Adams and
Pringle, 1984; Lew and Reed, 1995; Amberg, 1998) (Figure 1). At the beginning of
the cell cycle, the cap is localized at the growing tip of the cell and overlaps with a
cluster of cortical patches. In addition, actin cables extend from the mother cell into
the bud. As aresult, the bud grows apically. During the apical isotropic switch, cap
components and patches redistribute over the bud surface. During isotropic growth,
cables extend from the mother cell into a network in the bud. Finally, after
cytokinesis, al three actin components reorient to the mother-bud junction (Pruyne
and Bretscher, 2000a; Pruyne and Bretscher, 2000b).

Molecular analysis has identified many components of the cap, the actin cables and
the cortical patches. The cap includes proteins involved in the Rho-GTPase- and
CDK (cyclin-dependent protein kinase)-signaling pathways, insist on Cdc42p,
Cdc24p, Bem1p, Ste20p, Cladp, Cdc28p, and polarisome proteins Bnilp, Spa2p and
Bud6p. These cap proteins are thought to function as nucleation and anchor sites for
actin cables, because cables orient towards the cap proteins during all phases of
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growth (Figure 1). Actin cables are necessary for several events important for cell
polarization, including Myo2p (a type V myosin)-dependent polarized delivery of
membrane vesicles that contain polarity proteins such as Bud6p or Bnilp (Jin and
Amberg, 2000; Ozaki-Kuroda et al., 2001), transport of late Golgi elements into the
bud (Rossanese et al., 2001), and asymmetric transport of mRNA for the cell fate
determinant ASH1 by the type V myosin, Myo4p (Takizawa et al., 1997). Actin
patches are motile structures associated with plasma membrane invaginations that
concentrate at sites of active growth and cell wall deposition. Polarized actin patches
may also be involved in endocytosis. A lot of mutants defective in endocytosis were
also found to have defects in actin cytoskeleton organization (Goode and Rodal,
2001; Goode et al., 2001; Jeng and Welch, 2001; Munn, 2001). Many actin-binding
proteins interact with endocytic components (Goode and Rodal, 2001; Goode et al .,
2001). A key regulator of actin patch assembly is the Arp2/3 complex, which is
regulated by different mechanisms involving different proteins (Goode et al., 2001).
These proteins include Las17p/Beelp functioning with the type I myosins Myo3p
and Myo5p (Evangelista et al., 2000; Lechler et al., 2001; Lechler et al., 2000;
Winter et al., 1999), and the two actin-binding proteins Panlp and Abplp (Duncan
et al., 2001; Goode et al., 2001). Type | myosins perform further essential functions
in endocytosis and actin organization and are required for actin assembly in the
permeabilized cell assay (Lechler et al., 2000). The cytokinetic ring includes the
septins Cdc3p, Cdcl0p, Cdcllp and Cdcl2p that are involved in cytokinesis and
bud site selection. The function of septin structure is important for maintenance of
cell polarity by formation of a cortical boundary between the bud and mother cell
during isotropic bud growth. Septins are further required for reorientation of cortical
patches and actin cables to the mother-bud neck after bud growth in order to
complete cell separation (Casamayor and Snyder, 2002; Pruyne and Bretscher,
2000a; Pruyne and Bretscher, 2000b).

3. Genetic control of bud site selection in S. cerevisiae

3.1. Céll-type specific budding patterns

During its life cycle, S. cerevisiae can adapt distinct cell-types that are represented
by the haploid and the diploid yeast forms, in which the organisms lives as
individual single cells. Diploid strains are also able to switch to a multicellular
growth form, where S. cerevisiae grows as linear filaments of pseudohyphal cells
(Kron et al., 1994).
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Although selection of budding sites is non-essential for cell division, it appearsto be
of great importance for free-living yeasts, because yeast cells have maintained
highly regulated and sophisticated control mechanisms of budding patterns that
depend on the cell-type and the environmental conditions (Figure 2).

@ 69 % % N-starvation
—>
® o O gor
Haploid MATa or MATa Diploid MATa/MATa Diploid MATa/MATa
YF PH
e
prox  dist prox dist prox
850%  15% 50% 50% 10% 90%
axial bipolar unipolar distal

Figure 2. Bud site selection patterns of different cell types. Haploid cells preferentially form buds in
an axial pattern at the proximal pole (green circle), the site of their birth. Diploid yeast form cells
(YF) bud in a bipolar pattern, where buds form at both poles, either at proximal or at distal pole
(opposite to birth pole of the mother cell) (red circle). Diploid pseudohyphal cells (PH) bud in a
unipolar distal budding pattern, where most buds emerge at the distal pole.

Haploid a and a cells divide in an axial pattern, in which the mother and daughter
cells are constrained to form their buds immediately adjacent to the previous site of
cell separation. Diploid yeast form cells divide in a bipolar pattern, in which mother
and daughter cell bud either adjacent to the birth site (proximal pole) or opposite the
birth site (distal pole). New mother cells usually bud at proximal sites, whereas cells
that have undergone one or more divisions exhibit an increased preference for distal
sites. Diploid pseudohyphal cells preferentially bud in a unipolar distal pattern,
where most of the cells bud at the distal pole (Gimeno et al., 1992; Kron et al.,
1994). The unipolar distal budding processis a prerequisite for the establishment of
filamentous structures, which is regulated by nutritional signals and guides the
direction of the growing PH filaments.
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3.2. General polarity genes

Genetic analysis has identified three distinct classes of genes that are required for
bud site selection of the distinct cell-types. A first class of genes is required for all
three axial, bipolar and unipolar distal budding patterns. A second class includes
genes specifically required for the axial pattern of haploid, and a third class is
required for the bipolar and unipolar distal pattern of diploids.

The first class of genes includes BUDL/RSR1, BUD2 and BUD5 (Chant, 1999).
Mutations in these genes display a random budding pattern in all cell-types. These
genes code for the Budlp/Rsrlp, Bud2p and Bud5p proteins, which constitute a
GTPase (Ras-related GTPase) signaling module that is thought to recruit the
components of cell polarity establishment machinery and the actin cytoskeleton. The
Budlp/Rsr1p signaling module may direct the bud formation components to cortical
tags at future bud sites in both haploid and diploid cells (Chant, 1999) (discussed in
sections 4.2, 4.3 and 4.4).

3.3. Genesrequired for axial budding

AXL1, BUD10/AXL2, BUD3 and BUD4 (Chant and Herskowitz, 1991; Fujitaet al.,
1994; Halme et al., 1996; Roemer et al., 1996) are genes specifically required for
the axial bud site selection pattern in haploid cells. Mutations of these genesresult in
a bipolar budding pattern. The products of these genes are involved in marking the
mother-bud neck during one cell cycle as a site for budding in the next cell cycle.
Cells that exhibit axial budding need a cytokinesis tag in which a component at the
cytokinesis site persists into the next cell cycle and directs formation of a new bud at
an adjacent site (Chant and Herskowitz, 1991; Madden and Snyder, 1998; Snyder et
al., 1991). Bud3p (Chant and Herskowitz, 1991; Chant et al., 1995), Bud4p (Chant
and Herskowitz, 1991; Sanders and Herskowitz, 1996), and AxI2p/Bud10p (Halme
et al., 1996; Roemer et al., 1996) are components of this cortical tag (discussed in
section 4.2). CDC3, CDC10, CDC11, and CDC12 encode related proteins called
septins that localize to the mother-bud neck and are required for cytokinesis and
axial budding pattern (Longtine et al., 1996; Roemer et al., 1996). Strains containing
temperature-sensitive mutations in septin genes display defects in cytokinesis and
axial bud site selection pattern, and instead those cells bud at distal sites (Adams and
Pringle, 1984; Chant et al., 1995; Flescher et al., 1993; Madden and Snyder, 1998).
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3.4. Genesrequired for bipolar budding

A large number of genes have been identified that are required for bipolar bud site
selection but not for the haploid axial pattern (Costigan and Snyder, 1994; Drubin
and Nelson, 1996; Herskowitz, 1995; Pringle et al., 1995). Initial genetic studies
have shown that many of these genes encode actin-binding proteins, e.g. the formin
protein Bnilp and putative regulators of the actin cytoskeleton, consisting of the
proteins Spa2p, Pea2p and Bud6p. Deletion of BNI1, SPA2, PEA2 and BUDG results
in a random budding defect. Bnilp, Spa2p, Pea2p and Bud6p form a complex, the
12S polarisome that localizes to sites of polarized growth (Fujiwara et al., 1998;
Sheu et al., 1998). These proteins are present as a patch at the incipient bud site, at
the tip of the growing bud, and at the mother-bud neck region before cytokinesis
(Amberg et al., 1997; Evangelistaet al., 1997; Gehrung and Snyder, 1990; Kohno et
al., 1996; Snyder, 1989; Snyder et al., 1991; Valtz and Herskowitz, 1996; Zahner et
al., 1996). Bnilp, Spa2p, Pea2p and Bud6p are each required for apical growth
(Sheu et al., 2000), which is the initial phase of bud growth in which cells grow at
the bud tip (Lew and Reed, 1993). It has been suggested that these proteins are
required for the polarized deposition of the distal tag during this period (Sheu et al.,
2000).

Three genes BUDS, BUD9, and STE20 when mutated, cause diploid cells to form
buds at one pole (Sheu et al., 2000; Taheri, et al. 2000; Zahner et al., 1996). Mutants
carrying BUDS8, BUD9 or STE20 deletions display unipolar budding pattern in yeast-
form. Mutations in the BUD8 gene result in unipolar proximal budding in which
mother cell buds preferentially at the proximal pole instead of the distal pole (Mdsch
and Fink, 1997; Taheri et al., 2000; Zahner et al., 1996). In contrast, bud9/bud9
mutant cells bud at the distal cell pole (unipolar distal). ste20/ste20 cells bud also at
the proximal pole of the daughter cell as bud8 diploid mutant strains. Bud8p and
Bud9p have been proposed to act as bipolar landmarks or tags that recruit
components involved in bud formation (Harkins et al., 2001; Taheri et al., 2000;
Zahner et al., 1996). Ste20p is a PAK protein kinase homologue that has been
shown to lie in the same genetic pathway as Bud8p (Sheu et al., 2000). In addition,
Ste20p and Bud8p have been shown to interact in yeast two-hybrid system (Drees et
al., 2001).

A large number of genes were further identified in a systematic genome-wide screen
to be involved in bipolar budding in diploid yeast cells (Ni and Snyder, 2001). This
screen identified 130 non-essential genes that fell into 11 functional classes
including genes involved in actin-cytoskeleton organization, general bud site
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selection, cell polarity, vesicular transport, cell wall synthesis, protein modification,
transcription, nuclear function, trandation, and other functions (Figure 3).
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Figure 3. A model for bipolar bud site selection in yeast. The different bud site selection proteins are
indicated in the diagram. ER, endoplasmic reticulum; mRNP, mRNA-protein; Pr, proteins, PVC,
prevacuolar compartment.

Although this systematic study has identified many novel genes required for bipolar
budding, their functions in the process of bud site selection in most cases is not
clear. It has been hypothesized that many of these genes might affect expression,
modification or transport of spatial cues such as Bud8p and Bud9p (Sheu et al.,
2000). Twenty novel BUD genes (BUD13-BUD32) were found that produce either a
random budding phenotype upon deletion, or an axial-like budding defect. The
localization of the distal tag Bud8p was found to be altered in several of these
mutants. The ALG5, ALG6, ALGS8, and ALG10 genes encode proteins which are
involved in yeast dolichol pathway that synthesizes the dolichol-linked
oligosaccharide precursor for N-linked proteins glycosylation (Burda and Aebi,
1998; Heesen et al., 1994; Reiss et al., 1996; Stagljar et al., 1994). Mutations in
these genes cause a partial unipolar distal budding pattern (Ni and Snyder, 2001).
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Bud8p-GFP shows an increased localization to the mother-bud neck in most of alg
mutants compared to wild-type cells. Mutants lacking the LSVI6 gene also display a
unipolar distal bud site selection pattern. The Lsm6p protein is involved in mRNA
splicing (Tharun et al., 2000). The genes including BUD7, RAX2, RAX1, 1SY1, and
YOR300w are another group of genes that are required for maintenance of the
bipolar bud site selection. Mutants lacking these genes display an axial-like or
unipolar proximal phenotype. Isylp is a preemRNA-splicing factor that is required
for splicing in vivo (Dix et al., 1999). This genome-wide screen identified many
further genes that upon deletion induce a strong random budding phenotype and
encode many proteins that are involved in translation, vesicular transport and
regulation of the actin cytoskeleton (Figure 3). Bud8p-GFP localization is abnormal
in four vesicular transport mutants including clcl/clcl, ypt31/ypt31, vam3/vam3, and
vam8/vam8. Additionally, several mutants with random budding pattern were
characterized that include cell wall, lipid metabolism, protein modification,
transcription factors and chromosomal proteins, and nuclear proteins. Two cell wall
proteins appear to be required for localization of Bud8p, because Bud8p-GFP could
not be detected in corresponding cwh8/cwh8 and gasl/gasl mutant cells.

3.5. Genesrequired for the unipolar distal budding

In response to nitrogen starvation, diploid yeast cells switch their budding pattern
from bipolar to unipolar distal where buds form as pseudohyphae. Therefore,
pseudohyphal development is an ideal model to study factors that control oriented
cell division in response to external signals. However, the molecular mechanisms
that control this change in cell polarity are only little understood, because most
studies have addressed the function of genes controlling bud site selection under
nutrient-rich conditions, where S cerevisiae will grow and divide as single YF cells.
Only afew studies have aimed at identification of genes required for the unipolar
distal pattern of the pseudohyphal growth form.

Early studies have shown that Rsrlp/Budlp is required for pseudohyphal
development, because expression of a dominant negative form of RSR1/BUD1,
RSR14™°, suppresses filament formation in response to nitrogen starvation (Gimeno
et al., 1992). Furthermore, full deletion of RSR/BUD1 completely abolished
filamentous growth (Taheri et al., 2000). Severa bipolar specific bud site selection
genes including BUDS8, BNI1, PEA2/DFG9, and SPA2 were identified in a genetic
screen to be specifically required for pseudohyphal development (Mésch and Fink,
1997) (Figure 4). This suggests that the pseudohyphal polarity switch might be
achieved by alteration of components that control bipolar budding.
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A B
YE PH First bud
Bipolar budding Unipolar distal budding D
proximal distal
proximal distal proximal distal
50% 50% 10% 90%
73% 27%

Figure 4. Regulation of pseudohyphal cell polarity in S. cerevisiae. (A) Budding patterns of YF and
PH cells. YF cells bud in a bipolar pattern, where buds form with equal (50%:50%) probability at
either the proximal or the distal cell pole. PH cells prefer the unipolar distal budding pattern, where
most buds (90%) emerge at the distal pole. Photographs above show distribution of bud scars of YF
and PH cells that were stained with calcofluor and visualized by fluorescence microscopy. (B)
Unipolar distal budding of PH requires the BUD8 gene. Wild-type and bud8/bud8 mutant strains
were analyzed for selection patterns of first buds of virgin PH cells. Numbers indicate the percentage
of virgin PH cells that produced their first bud at the proximal or the distal pole, respectively. After 3
days of growth, PH development of cells at the edges of the colonies was visualized under the
microscope using Normaski optics.

4. Molecular machinery for directed cell division in budding yeast

4.1. Basic steps of polarity establishment

Genetic studies have defined numerous genes that are involved in the distinct
budding patterns. However, polarity establishment can be divided into three basic
steps independently of the cell type and the budding pattern (Figure 5). First, the site
of polarization is marked by landmark proteins. In a second step, the landmark is
recognized by a series of further proteins that are collecting called polarity
establishment proteins or actin-organizing complex. In a last step, the polarity
establishment proteins recruit the machinery required to organize and polymerize the
actin cytoskeleton. The polarized cytoskeleton then targets exocytosis or secretion
towards the landmark, leading to polarized growth.
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1. Marking the site of polarization

2. Recognizing the marked site and
signalling to the cytoskeleton
(polarity establishment)

3. Polarizing the cytoskeleton

Figure 5. Basic steps of polarity establishment. Establishment of cell polarity requires that cells
choose a spatial site (landmark) on their cell cortex (red circle): the position of this site can be defined
genetically or in response to internal or external signals. Once a site of polarization has been chosen,
this landmark recruits a number of proteins, collectively termed polarity establishment proteins or
actin-organizing components (hatched circle). These proteins localize to the landmark and in turn
organize the cytoskeleton by polarization of actin patches (black circle) and cables (black filaments).

This simple three-step model might allow to elucidate the molecular functions of the
distinct gene products that have been identified by genetic analysis. Several central
questions must be answered, before an accurate molecular model for the machinery
that directs cell division can be established. First, identity and function of the
components for the distinct landmarks must be determined. Here, genes that confer
the cell-type specific budding patterns are likely candidates. Secondly, the molecular
mechanisms, by which the polarity establishment proteins are recruited to the
distinct landmarks and organize the structure of the actin cytoskeleton must be
elucidated. Finally, the mechanisms that control asymmetric transport of proteins
and RNAs along the polarized actin cytoskeleton to the cell poles must be
determined in molecular detail. An interesting question is, whether the components
that build the landmarks to initiate site specific cell division might also serve as
cortical anchors for the machinery that transports specific proteins and RNAs to the
cell poles.
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4.2. Haploid-specific landmark protein

Initial genetic analysis identified the septins, BUD3, BUD4, AXL1 and
AXL2/BUD10 to be specifically required for the axial budding pattern in haploid
cells but not for the bipolar pattern of diploid cells (Chant and Herskowitz, 1991;
Fujitaet al., 1994; Hame et al., 1996; Roemer et al., 1996). Because Bud3p, Bud4p,
and AxI2p/Bud10p proteins al localize to the mother-bud neck, they are thought to
be part of the axial landmark of haploids (Chant et al., 1995; Halme et al., 1996;
Roemer et al., 1996; Sanders and Herskowitz, 1996). AxI2p/Bud10p is a single-pass
transmembrane protein with a 500-amino acid extracellular domain and a 300-amino
acid intracellular domain (Halme et al., 1996; Roemer et al., 1996). The
extracellular domain of BudlOp, which is highly o-glycosylated by the
mannosyltransferase transferase Pmt4p (Sanders et al., 1999) appears to anchor the
protein in the cell wall with Bud3p and Bud4p serving to tightly cluster Bud10p to
generate a potent signal (Halme et al., 1996; Roemer et al., 1996). Therefore,
AxI2p/Bud10p may act as a polar landmark in axial haploid cells. The mechanism,
by which these proteins communicate with downstream machinery to polarize
cellular components, is unknown. The most favored view is that the axial spatial cue
initiates the local activation of the Bud1lp/Rsrlp GTPase, which in turn activates a
Rho-like GTPase, Cdc42p (Figure 6). Possibly, the cytoplasmic domain of
AxI2p/Bud10p acts to localize one or more Budlp/Rsr1p regulators, the BudSp GEF
(guanine nucleotide exchange factor) (Chant et al., 1991) or the Bud2p GAP
(GTPase-activating protein) (Park et al., 1993). Budlp/Rsrlp GTPase, which is
closely related to the Rasp GTPase subfamily, appears to be uniformly localized to
the plasma membrane with little significant soluble pool (Michelitch and Chant,
1996; Park et al., 1997). BudSp physically interacts with AxI2p/Bud10p (Kang et
al., 2001). Targeting of Budlp/Rsrlp regulators by AxI2p/Bud10p or associated
proteins would allow localized Budlp/Rsrlp activation by GTP binding or
GTP/GDP cycling. Activated Budlp/Rsrlp could then communicate further
downstream via actin cytoskeleton polarizing proteins, Cdc24p and Cdc42p.
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Figure 6. Regulation of actin cytoskeleton polarization and bud growth in yeast cells in response to
cortical landmarks. The pathway of actin cytoskeleton polarization and bud emergence by polarity
establishing proteins in haploid and diploid cells. The dotted arrow represents hypothetical regulation

of proteins by the specific bud-site selection signalsin diploid cells.
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4.3. Diploid-specific landmark proteins Bud8p and Bud9p

Diploid yeast cells use spatia cues for producing the bipolar budding pattern that are
entirely distinct from those used in the axial budding. Previous studies have shown
that the bipolar landmarks exist at the poles of diploid cells and that they are
persistent for numerous cell cycles (Chant, 1999; Chant and Pringle, 1995). Genetics
and cell biological studies have suggested that two proteins, Bud8p and Bud9p,
might act as bipolar landmarks in diploids (Chant, 1999; Harkins et al., 2001; Taheri
et al., 2000). Mutations in these genes affect the bipolar budding pattern in distinct
ways whereas the axial pattern of haploids is not affected (Mdsch and Fink, 1997;
Taheri et al., 2000; Zahner et al., 1996). bud8/bud8 mutants bud at the proximal
pole, whereas bud9/bud9 cells bud at the distal pole. bud8/bud9 double mutants
produce a random bud site selection pattern in diploid cells (Chant, 1999; Harkins et
al., 2001; Taheri et al., 2000).

The subcellular localization of both proteins has been investigated, demonstrating
that Bud8p and Bud9p proteins localize at the bud tip of daughter cells and also
concentrate at the mother-bud neck (Harkins et al., 2001; Taheri et al., 2000).
However, Bud9p was found predominantly at the proximal pole (Harkins et al.,
2001). The primary sequences of Bud8p and Bud9p predict related transmembrane
proteins with 450-500 amino acid extracellular domains, two membrane spanning
domains, short cytoplasmic loops and short extracellular domains. The large N-
terminal domains of both proteins are strongly N- and O-glycosylated (Harkins et
al., 2001). However, the topology of both proteins is unknown. The cytoplasmic
loops of Bud8p and Bud9p are related in sequence, suggesting that they might
recruit components of the common budding factors, perhaps the
Rsrip/Bud2p/Bud5p GTPase signaling module, which appears to transmit the
positional information from bipolar cortical markers to the proteins responsible for
cell polarization (Chant, 1999; Harkins et al., 2001; Taheri et al., 2000). Recent
investigations suggested that the expression of Bud8p and Bud9p is cell cycle
regulated, where the timing and site of localization of each protein depends
primarily on when in the cell cycle its gene is transcribed (Schenkman et al., 2002).
Promoter-swapping experiments demonstrated that expression of Bud8p from BUD9
promoter leads to its localization to the sites typical for Bud9p therefore, it appears
to provide Bud9p function and vice versa. When Bud9p is expressed from the BUD8
promoter, it localizes as if it were Bud8p. However, the Bud9p localization signal
appears weak, and the protein at the distal pole is only partially effective in
providing Bud8p function (Schenkman et al., 2002). The localization of Bud8p
appears to depend on actin whereas Bud9p localization is actin- and septin-
dependent (Harkins et al., 2001; Ni and Snyder, 2001; Schenkman et al., 2002). This
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observation was obtained using the actin inhibitor Latrunculin A (Lat A), where
patches of GFP-Bud8p signals were undetectable (Harkins et al., 2001; Schenkman
et al., 2002). Moreover, Bud8p is not localized in a bnil/bnil actin polarity defect
mutant strain, suggesting that formin protein Bnilp might be required for
localization or maintenance of bipolar tags at their proper sites (Sheu et al., 2000;
(Harkins et al., 2001; Ni and Snyder, 2001). In a large-scale two-hybrid experiment,
two proteins were found that interacted with Bud8p. A PAK kinase, Ste20p, and an
essential protein of unknown function, Yklo82cp showed interaction with Bud8p
(Drees et al., 2001). It has further been proposed that Ste20p may regulate bud site
selection by directly phosphorylating the distal tag, Bud8p (Drees et al., 2001; Ni
and Snyder, 2001; Sheu et al., 2000).

Recently, it has been hypothesized that another membrane protein, Rax2p, could be
part of the bipolar landmark that may form part of the mark at the proximal pole
(Chen et al., 2000). RAX2 is predicted to encode a novel type 2 membrane-spanning
protein, which is required for bipolar budding pattern. Rax2p is localized at the
mother-bud neck and is then inherited by the daughter cell, which will form a new
Rax2p ring at the distal pole in the next cell cycle (Chen et al., 2000).

4.4, Polarity establishment proteins Rsr 1p/Budlp and Cdc42p

Rsr1p/Budlp is a Ras-related GTPase that is thought to help direct bud formation
components to the selected site of growth (Madden and Snyder, 1998). Rsr1p/Budlp
activity is regulated by a GTPase-activating protein, Bud2p (Bender, 1993; Park et
al., 1993) and a guanine-nucleotide exchange factor, Bud5p (Chant et al., 1991,
Powers et al., 1991; Zheng et al., 1995) that form together the Rsr1p/Budlp GTPase
signaling module. How these GTPase-module/polarity-establishment components
interact with cortical tags at the selected site is unknown. The Rsr1p/Budlp GTPase
signaling module appears to direct bud formation components to cortical tags at
future bud sites by interaction with Cdc42p, Cdc24p, and Bemlp, polarity-
establishment components important for bud emergence (Chant et al., 1991; Chant
and Herskowitz, 1991; Herskowitz et al., 1995; Michelitch and Chant, 1996; Park et
al., 1993). The linking an axial-specific landmark to polarity establishment has been
shown by physically interaction between AxI2p/Bud10p and Bud5p (Kang et al.,
2001). Whether BudSp is aso involved to link bipolar landmarks Bud8p and Bud9p
to cell polarity is not clear. Cdc42p is a Rho-type GTPase (Johnson and Pringle,
1990) whose activity is regulated by the (GEF) Cdc24p (Zheng et al., 1994). Genetic
evidence suggests an interaction between the Rsrlp/Budlp and Cdc42p GTPase
modules (Bender, 1993; Bender and Pringle, 1989; Ruggieri et al., 1992).
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GTP-bound Rsri1p/Budlp binds to Cdc24p and GDP-bound Cdc42p (Park et al.,
1997; Zheng et al., 1995), whereas GDP-bound Rsr1p/Budlp binds Bemlp (Park et
al. 1997), another protein involved in the establishment of yeast cell polarity.(Chant
et al., 1991; Chenevert et al., 1992). GTPase activation plays a role in targeting or
assembling bud formation components at the incipient bud site and may help to
initiate the bud formation process (Michelitch and Chant, 1996; Park et al., 1997
Zheng et al., 1995).

4. 5. Polarization of the actin cytoskeleton by forminsand PAKs

Bnilp and Bnrlp formins are involved in cell polarity processes and polarization of
the actin cytoskeleton. Bnilp bindsto Cdc42p and its effectors, Ste20p and Cladp, to
link Rho-GTPase signaling to actin filament assembly (Evangelista et al., 1997).
The protein kinases Ste20p and Cladp are essential to Cdc42p-actin signaling at all
stages of growth, and simultaneous loss of Ste20p and Cladp blocks initial bud
emergence, bud growth and cytokinesis (Cvrckova et al., 1995; Eby et al., 1998;
Holly and Blumer, 1999; Richman et al., 1999). The type | myosins (Myo3p and
Myao5p) are the only cytoskeletal substrates of PAKs identified so far in yeast (Wu
et al., 1997). These motor proteins, which localize to cortical patches, are necessary
for organization of actin cytoskeleton (Evangelista et al., 2000; Geli and Riezman,
1996; Goodson et al., 1996; Lechler et al., 2000). The PAK-mediated
phosphorylation by Ste20p and Cladp is essential for mysonis | activity (Wu et al.,
1997). A key regulator of actin assembly is the actin-related-protein (Arp2/3)
complex which is regulated by Beelp functioning with the type | myosins Myo3p
and Myo5p (Evangelista et al., 2000; Lechler et al., 2001; Lechler et al., 2000;
Winter et al., 1999). Active Cdc42p recruits the Beelp-Vrplp-Arp2/3 complex and
type | myosins to the polarization site in a formin-dependent process (Lechler et al.,
2001). Recruitment of this complex is thought to mark the site of actin
polymerization and to initiate budding at the selected site.

4.6. Polarized secretion along actin cables

New plasma membrane and cell wall material must be directed to the new growth
site, presumably through the secretory pathway to mediate bud formation and
growth. Polarized growth at the yeast cell surface depends upon delivery of
secretory vesicles along actin cables by the type V myosin Myo2p, and tropomyosin,
an actin filament-binding protein (Finger and Novick, 1998; Pruyne and Bretscher,
2000b). Tropomyosin mutations (tpm1A tmp24) result in a disassembly of actin
cables (Pruyne and Bretscher, 2000b). The transport of vesicles from Golgi and
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endosomal elements from the mother into the bud leads to accumulation at the cap
(Pruyne and Bretscher, 2000b). Myo2p-driven vesicle transport along actin cablesis
fast. The C-terminal tail of Myo2p associates with vesicles. Three proteins Smy1p,
Sec2p and Secdp are involved in assembling Myo2p-vesicle complexes, and their
functions are essential for vesicle delivery in the mother cell to the cap at the bud tip
along actin cables (Govindan et al., 1995; Lillie and Brown, 1992; Pruyne and
Bretscher, 2000b; Schott et al., 1999; Walch-Solimena et al., 1997). Sec4p is a Rab
GTPase that is essential for fusion of secretory vesicles with the plasma membrane.
Sec2p is the nuleotide-exchange factor for Secdp and required for delivery of
vesicles. Sec2p or GTP-Sec4dp on vesicles promotes Myo2p-Smy1p binding (Walch-
Solimena et al., 1997), and this vesicle complex is polarized along actin cables to
the cap at the bud tip that leads to isotropic bud growth (Pruyne and Bretscher,
2000a; Pruyne and Bretscher, 2000b). In yeast, exocytosis is an actin-independent
process for polarized vesicle transport that requires plasma membrane t-SNARES,
the t-SNARE-interacting protein Seclp, and the exocyst complex (Finger and
Novick, 1998). The actin-dependent transport of vesicles is coupled to the actin-
independent establishment of a site for vesicle docking and fusion. First activated
Secdp (by Sec2p) binds to vesicles with appropriate v-SNARESs from Golgi and
allows polarized delivery of post-Golgi vesicles by Myo2p along actin cables. The t-
SNAREs are distributed over the entire plasma membrane, but Sec3p is associated
with the plasma membrane specifically at exocytic sites (docking site). The v- and t-
SNAREs could then interact, promoting fusion of the vesicle with the plasma
membrane (Finger and Novick, 1998; Pruyne and Bretscher, 2000b).

4.7. Polarized mRNA transport

The transport of messenger RNA along actin cables is another polarization event in
yeast. Cytoplasmic transport of most localized mMRNAS requires a functional
cytoskeleton and motor proteins (Jansen, 1999 ; Jansen, 2001). The first step is the
recognition of cytoplasmic components of the localized mRNA by mRNA-binding
proteins. After mRNA recognition, the associated RNP (ribonucleoprotein) complex
binds the motor protein and is transported to its destination. Finally, mRNA anchors
at cortical protein and mediates the translation of the target protein (Figure 6). ASH1
encodes a daughter-specific nuclear repressor of HO transcription (Jansen et al.,
1996; Sil and Herskowitz, 1996). Asymmetrical distribution of Ashlp is mediated
by localization of ASH1 mRNA in acap at the distal pole of daughter cells (Long et
al., 1997; Takizawa et al., 1997). Polarized localization of ASH1 mRNA requires
actin and actin-binding proteins such as Bnilp (Nasmyth and Jansen, 1997).
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Figure 7. Model for mRNA transport. a) Core complex assembly. Heterologous nuclear
ribonucleoproteins, hnRNPs bind to mMRNA (blue) inside the nucleus. The general hnRNPs (yellow
circle) and specific hnRNPs (red ovals) recognize the localization signal (zip code, red) of the
MRNA. The localized mRNAs assemble with mRNA export factor (orange oval), and the mRNA-
RNP complex is exported to the cytoplasm. b) Cytoplasmic RNP maturation. General hnRNPs and
export factors go back to the nucleus, whereas specific hnRNPs stay associated with the mRNA.
Specific hnRNPs could be released from the transcript and replaced by cytoplasmic zip-code-specific
RNPs (green ovals). c) Association with motor protein and transport. The mature RNP complex
associates with a motor protein (green triangle) and is transported to the target site using adapter
proteins. The RNP associates with membranous structures (for example, endoplasmic reticulum) and
is transported by piggyback. d) Anchoring. Finaly, the RNP is released from the motor and is
tethered to the target site by specific proteins (cortical anchor) or through a translation-dependent
process. Translation is allowed only at the target site.

In addition, several RNA-binding proteins, Mpt5p, Scpl60p and Khd1p are required
for ASH1 mRNA localization. ASH1 mRNA is partially delocalized in mpt5A4,
scpl60A and khd1A mutants (Irie et al., 2002). These proteins may function in the
linkage between ASH1 mRNA localization and its translation.

Whether landmark components such as Bud8p and Bud9p are involved in the
transport and asymmetrical localization of ASH1 mRNA is not known.
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5. Aim of thiswork

The aim of this work was the functional analysis of the two putative landmark
proteins Bud8p and Bud9p in the budding yeast Saccharomyces cerevisiae.
Specifically, the following goals should be achieved:

» The subcellular localization of Bud8p, and Bud9p were to be analysed by fusion to
the green fluorescent protein (GFP) and observation in living cells. In addition,
localization should be investigated by indirect immunofluorescence using epitope-
tagged versions of Bud8p and Bud9p.

* Regulation of Bud8p and Bud9p by nitrogen starvation should be analysed.
Therefore, the mRNA expression levels of BUD8 and BUD9 genes as well as
intracellular levels of Bud8p and Bud9p proteins and their subcellular localization
should be investigated in single yeast form (YF) cells ain cells of pseudohyphal
(PH) filaments.

* In order to identify novel functional domains of Bud8p, a systematic deletion
analysis of the BUDS8 gene should be performed followed by a functional analysis of
the distinct bud8 del etion mutations.

* Putative downstream-acting factors of both Bud8p and Bud9p should be identified
by genetic and biochemical assays. In afirst step, genetical and physical interactions
of Bud8p and Bud9p with known polarity-establishment proteins and actin
associated-proteins should be tested by double mutant analysis and co-purification
experiments. In a second step, novel interaction-partners should be identified by
using the yeast two-hybrid system, followed by biochemical characterization of
interactions.
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Chapter 2

Asymmetrically localized Bud8p and Bud9p proteins contr ol
yeast cell polarity and development

Abstract

Diploid strains of the budding yeast Saccharomyces cerevisiae change the pattern of
cell division from bipolar to unipolar when switching growth from the unicellular
yeast-form (YF) to filamentous, pseudohyphal (PH) cells in response to nitrogen
starvation. The functions of two transmembrane proteins, Bud8p and Bud9p, in
regulating YF and PH cell polarity were investigated. Bud8p is highly concentrated
at the distal pole of both YF and PH cells, where it directs initiation of cell division.
Asymmetric localization of Bud8p is independent of the Rsrip/Budlp GTPase.
rsr1/budl mutations are epistatic to bud8 mutations, placing Rsrlp/Budlp
downstream of Bud8p. In YF cells, Bud9p is also localized at the distal pole, yet
deletion of BUD9 favors distal bud initiation. In PH cells, nutritional starvation for
nitrogen efficiently prevents distal localization of Bud9p. Because Bud8p and Bud9p
proteins associate in vivo, we propose Bud8p as landmark for bud initiation at the
distal cell pole, where Bud9p acts as inhibitor. In response to nitrogen starvation,
asymmetric localization of Bud9p is averted, favoring Bud8p-mediated cell division
at the distal pole.
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I ntroduction

Control of cell polarity is fundamental for the development of many organisms. The
yeast Saccharomyces cerevisiae is a simple model for studying the molecular basis
underlying establishment of cell polarity and oriented cell division. These yeast cells
divide by budding and choose cell division sites in different spatial patterns that are
under genetic control of their cell type (Freifelder, 1960; Hicks et al., 1977; Chant
and Pringle, 1995). Haploid a or a cells bud in an axial pattern, where mother and
daughter cells bud adjacent to their cell pole that defined the previous mother-
daughter junction. This region of the yeast cell surface is also referred to as the
proximal pole or the birth end of the cell. Diploid a/a yeast cells bud in a bipolar
pattern, where buds form either at the proximal pole or at the site opposite to it,
called the distal pole.

Yeast cell polarity and according budding patterns are affected by extracellular
stimuli, such as pheromones or nutrients. For instance, haploid cells that have been
exposed to a concentration gradient of pheromone of the opposite mating partner
redirect their axis of polarity and start to form mating projections in the direction of
the presumed mating partner (Segall, 1993). In addition, budding patterns of haploid
cells can be altered by nutritional starvation (Madden and Snyder, 1992; Chant and
Pringle, 1995). Diploid cells starved for nitrogen switch their budding pattern from
bipolar to unipolar distal, where most of the buds emerge at the distal cell pole
(Gimeno et al., 1992; Kron et al., 1994). The unipolar distal budding program is
essential for the formation of multicellular filaments called pseudohyphae (PH),
whose development is induced when diploid cells are starved for nitrogen and
subsequently change cell morphology and show substrate invasive growth behavior.
Unipolar distal budding is a prerequisite for the establishment of filamentous
structures and therefore can be viewed as a process regulated by nutritional signals
and guiding the direction of the growing PH filaments.

In yeast, selection of cell division sites is regulated by at least three different classes
of genes and corresponding proteins (for recent reviews see Madden and Snyder,
1998; Chant, 1999). One class of genesisrequired for axial and bipolar budding and
includes RSR1/BUD1, BUD2 and BUD5 (Bender and Pringle, 1989; Chant et al.,
1991; Chant and Herskowitz, 1991). Mutations in these genes cause random budding
patterns in haploid and diploid yeast form (YF) cells. Rsrlp/Budlp, Bud2p and
Bud5p constitute a GTPase signaling module that is thought to help to direct bud
formation components to the selected cell division site (Park et al., 1993; Park et al.,
1997). A second class of genesisrequired specifically for axial budding of haploids
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without affecting the bipolar pattern of diploids. Genes of this class include AXL1,
BUD10/AXL2, BUD3 and BUD4 (Chant and Herskowitz, 1991; Fujita et al., 1994;
Halme et al., 1996; Roemer et al., 1996). A third class of genes is required for the
bipolar budding pattern of diploid yeast cells but not for haploid axial budding. Many
genes of this class have been identified by genetic screens and include AIP3/BUDG,
BUD7, BUDS8, BUD9, BNI1, PEA2 and SPA2 (Snyder, 1989; Valtz and Herskowitz,
1996; Zahner et al., 1996). Mutations in most of these genes cause a random budding
pattern only in diploids without affecting axial budding in haploids. Only two genes
of this class, BUD8 and BUD9 have been described to shift the bipolar pattern to a
unipolar pattern and therefore appear to have the most specific effects on bipolar
budding. Mutations in BUD8 cause a unipolar proximal budding pattern in diploids,
whereas bud9 mutants bud with high frequency from the distal cell pole (Zahner et
al., 1996). Therefore, Bud8p and Bud9p have been proposed to act as bipolar
landmarks that might recruit components of the common budding factors, e.g.
Bud2p, BudSp or Rsr1p/Budlp, to either of the two cell poles (Chant, 1999).

Most studies that have addressed the function of genes controlling bud site selection
were performed under nutrient rich conditions, where S. cerevisiae will grow and
divide in the unicellular yeast form (YF). Only little is known about the molecular
mechanisms that control changesin cell polarity in response to nutritional starvation.
Because nitrogen starvation causes a switch in the budding pattern from bipolar to
unipolar distal in diploid cells, pseudohyphal development is an ideal model to study
factors that control oriented cell division in response to external signals. To date, no
class of genes has been identified that is specifically required for the unipolar distal
pattern of PH cells without affecting bipolar budding of YF cells. Aninitial study has
identified Rsrip/Budlp to be required for pseudohyphal development, because
expression of a dominant negative form of RSR1/BUD1, RSR1*™°, suppresses
filament formation in response to nitrogen starvation (Gimeno et al., 1992). A
genetic screen directed at the identification of genes specifically required for
pseudohyphal development has uncovered several of the bipolar specific bud site
selection genes including BUDS, BNI1, PEA2/DFG9 and SPA2 (Mdsch and Fink,
1997).

In this study, we investigated the requirement and subcellular localization of Bud8p
and Bud9p proteins during both YF growth in nutrient rich media and PH
filamentous growth under nitrogen starvation conditions. Our study suggests that
Bud8p acts as a landmark for bud initiation at the distal cell pole, whereas Bud9p
appears to be an inhibitor of distal budding that might interfere with Bud8p functions
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in YF cells. In PH cells, Bud9p is prevented from being localized to the distal cell
pole, causing a switch in cell polarity from bipolar to unipolar budding.

Results

Bud8p and Bud9p are asymmetrically localized at the distal pole of YF cells
Previous genetic studies suggested that Bud8p and Bud9p might act as landmarks for
the selection of cell division sites. Therefore, we first determined the subcellular
localization of Bud8p and Bud9p in diploid cells. GFP-BUD8 and GFP-BUD9
fusion genes expressing GFP-Bud8p and GFP-Bud9p fusion proteins from the
endogenous BUDS8- and BUD9-promoters were constructed and expressed in YF
cells from low copy plasmids. Low levels of neither GFP-Bud8p nor GFP-Bud9p
produced fluorescent signals that were detectable by GFP-fluorescence microscopy,
although the highly fluorescent GFPuv (cycle 3) variant was used (Crameri et al.,
1996). Importantly, low copy expression of GFP-fusion genes complemented the
budding defects of diploid bud8 or bud9 mutant strains, demonstrating that GFP-
fusion proteins were produced at levels sufficient for function but not for visual
detection. GFP-fusion proteins were detectable when GFP-Bud8p and GFP-Bud9p
were expressed from high copy plasmids. Localization was first analyzed in
exponentially growing cultures in nutrient rich media, when strains grow
predominantly in the YF and elaborate the bipolar budding pattern (Figure 8A). GFP-
Bud8p was found to be localized at both the tip of the growing daughter cell and the
mother side of the mother-daughter neck. The concentration of GFP-Bud8p was
more pronounced at the mother-bud neck than at the bud tip of small-budded YF
cells. However, this difference was no longer detectable in large-budded YF cells.
Surprisingly, GFP-Bud9p was also found to be highly concentrated at the tip of the
growing bud throughout cell division. In contrast to GFP-Bud8p, no GFP-Bud9p was
detectable at the mother-bud neck of small budded cells, and only aweak fluorescent
signal was detectable at thisregion in large-budded cells. Moreover, GFP-Bud9p was
already found to be highly concentrated at the distal pole of unbudded cells,
indicating that Bud9p concentrates at the site of the incipient bud in G1.

Subcellular localization of epitope-tagged versions of Bud8p and Bud9p was
analyzed by indirect immunofluorescence microscopy to corroborate the data found
with GFP-fusion proteins. A triple myc epitope tag was inserted just after start
codons of BUD8 and BUDS9. The corresponding fusion genes were either expressed
from high copy plasmids or were integrated into the genome of wild-type as well as
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Figure 8. Subcellular localization of Bud8p and Bud9p in YF cells. (A) Shown are representative
cells of wild-type strain RH2447 expressing either GFP-Bud8p from plasmid pME1772 or GFP-
Bud9p from plasmid pME1777. Strains were grown in high ammonium media to exponential growth
phase. Living cells at different stages of the cell cycle were chosen for photography according to their
bud size and were viewed by both differential interference contrast microscopy (DIC) or by
fluorescence microscopy (GFP). Identical results were obtained when expressing GFP-Bud8p or GFP-
Bud9p under control of the MET25-promoter using plasmid pME1773 or pME1778, respectively.
Scale bar applies to (A), (B) and (C) and equals 5 um. (B) Immunofluorescence microscopy. Strain
RH2447 expressing myc-Bud8p (pME1775) or myc-Bud9p (pME1780) was grown to exponential
growth phase and prepared for anti-myc immunofluorescence. Shown are representative cells that
were viewed for nuclear DNA with DAPI-imaging (DAPI) or for anti-myc immunofluorescence
(FITC). (C) Anti-myc immunofluorescence microscopy of strains expressing myc-Bud8p (RH2491)
or myc-Bud9p (RH2493) at endogenous levels. Shown are representative cells viewed for nuclear
DNA with DAPI-imaging (DAPI) or for anti-myc immunofluorescence (FITC).

bud8 or bud9 mutant strains, to obtain endogenous expression levels of tagged
proteins. Phenotypic analysis of tagged versions of BUD8 and BUD9 in bud8 and
bud9 diploid mutant strains revealed no difference when compared to non-tagged
versions. The localization pattern of myc-Bud8p was similar to that observed using
GFP-Bud8p throughout the cell cycle (Figures 8B and 8C). In contrast to GFP-
Bud8p, however, myc-Bud8p was found predominantly at the tip of growing cells
and only very weak staining was visible at the mother-bud neck. Similar results were
found for myc-Bud9p when compared to GFP-Bud9p. The epitope-tagged version of
Bud9p was highly concentrated at the site of the incipient bud in unbudded cells and
at the tip of the growing daughter cells.
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Expression of BUD8 and BUDS9 is highly regulated during the cell cycle, with BUD8
showing peak expression in M phase and BUD9 peaking in G1 (Spellman et al.,
1998). Therefore, GFP-Bud8p and GFP-Bud9p subcellular localization was further
analyzed when expressed from the MET25-promoter, to test whether cell cycle
specific expression is important for localization of Bud8p or Bud9p. However, no
differences were found when compared to GFP-BUD8 or GFP-BUD9 being under
the control of the endogenous BUD8- or BUD9-promoters.

Localization of Bud8p and Bud9p was further measured in haploid strains using
GFP-fusions and myc-tagged versions. Interestingly, localization and expression
patterns of Bud8p and Bud9p in haploids were found to be identical to that obtained
in diploids, athough haploid strains displayed an axial budding pattern (data not
shown). This suggests that in haploid cells asymmetrically localized Bud8p and
Bud9p proteins are not sufficient for induction of bipolar budding, most likely due to
the presence of the haploid-specific budding proteins that might override functions of
Bud8p and Bud9p.

Selection of the distal pole as site of cell division requiresthe presence of Bud8p

and isfavored by the absence of Bud9p

Previous studies have addressed the function of BUD8 and BUD9 by use of only
point mutations or partial gene disruptions (Zahner et al., 1996; Moésch and Fink,
1997). Therefore, we constructed homozygous diploid strains carrying full deletions
of BUD8 or BUD9, and analyzed their budding patterns in both YF and in PH cells
by staining of bud scars (Figure 9). In addition, time-lapse microscopy was used, in
order to distinguish between unipolar proximal (at the birth end of the cell) and
unipolar distal (at the site opposite to the birth end) budding patterns (Figure 10).
Full deletion of BUDS8 caused a unipolar proximal budding pattern in both YF cells
and PH filaments, whereas bud site selection of a control strain was bipolar in YF
cells and switched to unipolar distal in PH filaments (Figure 9 and Figure 10).
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Figure 9. Regulation of bud site selection by BUD8, BUD9 and RSR1/BUD1 in diploid YF and PH
cells. (A) Fluorescence imaging of bud scar distribution of YF and PH cells after staining bud scars
with calcofluor. Shown are representative cells of strains RH2447 (wt) (a), RH2449 (bud8/bud8) (b),
RH2450 (bud9/bud9) (c), RH2448 (rsrl/rsrl) (d), RH2451 (rsrl/rsrl bud8/bud8) (e), RH2452
(rsr1/rsrl bud9/bud9) (f), RH2453 (bud8/bud8 bud9/bud9) (g), RH2454 (rsrl/rsrl bud8/bud8
bud9/bud9) (h). For YF cells, strains were transformed with plasmid pRS316 and grown to
exponential growth phase in high ammonium media before staining with calcofluor. For PH cells ,
strains were transformed with plasmid pCG38 overexpressing PHD1 and grown in SLAD/LA media
for 15 h. Scale bar equals 5 pm. (B) Quantitative analysis of bud scar distribution. At least 200 YF
cells of strains described in (A) were analyzed for bud scar distribution (see Materials and Methods).
Bars represent the percentage of cells exhibiting a bipolar (open bars), unipolar (solid bars) or random
(hatched bars) budding pattern.

In agreement with earlier observations, full deletion of BUD8 completely suppressed
the formation of pseudohyphal filaments when tested on nitrogen starvation media
(Figure 11). A detailed analysis of pseudohyphal sub-phenotypes revealed that the
formation of long pseudohyphal cells and substrate invasive growth was similar in
wild-type and in bud8 diploid mutants (Table I). Thus, changes of cell shape or
switching from surface to invasive growth do not require BUD8. The budding-
specific function of Bud8p is supported by the fact that overexpression of BUD8
from high copy plasmids or from the MET25-promoter significantly enhanced the
frequency of distal budding in YF cells without affecting cell morphology or
invasive growth (data not shown). Deletion of BUD9 led to preferentially unipolar
distal budding in YF cells (Figure 9). In contrast to BUD8, however, we could not
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detect significant alterations in bud site selection patterns by overexpression of
BUDO. In PH cells, the unipolar distal pattern was not influenced by the absence of
BUDO9 (Figure 9 and Figure 10).

First buds

p —

prox dist
0% 100%

0% 100%

Figure 10. Time-lapse observation of PH development. S. cerevisiae strains RH2447 (wt), RH2449
(bud8/bud8) and RH2450 (bud9/bud9) all carrying plasmid pCG38 were analyzed for selection
patterns of first buds of virgin pseudohyphal cells. For each strain, at least 70 cell divisions were
observed using a chamber for high magnification imaging of yeast growth on solid SLAD media
(Kron et al., 1994). Numbers given indicate the percentage of virgin PH cells producing their first bud
at either their birth end (proximal site) or opposite to their birth end (distal pole). After 3 days of
growth, pseudohyphal development of cells at the edges of the colonies was visualized under the
microscope using Nomarski optics. Scale bar equals 5 um.

As a conseguence, bud9/bud9 diploids produce regular amounts of pseudohyphae
when grown on nitrogen starvation media (Figure 11). As found for Bud8p, Bud9p
was not required for changes in cell morphology or invasive growth behavior during
pseudohyphal development (Table I). This is in agreement with the fact that
bud9/bud9 mutant strains do not produce pseudohyphal filaments on nitrogen rich

38



Chapter 2

media, although the absence of BUD9 induces unipolar distal budding aready in the
YF.

In summary, selection of the distal pole as site of cell division requires the presence
of Bud8p and is favored by the absence of Bud9p. This suggests that Bud8p is as
landmark for bud initiation at the distal pole, whereas Bud9p appears to inhibit distal
budding.

wit © bud8 J - bud9 rsrl

rsrl bud8 | rsrlbud9 s bud8 bud9 rs_rl bud8 bud9

L s Y
B

Figure 11. Regulation of pseudohyphal development by RSR1/BUD1, BUD8 and BUDS9. Diploid
strains homozygous for the indicated genotype and transformed with pRS316 were grown on nitrogen
starvation media: wt (RH2447), bud8 (RH2449), bud9 (RH2450), rsr1 (RH2448), rsrl1 buds
(RH2451), rsrl bud9 (RH2452), bud8 bud9 (RH2453), rsr1 bud8 bud9 (RH2454). After 4 days of
growth, pseudohyphal development of strains was visualized under a microscope and photographed.
The scale bar equals 100 pm.

Table|. Regulation of pseudohyphal development by RSR1/BUD1, BUD8 and BUD9

Relevant genotype Cell shape

Strain RSRY/ BUD8 BUD9 Invasion % long % oval % round

BUD1 PH YF YF
RH2447 + + + +++ 25 61 14
RH2448 - + + +++ 26 67 7
RH2449 + - + ++ 22 65 13
RH2450 + + - +++ 29 64 7
RH2451 - - + ++ 25 63 12
RH2452 - + - +++ 25 66 9
RH2453 + - - ++ 21 60 19
RH2454 - - - ++ 17 71 12
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Bud8p and Bud9p proteinsassociatein vivo

Because Bud8p and Bud9p proteins are co-localized at the distal bud and both affect
distal bud site selection, we tested whether Bud8p and Bud9p proteins physically
interact in vivo. For this purpose, in-frame fusions between GST and BUD8 or GST
and BUD9 were constructed and expressed from the GAL1-promoter together with
myc epitope-tagged versions of either BUD8 or BUD9. Fusion proteins were induced
and purified with glutathione-beads to isolate each fusion and any associated
proteins. Proteins purified by glutathione-agarose were analyzed by western-blot
analysis using polyclonal anti-GST antibodies or monoclonal anti-myc epitope
antibodies. We found that myc-Bud8p co-purifies with GST-Bud9p, but not with
GST aone (Figure 12). Vice versa, myc-Bud9p is associated with GST-Bud8p, but
not with the GST control. Thus, Bud8p and Bud9p proteins are associated in vivo,
suggesting that Bud8p and Bud9p might influence each other's function.
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Figure 12. Co-purification of GST-Bud9p with myc-Bud8p and of GST-Bud8p with myc-Bud9p.
Total protein extracts were prepared from strain RH2495 carrying either of the plasmid pairs
PME1937 (myc-BUDS) and pY GEX-2T (GST), or pME1937 (myc-BUDS8) and pME1941 (GST-
BUD9), or pME1939 (myc-BUD9) and pY GEX-2T (GST), or pME1939 (myc-BUD9) and pME1940
(GST-BUDS). GST and GST-fusion proteins were purified as described. Equivalent amounts of each
sample were subjected to SDS-PAGE, transferred to nitrocellulose, and probed with a monoclonal
anti-myc antibody (a-myc) or a polyclonal anti-GST antibody (a-GST).
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Diploid bud8A bud9A null mutants produce a random budding pattern
comparableto rsr 1A/budl1A strains

BUDS8 and BUD9 are yet the only known genes encoding functions as diploid-
specific landmarks at cell poles. It has been observed that diploid bud8 bud9 double
mutants exhibit the unipolar proximal budding pattern of bud8 single mutants,
suggesting the existence of further factors acting as bipolar landmarks (Zahner et al.,
1996). However, the above study was performed with strains carrying point
mutations in BUD8 and BUD9. Therefore, we here constructed homozygous diploid
bud8 bud9 double mutant strains carrying full deletions of the BUD8 and BUD9 open
reading frames to reexamine these results. We found that diploid bud8 bud9 null
mutants behave differentially to single mutants and are similar to rsr1/budl strains,
because they produce a random budding pattern in YF and PH cells (Figure 9). As
controls, we also constructed homozygous diploid rsr1/budl single and rsrl/budl
bud8 bud9 triple mutant strains. We found that bud8 bud9 double mutants are
undistinguishable from the rsr1/budl single or rsr1/budl bud8 bud9 triple mutants
with respect to bud site selection patterns or pseudohyphal development (Figure 9,
Figure 11 and Table ). These results suggest that in diploid cells BUD8 and BUD9
encode the only gene products that act as bipolar landmarks at the cell polesof YF or
PH cells.

Mutations in RSR1/BUD1 are epistatic to mutations in BUD8 and BUD9 and
Rsr1p/Budlp isnot required for unipolar localization of Bud8p or Bud9p

Both Bud8p and Bud9p have been suggested to function as landmarks at the cell
poles of diploid yeast cells that might recruit or locally activate the Rsrlp/Budlp
GTP-binding protein (Chant, 1999). To test this hypothesis, we constructed
homozygous diploid bud8 and bud9 mutant strains in combination with mutations in
RSR1/BUD1. We predicted that if RSR1/BUD1 acts downstream of BUD8 and BUD9
in the bud site selection pathway, mutations in RSR1/BUD1 should be epistatic over
mutations in either BUD8 or BUD9. As described above, rsrl/budl bud8 and
rsr1/budl bud9 double mutant strains were assayed for bud site selection patternsin
YF and PH cells (Figure 9). In addition, pseudohyphal filament formation along with
a detailed analysis of PH cell morphogenesis and substrate invasive growth was
investigated (Figure 11 and Table 1). We found that both the rsr1/budl bud8 and
rsr1/budl bud9 double mutants were indistinguishable from the rsrl/budl single
mutant with respect to al phenotypes measured. This result argues for RSR1/BUD1
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acting downstream of BUD8 or BUD9 in the control of bud site selection of both YF
and PH cdlls.

Our genetic analysis indicated that RSR1/BUD1 acts downstream of BUD8 and
BUD®9. This assumption could be verified, if Rsrlp/Budlp was not required for
asymmetric localization of Bud8p and Bud9p. Therefore, subcellular localization of
GFP-Bud8p and GFP-Bud9p was analyzed in a homozygous diploid rsr1/budl
mutant strain (Figure 13A). Indeed, no obvious difference of subcellular localization
of GFP-Bud8p or GFP-Bud9p was observed in a rsr1/budl mutant when compared
to a control strain, further confirming Rsr1p/Budlp to act downstream of Bud8p and
Bud9p. Similarly, we tested localization of GFP-Bud8p in diploid bud9 mutants and
GFP-Bud9p in diploid bud8 strains (Figure 13B). Again, no differences could be
detected when compared to localization of the GFP-fusion proteins in a control
strain. These findings are in agreement with the genetic studies predicting that in the
absence of Bud9p, Bud8p should be normally localized to the distal bud site thereby
allowing the unipolar distal pattern found in the bud9 single mutant. Vice versa, the
absence of Bud8p was not expected to affect localization of Bud9p, because absence
of both Bud8p and Bud9p (in a bud8 bud9 double mutant strain) was found to cause
random and not unipolar proximal budding as exhibited by the bud8 single mutant.

A

GFP-Bud8p GFP-Bud9p

rsrl AlrsrlA rsrl AlrsrlA
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Figure 13. Unipolar localization of GFP-Bud8p and GFP-Bud9p is independent of RSR1/BUD1,
BUDS or BUD9. (A) Living cells of strain RH2448 (rsr1A/rsr14) expressing GFP-Bud8p (pME1772)
or GFP-Bud9p (pME1777) grown in high ammonium media to exponential growth phase were viewed
by both differential interference contrast microscopy (DIC) or by fluorescence microscopy (GFP).
Identical results were obtained when expressing GFP-Bud8p or GFP-Bud9p under control of the
MET25-promoter using plasmid pME1773 or

PMEL778, respectively. (B) Subcellular localization of GFP-Bud8p and GFP-Bud9p in strains
RH2450 (bud9A/bud94) and RH2449 (bud8A/bud84). Scale bar applies to (A) and (B) and equals 5

um.

Starvation for nitrogen initiates unipolar distal cell divisions in pseudohyphal
filaments by preventing localization of Bud9p, but not Bud8p, at the distal cell
pole

During switching from the YF to the PH filamentous form, the budding pattern of
diploid strains switches from bipolar to unipolar distal. Therefore, we wanted to
know whether Bud8p or Bud9p are directly involved in this process. Our genetic data
and localization studies suggested that Bud8p is alandmark at the distal cell pole that
is required for distal bud site selection. In contrast, Bud9p appears to act as an
inhibitor of distal bud site selection, because absence of Bud9p (in a bud9 mutant)
favors unipolar distal budding in YF cells. For this reason, PH cells can be viewed as
Y F cells lacking Bud9p with respect to their budding pattern. We reasoned that PH
cells might differ from Y F cells by their expression patterns of the BUD9 gene or by
subcellular localization of the Bud9 protein. Therefore, subcellular localization of
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GFP-Bud8p and GFP-Bud9p were measured under nitrogen starvation conditions
that favor pseudohyphal development. In addition, expression levels of BUD8 and
BUD9 genes as well as intracellular levels of GFP-Bud8p and GFP-Bud9p proteins
were determined under these conditions. Nitrogen starvation did not significantly
alter subcellular localization of GFP-Bud8p (Figure 14) when compared to non-
starved cells (Figure 8).

GFP-Bud8p GFP-Bud9p

| DIC GFP | | DIC GFP

Figure. 14. Subcellular localization of GFP-Bud8p and GFP-Bud9p in living PH cells. Shown are
representative cells of wild-type strain RH2447 expressing either GFP-Bud8p from plasmid pME1772
or GFP-Bud9p from plasmid pMEL1777. S. cerevisiae strains were grown in low ammonium media
(SLAD/LA) for 15 h. Living cells were viewed by both differential interference contrast microscopy
(DIC) or by fluorescence microscopy (GFP). Scale bar equals 5 um.

GFP-Bud8p was still found to be concentrated to the tip of the growing bud as well
as to the mother-bud neck region. Expression of GFP-Bud8p in nitrogen-starved
cultures did hardly change, but a two-fold induction of steady-state BUD8 mRNA
was measured under these conditions (Figure 15). However, localization of GFP-
Bud9p to the distal cell pole was completely suppressed when cultures were starved
for nitrogen (Figure 14). In contrast, intracellular protein levels of GFP-Bud9p or
BUD9 mRNA levels in these cultures did not drop more than by a factor of roughly
two (Figure 15).
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Fig. 15. Regulation of BUD8 and BUD9 expression by nitrogen availability. (A) Autoradiogram
showing steady state levels of BUD8 and BUD9 mRNA of strains RH2447 (wild-type), RH2449
(bud8/bud8) and RH2450 (bud9/bud9) all carrying plasmid pRS316 for Ura" prototrophy and either
grown to exponential growth phase in high ammonium media (+ N) or grown in low ammonium
media (- N) for 15 h. Expression of the PDAL gene served as an interna control. Relative expression
levels of BUD8 (BUD8/PDAL) and BUD9 (BUD9/PDAL) are shown below and were obtained using a
Phosphor-Imaging scanner. Numbers represent mean values of three independent measurements and
were obtained by normalizing BUD gene transcript levels with respect to PDA1 and to BUD gene
expression in wild-type strain RH2447 grown on high ammonium (+ N). Standard deviation was
below 20%. (B) Regulation of GFP-Bud8p and GFP-Bud9p fusion protein levels by nitrogen. Total
protein extracts were prepared from strain RH2447 carrying either of the plasmid pME1783 (Bud8p),
PME1772 (GFP-Bud8p), pME1784 (Bud9p) or pME1777 (GFP-Bud9p) grown in high ammonium (+
N) or low ammonium (- N) media. Extracts were analyzed for expression of GFP-fusion proteins by
Western blot analysis using a polyclonal anti-GFP antibody (a-GFP). As an internal control, protein
levels of Cdc28p were measured in the same extracts using a polyclonal anti-Cdc28p antibody (a-

Cdc28p).

Thus, athough significant levels of GFP-Bud9p were still present in nitrogen-starved
cells, none of this protein was found to be concentrated at the distal bud tip during
cell division. Similar results were obtained with the epitope-tagged myc-Bud8p and
myc-Bud9p proteins (data not shown). These findings suggest that the starvation-
induced switch of cell polarity from bipolar budding of YF cells to unipolar dista
budding of PH cells is achieved by a mechanism that prevents Bud9p from being

localized to the distal cell pole.
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Discussion

Upon starvation for nitrogen, diploid yeast cells switch polarity from the bipolar to
the unipolar distal pattern that is a prerequisite for the formation of linear filaments
during pseudohyphal growth (Gimeno et al., 1992; Kron et al., 1994). Our study
provides novel evidence for a molecular model that explains how Bud8p and Bud9p
regulate polarity of diploid yeast cellsin response to nutrients (Figure 16).

distal cell pole

YF l@
....... [N

nitrogen
starvation

8

PH
l", ""

Figure. 16. Model for regulation of bud site selection at the distal cell pole of S. cerevisiae. In YF
cells, Bud9p is localized at the distal cell pole and interferes with Bud8p-mediated bud site selection
via the Rsr1p/Budlp-Bud5p-Bud2p GTPase module. In PH cells, nutritional starvation for nitrogen
prevents distal localization of Bud9p allowing efficient Bud8p-mediated distal budding.

We propose that Bud8p is a cortical tag at the distal pole of both YF and PH cells,
where it directs bud initiation. When nutrients are available, Bud9p is aso localized
to the distal pole, where it significantly reduces the potential of distal bud site
selection. As consequence, YF cells elaborate the bipolar budding pattern. In
response to nitrogen starvation, Bud9p (but not Bud8p) is mislocalized and therefore
no more present at the distal cell pole. This leads to unipolar distal cell divisionsin
PH cells, a budding pattern that can be mimicked in YF cells by deletion of BUDO.
Because Bud8p and Bud9p associate in vivo, Bud9p might be an inhibitor of Bud8p-
mediated distal bud site selection. Both Bud8p and Bud9p are predicted to be
transmembrane proteins. As previously discussed (Chant, 1999), Bud8p and Bud9p
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consist of N-terminal extracellular domains (515 and 460 amino acids, respectively),
membrane spanning domains, short cytoplasmic loops (42 and 38 amino acids),
second membrane spanning domains, and short (3 and 2 amino acids) extracellular
domains at the C-terminus (Figure 16). Membrane association of Bud8p and Bud9p
is in agreement with the fact that membrane dissolving detergents are required for
full extraction of both proteins (see Materials and methods). In addition, deletion of
the predicted transmembrane domains of Bud8p inhibits both its function and proper
intracellular localization (our unpublished results). Surprisingly, neither Bud8p nor
Bud9p have a predicted signal sequence, although their N-terminal domains contain
a number of predicted N-glycosylation sites. Both Bud8p and Bud9p might be
glycosylated, because their apparent molecular weights are much higher than
calculated when analyzed by SDS PAGE (Figure 15). However, whether Bud8p and
Bud9p are glycoproteins that are delivered to the cell surface via the secretory
pathway, similar to AxI2p/Bud10p (Halme et al., 1996; Roemer et al., 1996; Sanders
et al., 1999), remains to be elucidated.

Our study defines the distal pole as main site of action for Bud8p and Bud9p in YF
and PH cells. However, highly concentrated amounts of GFP-Bud8p and some GFP-
Bud9p were also detectable at the bud neck in living cells. Because the bud neck is
positioned between the distal cell pole of the mother and the proximal pole of the
daughter, careful analysis of bud neck staining of a given protein is necessary for
interpretation of its function. Our localization studies clearly show that GFP-Bud8p
and GFP-Bud9p proteins residing at the bud neck are asymmetrically concentrated at
the mother-side of the bud neck (Figure 8).

Moreover, we could never observe dividing cells with GFP-Bud8p concentrated at

the distal pole of the growing bud and at the proximal pole of the mother. Thus, we
prefer the view that this portion of Bud8p and Bud9p is localized at the distal cell

pole of the mother, and not at the proximal pole of the daughter. This argues for

Bud8p and Bud9p functioning not only at the distal pole of the new daughter, but as
well at the distal pole of the mother.

How does Bud8p act as a cortical tag? Our study provides genetic evidence that the
general budding factor Rsr1p/Budlp might be recruited to or locally be activated at
the distal pole through Bud8p, because rsr1/budl mutants display a random budding
pattern independently of Bud8p. Vice versa, Bud8p is localized to the distal bud site
irrespective of the presence or absence of Rsrlp/Budlp. However, a direct
interaction between Bud8p and Rsr1p/Budlp seems unlikely, because Rsrip/Budlp
is distributed uniformly around the plasma membrane (Michelitch and Chant, 1996).

a7



Chapter 2

Thus, Bud8p might control distal bud site selection via regulatory proteins of
Rsrlp/Budlp, e.g. Bud2p or BudSp (Park et al., 1999).

An important finding of our study is that neither protein levels nor subcellular
localization of Bud8p undergo significant changes when cells are starved for nitrogen
and switch to the PH form. Yet, BUDS is absolutely required for pseudohyphal
development. Thus, Bud8p does not appear to be a prime regulator that controls the
switch from bipolar to unipolar cell divisions in response to nitrogen starvation.
Rather, the efficiency of Bud8p as a cortical tag might be altered in PH cells, by e.g.
postranslational modification or by interaction with an inhibitor. We favor Bud9p to
be a negative regulator of distal budding, whose subcellular localization is under
control of nitrogen starvation. This view of Bud9p is supported by several
observations. (i) Bud9p is highly concentrated at the distal pole of YF cells, whereas
absence of Bud9p (in bud9 deletion strains) favors distal bud initiation. This finding
per se defines a negative function for Bud9p at the distal pole, given the assumption
that the main localization of Bud9p reflects its mgjor site of action. (ii) Bud8p and
Bud9p co-purify, indicating physical interaction in vivo. (iii) PH cells display an
unipolar distal pattern much like YF bud9 mutant cells, thus naturally reflecting the
artificial situation created by deletion of BUDO. (iv) In PH cells, Bud9p is prevented
from being localized to its presumed site of negative action, the distal cell pole. How
does Bud9p fulfill such a negative function? As discussed above, the Bud9p
sequence predicts an extracellular domain of 460 amino acids at the N-terminus and
a short loop of 38 amino acids at the inside of the cell. Thus, Bud9p might interact
directly with Bud8p and prevent Bud8p from recruiting downstream factors to the
distal pole. Alternatively, Bud9p might compete with Bud8p for these downstream
proteins, but negatively act on their function. It remains to be determined whether
such a mechanism involves posttranslational modifications of Bud9p or alterations of
the machinery that recognizes and asymmetrically localizes Bud9p to the distal pole.

M aterials and methods

Yeast strainsand growth conditions

All yeast strains used in this study are congenic to the 21278b genetic background
(Table 11). bud8A::HIS3, bud9A::HIS3 and rsrl1A::kanR deletion mutations were
introduced using plasmids pME1767, pME1768 and pMEL1766 (Table I11). Strains
RH2491, RH2492, RH2493 and RH2494, all expressing myc-epitope-tagged
versions of either BUD8 or BUD9 at endogenous levels, were obtained by integration
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of linearized plasmids pME1936 or pME1938 into the ura3-52 locus. Standard
methods for genetic crosses and transformation were used and standard yeast culture
YPD, YNB and SC media were prepared essentially as described (Guthrie and Fink,
1991). Low ammonium medium (SLAD) was prepared as described (Gimeno et al.,
1992). Solid SLAD 2% agar medium was used for qualitative and quantitative
pseudohyphal growth assays. Strains were grown in liquid SLAD layered over
SLAD 2% agar in Petri plates (SLAD/LA) essentially as described (Kron et al.,
1994) for bud scar staining and GFP-fluorescence microscopy of PH cells as well as
for isolation of RNA and protein extracts from PH cells. The PHD1 PH-inducer was
overexpressed from plasmid pCG38 in strains used for bud scar staining and time-
lapse microscopy to obtain a high proportion of PH cells required for these
measurements.

Plasmids

Plasmids pME1766, pME1767 and pME1768 carrying the rsrlA::kanRr,
bud8A::HIS3 and bud9A::HIS3 deletion cassettes were created by replacement of the
coding sequences of RSR1/BUD1, BUDS8 and BUDO for either the HIS3 selectable
marker or the kanR kanamycin resistance gene using a PCR-based 3-step cloning
strategy. To obtain genomic fragments carrying BUD8 and BUD9, plasmids pRS202-
BUDS8 and pRS202-BUD9 were isolated from a yeast genomic library in pRS202
(from P. Hieter, University Of British Columbia, Vancouver, Canada) using colony
hybridizations and *P-radiolabeled probes for BUD8 and BUDO.

Plasmid pME1769 was obtained by subcloning of a 4.0 kb BamHI-Xhol genomic
fragment from pRS202-BUDS into pRS316 (Sikorski and Hieter, 1989), and plasmid
PME1783 by subcloning of a 3.1 kb BamHI-Scal fragment from pRS202-BUDS into
pRS426 (Christianson et al., 1992). Plasmid pME1771 and pME1772, both
expressing GFP-Bud8p from the BUD8-promoter, were constructed by introducing a
Bglll site in front of the second codon of BUD8 and insertion of a 750-bp Bglll-
fragment encoding the GFPuv variant of GFP that was amplified from plasmid
pBAD-GFPuv (CLONTECH, Heidelberg, Germany).

Plasmid pME1773 expressing GFP-Bud8p from the MET25-promoter was obtained
by subcloning of a 3.3 kb EcoRV-Scal fragment carrying GFP-BUDS8 from
PME1771 into p426MET25 (Mumberg et al., 1994). Plasmids pME1775, pME1936
and pME1937, all expressing a triple myc eptitope-tagged version of Bud8p under
the control of the BUD8-promoter, were obtained by insertion of a 120 bp BamH]
fragment carrying the triple myc epitope (myc®) after the start codon of BUDS.
Plasmid pME1770 and pME1784 were obtained by subcloning of a 5.6 kb EcoRI
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genomic fragment from pRS202-BUD9 into either pRS316 or pRS426. Plasmids
PME1776 and pME1777 both expressing GFP-Bud9p from the BUD9-promoter were
constructed by introducing a BamHI site in front of the second codon of BUD9 and
insertion of the GFPuv cassette described above. pME1778 expressing GFP-Bud9p
from the MET25-promoter was obtained by subcloning of a 3 kb BamHI-EcoRl
BUD9 fragment into p426MET25 and insertion of the GFPuv Bglll cassette.
Plasmids pME1780, pME1938 and 1939, expressing a triple myc eptitope-tagged
version of Bud9p under the control of the BUD 9-promoter, were obtained by
insertion of the triple myc epitope after the start codon of BUD9. Plasmids pME1940
and pME1941 were obtained by N-terminal fusion of BUD8 and BUD9 open reading
framesto GST in vector pY GEX-2T (Schlenstedt et al., 1995).

Qualitative and quantitative assays of pseudohyphal growth

Qualitative assays for pseudohyphal development were performed as described
previously (Mosch et al., 1996). After 3 days of growth on solid SLAD medium,
pseudohyphal colonies were viewed with a Zeiss Axiovert microscope and
photographed using a Xillix Microimager digital camera and the Improvision
Openlab software (Improvision, Coventry, England). Quantitative assays for PH
growth including determination of substrate invasion and cell shape were performed
following the protocols described earlier (M6sch and Fink, 1997).

Bud scar staining and deter mination of budding patterns

Bud scar staining was performed on YF and PH cells grown to exponential growth
phase. YF cells in exponential growth phase were prepared by growing strains in
liquid YNB medium at 30° C to ODg,, of 0.6. PH cells in exponential growth phase
were obtained by growth on SLAD/LA medium. Routinely, 5 x 10° cells were
inoculated into 10 ml SLAD liquid medium layered over 10 ml SLAD 2% agar in
Petri dishes and incubated at 30°C. After 15 h, cells were suspended and collected by
centrifugation in conical polystyrene tubes. YF and PH cell suspensions were fixed at
room temperature for 2 h in 3.7% formaldehyde. Samples were rinsed twice in water
and resuspended in 200 pl of afresh stock of 1 mg/ml calcofluor white (Fluorescent
Brightener F-6259, Sigma). Bud scars were visualized by fluorescence microscopy
using a Zeiss Axiovert microscope and photographed using a Xillix Microimager
digital camera and the Improvision Openlab software (Improvision, Coventry,
England). Cells with two to 10 obvious bud scars were divided into three classes:
bipolar, cellswith two or more bud scars with at least one scar at each end of the cell
(the birth end and the free end); unipolar, cells with all bud scars at one end of the
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cell immediately adjacent to one another; random, cells with bud scar distributions
other than bipolar or unipolar. Numbers in the tables represent the percentage of cells
in each class for asample of at least 200 cells.

Time-lapse microscopy

Bud site selection of growing PH filaments was determined by using a chamber for
high magnification imaging of yeast growth as described previously (Kron et al.,
1994). Positions of bud site emergence were determined by direct microscopic
observation. For each strain measured, at least 70 cell divisions were observed.

GFP-fluorescence and indirect immunofluor escence micr oscopy

Y east strains harboring plasmids encoding GFP-Bud8p or GFP-Bud9p were grown
to exponential growth phase in high or low ammonium media as described for bud
scar staining. Cells from 1 ml of the cultures were harvested by centrifugation and
immediately viewed in vivo on a Zeiss axiovert microscope by either differential
interference contrast microscopy or fluorescence microscopy using a GFP filter set
(AHF Analysentechnik AG, Tubingen, Germany). Cells were photographed using a
Xillix Microimager digital camera and the Improvision Openlab software
(Improvision, Coventry, England). For immunofluorescence microscopy, cells were
cultured as for GFP-microscopy, fixed in 3.7% formaldehyde, and spheroblasts were
prepared as described (Pringle et al., 1991). DAPI (4,6-diamino-2-phenylindole)
staining and monoclonal mouse anti-myc antibodies (9E10) together with an Alexa
488-conjugated goat-anti-mouse antibody (Molecular Probes Inc., Eugene, OR,
USA) were used for visualization of nuclei and myc epitope-tagged proteins,
respectively. Cells were viewed and photographed as described above using standard
DAPI and FITC filter sets.

Northern blot analysis

Total RNA was prepared from cultures grown in high or low ammonium media
exactly as described for bud scar staining and according to the method described
previously (Cross and Tinkelenberg, 1991). Total RNA was separated on a 1.4%
agarose gel containing 3% formaldehyde and transferred onto nylon membranes as
described earlier (Mosch et al., 1992). BUD8, BUD9 and PDAL transcripts were
detected using gene specific **P-radiolabeled DNA probes. Hybridizing signals were
quantified using a BAS-1500 Phosphor-Imaging scanner (Fuji).
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Protein analysis

Whole cell extracts: Extracts were prepared from cultures grown to exponential
growth phase in high or low ammonium medium as described above. Briefly,
cultures were washed in ice-cold buffer R (50 mM Tris-Cl [pH 7.5], 1 mM EDTA,
50 mM DTT), lysed with glass beads in 200 pl buffer R + PIM (1 mM of each
PMSF, TLCK, TPCK, p-aminobenzamidine-HCI and o-phenantroline) + 3% Triton
X-100 + 0.8% SDS at 4° C, and spun at 3500 rpm for 5 min to remove glass beads
and large cell debris. 10 pl of the extracts were removed to determine total protein
concentration using a protein assay kit from (BIO-RAD, Minchen , Germany). SDS
loading dye was added to the remaining total extracts and proteins were denatured by
heating at 37° C for 5 min. Equal amounts of proteins were then subjected to SDS-
PAGE electrophoresis and transferred to nitrocellulose membranes. GFP-fusion
proteins and Cdc28p were detected using ECL technology (Amersham,
Buckinghamshire, United Kingdom) after incubation of membranes with either a
rabbit polyclonal anti-GFP antibody (CLONTECH, Heidelberg, Germany) or rabbit
polyclonal anti-Cdc28p antibodies (a kind gift of S. Irniger, Georg-August-
University Gottingen, Germany) and a peroxidase-coupled goat anti-rabbit 1gG
secondary antibody (Dianova, Hamburg, Germany). Purification of GST fusions:
Extracts of strains expressing GST-fusion proteins together with myc-tagged
versions of Bud8p or Bud9p were prepared after growth on galactose medium for 6
hours exactly as previously described (Roberts et al., 1997). Extracts were incubated
with glutathione agarose overnight at 4°C, and beads were repeatedly washed and
collected to purify GST fusions and any associated proteins. Samples were denatured
by heating at 60°C for 5 min in SDS loading dye, and equal amounts of each sample
were analyzed by Western-blot analysis as described above using either polyclonal
anti-GST antibodies (Santa Cruz Biotechnologies, Santa Cruz, CA, USA) or the
monoclona mouse anti-myc antibody (9E10).
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Tablell. Strainsused in this study

Strain

Genotype

Source

RH2447

RH2448

RH2449

RH2450

RH2451

RH2452

RH2453

RH2454

RH2491

RH2492

RH2493

RH2494

RH2495

MATa/MATa, ura3-52/ura3-52,
leu2::hisG/LEU2, trpl::hisG/TRP1

MATa/MATa, rsrl1A::kanR/rsr1A::kanR,
ura3-52/ura3-52, leu2::hisG/LEU2, trpl::hisG/TRP1

MATa/MATa, bud8A::HIS3/bud8A::HIS3,
ura3-52/ura3-52, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

MATa/MATa, bud9A::HIS3/bud9A::HIS3,
ura3-52/ura3-52, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

MATa/MATa, rsrl1A::kanR/rsr1A::kanR,
bud8A::HIS3/budBA:: HIS3, ura3-52/ura3-52,
his3::hisG/his3::hisG, leu2::hisG/LEU2, trpl::hisG/TRP1
MATa/MATa, rsrl1A::kanR/rsr1A::kanR,

bud9A:: HIS3/bud9A:: HIS3, ura3-52/ura3-52,
his3::hisG/his3::hisG, leu2::hisG/LEU2, trpl::hisG/TRP1
MATa/MATa, bud8A::HIS3/bud8A::HIS3,

bud9A:: HIS3/bud9A:: HIS3, ura3-52/ura3-52,
his3::hisG/his3::hisG, leu2::hisG/LEU2, trpl::hisG/TRP1
MATa/MATa, rsrl1A::kanR/rsr1A::kanR,

bud8A:: HIS3/bud8A:: HIS3, bud9A:: HIS3/bud9A: :HIS3,
ura3-52/ura3-52, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

MATa/MATa, myc-BUD8-URA3/

myc-BUD8-URAS3, ura3-52/ura3-52,

leu2::hisG/LEU2, trpl::hisG/TRP1

MATa/MATa, myc-BUD8-URA3/

myc-BUD8-URA3, bud8A::HIS3/bud8A::HIS3,
ura3-52/ura3-52, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

MATa/MATa, myc-BUD9-URA3/

myc-BUD9-URAS3, ura3-52/ura3-52,

leu2::hisG/LEU2, trpl::hisG/TRP1

MATa/MATa, myc-BUD9-URA3/

myc-BUD9-URAS, bud9A::HIS3/bud9A::HIS3,
ura3-52/ura3-52, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

MATa/MATa, ura3-52/ura3-52,

leu2::hisG/leu2::hisG, his3::hisG/HIS3,
trpl::hisG/TRP1

This study
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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Tablelll. Plasmids used in this study

Plasmid Description Reference

PME1766 rsr1A::kanR cassette for full deletion of RSR1 This study

pPME1767 bud8A::HIS3 cassette for full deletion of BUD8 This study

pPME1768 bud9A::HIS3 cassette for full deletion of BUD9 This study

pPME1769 4.0-kb fragment containing BUD8 in pRS316 This study

PME1770 5.6-kb fragment containing BUD9 in pRS316 This study

YCp(RSR1)  1.6-kb fragment containing RSR1 in Y Cp50 (Ruggieri et al., 1992)

pPME1771 BUD8prom-GFP-BUDS fusion in pRS316 This study

pPME1772 BUD8prom-GFP-BUDS fusion in pRS426 This study

PME1773 MET25prom-GFP-BUDS8 fusion in pRS426MET25 This study

PMEL775 BUD8prom-myc®-BUDS fusion in pRS426 This study

PME1776 BUD9prom-GFP-BUD9 fusion in pRS316 This study

pPMEL777 BUD9prom-GFP-BUD9 fusion in pRS426 This study

pPME1778 MET25prom-GFP-BUD9 fusion in pRS426MET25 This study

pPME1780 BUD9prom-myc®-BUDS9 fusion in pRS426 This study

pPME1783 3.1-kb fragment containing BUD8 in pRS426 This study

pPME1784 5.6-kb fragment containing BUD9 in pRS426 This study

pME1936 BUD8prom-myc®-BUDS fusion in pRS306 This study

pME1937 BUD8prom-myc®-BUDS fusion in pRS425 This study

pME1938 BUD9prom-myc®-BUD9 fusion in pRS306 This study

pME1939 BUD9prom-myc®-BUDS9 fusion in pRS425 This study

pPME1940 GAL1prom-GST-BUD8 fusion in pY GEX-2T This study

pME1941 GAL1prom-GST-BUD9 fusion in pY GEX-2T This study

pRS316 URA3-marked centromere vector (Sikorski and Hieter, 1989)

pRS426 URA3-marked 2 pm vector (Christianson et al., 1992)

p426MET25 pRS426 containing MET25-promoter and (Mumber g et al., 1994)
CYC1 terminator

pCG38 2.6-kb fragment containing PHD1 in pRS202 (Gimeno and Fink, 1994)

pYGEX-2T  URA3-marked 2 um GAL1prom-GST fusion (Schlenstedt et al., 1995)
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Chapter 3

Typel myosinisrequired for selection of cell division sitesin
budding yeast and physically associates with the landmark
protein Bud8p

Abstract

Spatial selection of cell division sites in budding yeast Saccharomyces cerevisiae
depends on actin and associated proteins that regulate polarization of the actin
cytoskeleton and the deposition of spatial landmarks at the cell poles. Type | myosins
are motor proteins that are associated with cortical actin patches in yeast, where they
are thought to regulate polarized cell growth. We have investigated the role of
Myo3p and Myo5p representing the yeast type | myosins in regulation of the bipolar
bud site selection program. Deletion of either the MYO3 or MYOS5 gene is sufficient
to cause random budding in diploid strains. myo3 or myo5 mutations are epistatic to
mutations in BUD8 or BUD9, genes encoding bipolar landmark proteins that are
localized at the cell poles. Localization of GFP-Bud8p and GFP-Bud9p is not
affected by deletion of MYO3 or MYOS5, placing myosin | function downstream of
the bipolar landmarks. Furthermore, type I myosin Myo3p physically associates with
Bud8p in vivo, but not with Bud9p. Our data suggest that type | myosins might
control bud site selection by interaction with bipolar landmark proteins to induce
site-specific actin assembly and cell growth.
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Introduction

Establishment of cell polarity is essentia for proliferation and development of most
organisms. The budding yeast S. cerevisiae establishes cell polarity at several stages
during cell division and is a useful model to study the molecular mechanisms that
control cell polarization (Chant, 1996; Palmieri and Haarer, 1998; Pringle et al.,
1995; Roemer et al., 1996). Yeast cells divide by budding and choose cell division
sites in distinct spatial pattern that depend on their cell type. Haploid MATa and
MATa cells bud in an axial pattern, where mother cells bud adjacent to the previous
bud site, and where daughter cells bud adjacent to the birth site. Diploid
MATa/MATa cells bud in a bipolar pattern, where buds form either at the pole
opposite to their birth scar, called the distal pole, or they bud near their birth site, at
the proximal pole.

Selection of yeast cell division sites is thought to be a process that includes at least
three distinct steps (Bahler and Peter, 2000). First, cells choose a site on their
surface, a spatial landmark, toward which they will polarize. In diploid cells, the
transmembrane Bud8p and Bud9p proteins have been proposed to act as spatial
landmarks for bipolar bud site selection (Chant, 1999; Harkins et al., 2001; Taheri et
al., 2000). Bud8p is localized at the distal pole and is required for distal budding,
suggesting that Bud8p tags the distal pole for initiation of cell division (Harkins et
al., 2001; Taheri et al., 2000). Bud9p has been localized to both the proximal and the
distal pole, but is required for proximal budding only. Thus, Bud9p may inhibit cell
division at the distal pole and serve as atag for proximal cell division (Taheri et al.,
2000). In a second step, landmark proteins are thought to be recognized by a number
of proteins that collectively are called polarity establishment proteins or actin-
organizing complex (Chant, 1999; Kang et al., 2001; Marston et al., 2001; Park et
al., 1999; Pringle et al., 1995; Roemer et al., 1996). Although this complex includes
a growing list of proteins, no direct link has been established between one of its
members and the bipolar landmark proteins Bud8p or Bud9p. In a third step, the
actin-organizing complex is thought to recruit the machinery that organizes and
polarizes the actin cytoskeleton to the site of the landmark (Béhler and Peter, 2000;
Chant, 1999; Ni and Snyder, 2001; Sheu et al., 2000). As a consequence, cell wall
and other materials are transported aong the polarized actin cytoskeleton towards the
landmark, leading to initiation of cell division and bud emergence.

A number of studies have shown that bud site selection directs polarization of the
actin cytoskeleton to specific sites on the cell surface, but per seis not required for
actin polarization. For instance, yeast mutants that lack BUD8 and BUD9 are
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suppressed for bipolar budding, but not for polarization of the actin cytoskeleton or
cellular morphogenesis. In contrast, polarized cell growth, which describes the
delivery of cell wall and other materials along the polarized actin cytoskeleton
towards the apex of the growing bud, is critical not only for cell morphogenesis but
also for the budding pattern. Actin and a number of actin-associated proteins are
required for both apical cell growth and bipolar budding, demonstrating that proteins
that modulate the structure of the actin cytoskeleton and polarized cell growth are
also key regulators of bud site selection. For example, the formin protein Bnilp
promotes the nucleation and assembly of actin filaments, which function as
precursors for tropomyosin-stabilized cables that direct polarized cell growth (Sheu
et al., 2000; Snyder, 1989; Zahner et al., 1996). It has been shown that depletion of
Bnilp causes disassembly of cables and mislocalization of Bud8p (Harkins et al.,
2001; Ni and Snyder, 2001). This suggests that the duration of actin polarization and
apical growth are critical factors for establishing spatial landmarks, which are
required for selection of budding sites in the next round of cell division.

Type | myosins are highly conserved single-headed motor proteins that function in
numerous actin-based processes involved in cell growth and development
(Evangelista et al., 2000; Goodson et al., 1996; Lechler et al., 2000; Pruyne and
Bretscher, 2000). Budding yeast possesses two functionally redundant type | myosins
that are encoded by the MYO3 and MYOS5 genes. In haploid yeast, single deletion of
either MYO3 or MYO5 does not result in any observable alterations in growth
phenotype. Double deletions of MYO3 and MYO5 cause severe defects in polarized
cell growth and endocytosis (Geli and Riezman, 1996; Goodson et al., 1996). Myo3p
and Myo5p localize to cortical patches that are enriched at sites of polarized growth
and overlap with actin patches (Evangelista et al., 2000; Goodson et al., 1996;
Lechler et al., 2000; Pruyne and Bretscher, 2000). This suggests that type | myosins
promote actin polymerization at sites of cell growth. This regulation of actin
polymerization by Myo3p and Myo5p was shown to be achieved by interaction with
the Arp2/3 complex that nucleates polymerization of actin filaments (Evangelista et
al., 2000; Lechler et al., 2000). In vivo activity of Myo3p and Myo5p further depends
on phosphorylation by Ste20p and Cladp, two members of the family of PAK-like
(p21-activated kinase) protein kinases (Wu et al., 1997). The fact that type | myosins
affect polarized growth implies a possible involvement of these actin-regulating
proteins in bud site selection. It has not been tested so far, whether Myo3p or Myo5p
are required for bipolar budding of diploid yeast or for delivery of bipolar landmark
proteins to the cell surface, as has been found in the case of Bnilp.

60



Chapter 3

Here, we investigated the genetic and biochemical interactions between type |
myosins and the bipolar landmark proteins Bud8p and Bud9p in diploid yeast. We
demonstrate, that deletion of either MYO3 or MYO5 aone is sufficient to induce a
random budding pattern in diploid strains. myo3 myo5 double mutant strains are not
viable. Genetic interaction studies reveals that myo3 and myo5 single mutations are
epistatic to bud8 and bud9 mutations, placing myosin | function downstream of
bipolar landmarks. This conclusion is supported by the fact that polar localization of
GFP-Bud8p and GFP-Bud9p is not affected by deletions in MYO3 or MYO5. In
addition, Myo3p physically associates with Bud8p in vivo. Our data suggest that
bipolar landmark proteins might control bud site selection by interaction with type |
myosins to direct actin assembly and polarized growth to the poles of yeast cells.

Results

MYO3 and MYO5 arerequired for bipolar budding of diploid strains

Previous studies have shown that double deletions of both the MYO3 and MYO5
genes in haploid strains cause severe growth defects and suppress the haploid-
specific axial bud site selection program (Geli and Riezman, 1996; Goodson et al.,
1996). Here, we determined whether type | myosins Myo3p and Myo5p are required
for growth and bipolar bud site selection in diploid strains. For this purpose, we
constructed homozygous diploid strains carrying full deletions of MYO3 or MYO5.
Resulting strains did not exhibit any detectable growth defect. In contrast, strains
carrying myo3A myo5A double deletions were not viable. Budding patterns of
myo34A/myo3A and myo5A/myo5A single mutants were measured by staining of bud
scars, to determine the effect of Myo3p or Myo5p depletion on bud site selection.
We found that myo34/myo3A and myo54/myo5A deletion mutant strains had lost the
typical bipolar budding pattern observed in a control strain and produced
significantly higher amounts of cells with a random budding pattern (Figure 17). In
case of myo3A/myo3A strains, the percentage of random budding cells increased at
least 8-fold and in the myo54/myo5A strains more than 12-fold. Vice versa,
percentage of cells with a bipolar budding pattern dropped from 81 % down to 39 %
in the myo3A/myo3A and to 28 % in the myo5A4/myo5A strain, respectively. Thus,
expression of Myo3p or Myo5p alone is not sufficient to maintain a normal bipolar
budding pattern suggesting that a certain levels of type | myosin is required for
efficient selection of the cell poles as division sites. In recent study, it has been found
that myosin | is required for hyphae formation in Candida albicans
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(Oberholzer et al., 2002). Therefore, we tested whether myosins | induce
pseudohyphal development under nitrogen starvation conditionsin yeast. In contrast,
single mutant strains of MYO3 or MYO5 did not any effect in pseudohyphal
induction (data not shown). This observation suggests that type | myosins are not
required for filamentous development in S. cerevisiae.
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Figure 17. Deletion of MYO3 or MYO5 induces a random bud site selection pattern in diploid yeast
cells. (A) Quantitative analysis of bud scar distribution. At least 200 cells of strains RH2447 (wild-
type), RH2449 (bud84), RH2799 (myo34), RH2800 (myo54), RH2823 (bud8A/myo34), RH2824
(bud8A/myo5A) were analysed for bud scar distribution. Bars represent the percentage of cells
exhibiting a bipolar (white bars), random (black bars) or unipolar (gray bars) budding pattern. (B)
Budding patterns of diploid mutants were stained with Calcofluor. Strains, described in (A) grown to
exponential phase on YPD media before staining with Calcofluor. Scale bar represents 5 um.
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Mutations in MYO3 and MYOS5 do not suppress asymmetric localization of
Bud8p and Bud9p and are epistatic to bud8A and bud9A mutations

In our study, we found that myo3A/myo3A and myo54/myo5A mutant strains resulted
in significantly enhanced random budding pattern. These mutants might fail to
deposit landmark proteins at the cell poles, as found in the case of other actin-
associated proteins such as Bnilp. A second possibility is that type | myosins are
more directly involved in the bud site selection pathway, e.g. in recongition of polar
landmarks or in a later step involved in directing actin polarization towards the
landmarks. To distinguish between these possibilities we determined the localization
of GFP-Bud8p and GFP-Bud9p fusion proteins in strains lacking Myo3p or Myo5p.
We found no differences in localization of GFP-Bud8p or GFP-Bud9p between a
control strain and strains lacking either MYO3 or MYO5 (Figure 18).
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Figure 18. Localization of GFP-Bud8p is in the absence of Myo3p or Myo5p proteins. Living cells of
strains RH2799 (myo3A/myo3A) or RH2800 (myo5A/myo5A) expressing GFP-Bud8p (pMEL1772)
were grown on YNB-media to early exponential phase. Cells were viewed by DIC or by fluorescence
microscopy (GFP). Scale bar represents 5 um.
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Thus, random budding pattern of myo3 and myo5 mutants is not likely to be caused
due to failure to deliver landmark proteins Bud8p and Bud9p to their site of action.
Rather, type | myosin might act in the bud site selection pathway downstream of
Bud8p and Bud9p. To further examine this possibility we constructed homozygous
diploid myo3 and myo5 mutant in combination with mutations in BUD8 and BUD9.
Mutants lacking BUDS8 are suppressed for selection of the distal pole and exhibit a
unipolar proximal budding pattern, whereas bud9A mutants fail to recognize the
proximal pole and initiate budding with high frequency from the distal pole.
Therefore, if strains lacking Myo3p or Myo5p have a random budding pattern
because they fail to polarize the actin cytoskeleton towards the position of the
landmark, one would expect mutations in MYO3 or MYO5 to be epistatic over bud8
and bud9 mutations. Indeed, we found that the budding pattern of the homozygous
myo3A bud8A and myo5A bud8A more closely resembled the myo3 and myo5 single
mutants and art of the bud8 mutant strain (Figure 17). Similar results were obtained
with the bud9 mutants (data not shown).

Thus, type I myosins Myo3p and Myo5p do not appear to control delivery of bipolar
landmark proteins to the cell poles, but might be involved in linking the actin
cytoskeleton towards the spatial cues.

Myo3p in vivo associates with Bud8p, but not with Bud9p

We characterized the physical interactions between type | myosins and bipolar
landmarks Bud8p and Bud9p. For this purpose, an in-frame fusion between the
glutathione S-transferase gene (GST) and MYO3 was constructed and co-expressed
together with myc epitope-tagged versions of either BUD8 or BUD9. GST-fusion
proteins were affinity-purified with glutathione beads under conditions that allow co-
purification of associated proteins. Purified proteins were analyzed by Western blot
analysis with either anti-GST or anti-myc antibodies (Figure 19). We found that
under the conditions tested, myc-Bud9p could not be co-purified neither with GST
alone nor with GST fused to Myo3p. However, significant amounts of myc-Bud8p
could be co-purified with GST-Myo3p, when compared to the GST control. Thus,
Myo3p appearsto be a physical link between the actin cytoskeleton and the landmark
protein Bud8p, suggesting that type I myosins might contribute to direct actin
patches and zones of cell growth to the distal cell pole.
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Figure 18. In vivo association of Myo3p with Bud8p. Total protein extracts were prepared from strain
RH2495 carrying either of the plasmid pairs pME1937 (myc-BUD8) and pYGEX-2T (GST),
PME1937 and pME2419 (GST-MYO3), pME1939 (myc-BUD9) and pY GEX-2T, or pME1939 and
pPME2419. GST and GST-fusion proteins were purified as described (Roberts et al., 1997). Equal
amounts of each samples before (extract) and after (beads) affinity purification with glutathione
agarose beads were subjected to SDS-PAGE, transferred to nitrocellulose membrane and blotted with
amonaoclonal anti-myc antibody (a-myc) or apolyclonal anti-GST antibody (a-GST).

Discussion

Here, we investigated how type | myosins affect selection of bud sites in S
cerevisiae. We find that both Myo3p and Myo5p are required for aregular bud site
selection pattern, because expression of only Myo3p or Myo5p lead to a strong
random phenotype. We provide genetic and biochemical evidence indicating that
type | myosins might interact with the landmark protein Bud8p to control directed
cell division. However, Myo3p and Myo5p, unlike other actin-regulating proteins, do
not appear to be required for delivery of Bud8p to the distal pole. Thus, one
interpretation of our datais that interaction of type I myosins with Bud8p might build
the molecular basis that causes cortical actin patches to be concentrated to specific
sites at the cell surface (e.g. the distal cell pole) and that induces site-specific (apical)
cell growth. Previous studies have shown that Myo3p and Myo5p are associated with
cortical actin patches at the zones of cells growth, where they might be directly
involved in the promotion of actin assembly (Evangelista et al., 2000; Lechler et al.,
2000; Pruyne and Bretscher, 2000). It has been suggested that type | myosins are
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involved in local nucleation of actin assembly at the sites of polarization (Lechler et
al., 2001). This function appears to be regulated by Cdc42p and two classes of its
effector proteins, the formin proteins Bnilp and Bnrlp and the PAK-like protein
kinases Ste20p and Cladp (Daniels and Bokoch, 1999; Lechler et al., 2001; Wu et
al., 1997). The formin proteins have been suggested to be involved in the recruitment
of type | myosinsto the site of polarization, whereas the PAK-like kinase are thought
to phosphorylate and activate the motor activity of type | myosins (Evangelistaet al.,
2000; Lechler et al., 2001; Lechler et al., 2000; Wu et al., 1997). In this context, it is
very intriguing that Ste20p has been linked not only to type | myosins but also to
Bud8p. Cells lacking Ste20p are unipolar proximal and Ste20p interacts with Bud8p
in the two-hybrid system (Drees et al., 2001; Ni and Snyder, 2001; Sheu et al.,
2000). Thus, Bud8p might affect type I myosin function. The localization of Bud8p
appears to be actin-dependent, while it has been shown previously that Bud9p
localization is both actin- and septin-dependent (Harkins et al., 2001; Ni and Snyder,
2001; Schenkman et al., 2002). The formin protein, Bnilp might be essential for
localization of Bud8p at the distal pole of daughter cells, because Bud8p could not
detected in bni14/bni 1A mutant strains. Recently, it was reported that Bnilp interacts
with both proteins, Myo3p and Myo5p (Evangelista et al., 2000; Johnson, 1999).
However, our observations indicate that the localization of Bud8p is not altered in
absence of each proteins, Myo3p or Myo5p. We could not test Bud8p localization in
double mutant strain of MYO3 and MYO5, because double deletions of myosins |
resulted in synthetic lethality in this study (data not shown). There are several
possibilities that could explain our findings. Bud8p might help to recruit myosin to
specific sites directly or indirectly, e.g. by interaction with Cdc42p or the formins.
Bud8p might affect interaction between myosin and PAK to regulate
phosphorylation of the motor domains by the PAK leading to efficient nucleation of
actin assembly at the distal pole. Additionally, Bud8p might influence other
functions of myosins that have been previously discussed. Loss of both Myo3p and
Myao5p causes severe growth defects and complete depolarization of actin patches or
even invability depending on the genetic strain background (Geli and Riezman,
1996; Goodson et al., 1996). These studies suggest that type | myosins not only are
required for polarized cell growth but also have arole that is essential for formation
of the daughter cell. This essential function might be explained by the fact that
Myo3p and Myo5p function have been associated with vesicular transport and
endocytosis (Adams and Pollard, 1989a; Adams and Pollard, 1989b; Geli and
Riezman, 1996; Goodson et al., 1996). Accumulation of intracellular membranes in
the myo3A and myo5A double mutants suggested possible defects in membrane

66



Chapter 3

trafficking, previously (Goodson et al., 1996). Therefore, the motor proteins, Myo3p
and Myo5p might be required for vesicle movement during endocytosis and
secretion. Thus, Bud8p might be involved in these functions as well.

An interesting question is why Myo3p does not interact with Bud9p, yet type |
myosins appear to be required for proximal bud site selection, owing the random
budding phenotype of myo3A and myo5A mutants. This suggests that Bud9p might
regulate proximal bud initiation by a mechanism that is slightly different from that
used by Bud8p. One might imagine that Bud9p function also involves type | myosins
but that the interaction involves a different set of other proteins.

In summary our study suggests that bud site selection, that is the direction of actin
polarization and polarized cell growth to specific sites on the yeast cell surface,
might be regulated by a mechanism that depends on the interaction of spatial
landmark proteins with type | myosins.

Material and methods

Construction of strainsand plasmids

All yeast strains used in this study are congenic to the 21278b genetic background
(Table 1V). myo3A::KanMX4 and myo5A::KanMX4 deletion mutants were
introduced using plasmids pME2420 and pME2421 (Table V). Double mutant strains
carrying full deletions of BUD8 or BUD9 and MYO3 or MYO5 were constructed by
genetic crosses. Standard methods for genetic crosses and transformation were used
and standard yeast culture YPD, YNB and SC media were prepared essentially as
described (Guthrie and Fink, 1991).

Plasmids pME2420 and pME2421 (Table V) carrying the myo3A::KanR and
myo5A::KanR deletion cassettes were generated by PCR amplification using
genomic DNA of corresponding strains from the EUROSCAREF project (Winzeler et
al., 1999). Amplified fragments were inserted into vector pBluescriptK S (Stratagene)
to obtain pME2420 and pME2421 plasmids. Plasmid pME2419 was obtained by
subcloning of a 4.0 kb Bgll1/Sphl fragment carrying the MYO3 of plasmid pME2422
into BamHI/Sphl site of plasmid pY GEX-2T (Schlenstedt et al., 1995) to obtain
fusion between GST and MYO3. Plasmid pME2422 was constructed by PCR
amplification of the MY O3 open reading frame from genomic DNA using primers
MY O3X-6 (5-GCGCGCGCGGCCGCCCACAGCGCCCATTCGGGAC-3) and
MY O3X-7 (5-CCGGAATTCCGGGGAGGGTTTACTGTGCTTTCTC-3") and
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subsequent cloning of the amplified 4.6 kb M YO 3-fragment into vector
pBluescriptK S using restriction enzymes EcoRI and Notl.

GST Pulldown

Cells expressing a GST fusion protein together with myc-tagged versions of Bud8p
or Bud9p were grown on YNB medium containing 2% glucose for 4 h. After
induction with 2% galactose for 3 h, extracts were prepared as previously described
(Roberts et al., 1997). Cells were chilled for 10 min on ice and harvested by
centrifugation at 3000 rpm at 4 °C, after washing with buffer B (50 mM Tris-Cl pH
7.5, 100 mM NaCl, 5mM EDTA). Cells were resuspended in buffer B with complete
protease inhibitor cocktail, PIM (Roche, Mannheim, Germany). Cells were after
adding 0.1% TritonX-100 and 10% glycerol brocken using glass beads. Protein
extracts were incubated with glutathione-agarose overnight at 4°C, and beads were
repeatedly washed and collected to purify GST fusions and any associated proteins.
Samples were denatured by heating at 60°C for 10 min in SDS sample buffer and
equal amounts of each samples were subjected to SDS-PAGE and transferred to
nitrocellulose membranes. Proteins fused to the myc-epitope tag were detected using
ECL technology (Amersham, UK) after incubation of membranes with a mouse
monoclonal anti-myc antibody (9E10) and a peroxidase-coupled goat anti-mouse
secondary antibody (Dianova, Hamburg, Germany). GST fusion protein was detected
using a rabbit polyclonal anti-GST antibody (Santa Cruz Biotechnologies, CA) and a
peroxidase-coupled goat anti-rabbit 1gG secondary antibody (Dianova, Hamburg,
Germany).

Fluor escence microscopy by GFP

Y east strains carrying plasmids encoding GFP-Bud8p or GFP-Bud9p were grown to
early exponential phasein liquid YNB medium. Cells from 1 ml of the cultures were
harvested by centrifugation and immediately viewed in vivo on a Zeiss Axiovert
microscope by either differential interference contrast microscopy (DIC) or
fluorescence microscopy using a GFP filter set (AHF Analysentechnik AG,
Tubingen, Germany). Cells were photographed using a Hamamatsu Orca ER digital
camera and the Improvision Openlab software (Improvision, Coventry, UK).

Bud scar staining and analysis of budding pattern

Cellsin exponentia phase were prepared by growing strains on liquid YPD medium
at 30 °C to an ODg, of 0.6. After centrifugation, cells were fixed at room
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temperature for 2 h in 3.7% formaldehyde. Samples were rinsed twice in H,O and
resuspended in 200 pl of a fresh stock of 1 mg/ml calcofluor white (Fluorescent
Brightener F-6259; Sigma). Bud scars were visualized by fluorescence microscopy
using a Hamamatsu Orca ER digital camera and the Improvision Openlab software
(Improvision, Coventry, UK). Cells with 2-10 obvious bud scars were divided into
three classes: bipolar, random and unipolar bud site selection patterns. The
percentage of cells represent each class for sample of at least 200 cells.

TablelV. Strains used in this work

Strain Genotype Source

RH2447 MATa/a, , ura3-52/ura3-52, leu2::hisG/LEU2, Taheri et al., 2000
trpl::hisG/TRP1

RH2449 MATa/a, bud8A::HIS3/bud8A: : HIS3, ura3-52/ Taheri et al., 2000

ura3-52, his3::hisG/his3::hisG, leu2::hisG/LEU2,
trpl::hisG/TRP1

RH2495 MATa/MATa, ura3-52/ura3-52, leu2::hisG/leu2::hisG, Taheri et al., 2000
his3::hisG/HIS3, trpl::hisG/TRP1
RH2799 MATa/MATa, myo3A:: KanMX4/myo3A:: KanM X4, thiswork

ura3-52/ura3-52, HIS3:: hisG/HIS3:: hisG, leu2::hisG/
LEU2, trpl::hisG/TRP1

RH2800 MATa/MATa, myo5A:: KanMX4/myo5A:: KanM X4, thiswork
ura3-52/ura3-52, HIS3:: hisG/HIS3:: hisG, leu2::hisG/
LEU2, trpl::hisG/TRP1

RH2823 MATa/MATa, myo3A:: KanMX4/myo3A:: KanM X4, thiswork
bud8A::HIS3/bud8A:: HIS3, ura3-52/ura3-52, HIS3:: hisG/
HIS3::hisG, leu2::hisG/LEU2, trpl::hisG/TRP1

RH2824 MATa/MATa, myo5A:: KanMX4/myo5A: : KanM X4, this work
bud8A:: HIS3/bud8A:: HIS3, ura3-52/ura3-52, HIS3:: hisG/
HIS3::hisG, leu2::hisG/LEU2, trpl::hisG/TRP1

RH2844 MATa/MATa, myo3A:: KanMX4/myo3A:: KanMX4, this work
bud9A:: HIS3/bud9A:: HIS3, ura3-52/ura3-52, HIS3:: hisG/
HIS3::hisG, leu2::hisG/LEU2, trpl::hisG/TRP1

RH2845 MATa/MATa, myo5A:: KanMX4/myo5A: : KanM X4, this work
bud9A:: HIS3/bud9A:: HIS3, ura3-52/ura3-52, HIS3:: hisG/
HIS3::hisG, leu2::hisG/LEU2, trpl::hisG/TRP1
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Table V. Plasmids used in this work

Plasmid Discription Reference

pPME1772 BUD8prom-GFP-BUDS fusion in pRS426 Taheri et al., 2000
pPMEL777 BUD9prom-GFP-BUD9 fusion in pRS426 Taheri et al., 2000
pME1937 BUD8prom-myc®-BUDS fusion in pRS425 Taheri et al., 2000
pME1939 BUD9prom-myc®-BUD9 fusion in pRS425 Taheri et al., 2000
pYGEX-2T URA3-marked 2 pm GAL1prom-GST fusion vector ~ Schlentedt et al., 1995
pME2419 GAL1prom-GST-MYOS3 fusion pY GEX-2T thiswork

pME2420 myo3A:: KanMX4 cassette for full deletion of MYO3  thiswork

pME2421 myo5A: : KanMX4 cassette for full deletion of MYO5  thiswork

pME2422 4.6 kb fragment containing MYO3 in pBluescript thiswork
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Chapter 4

The spatial landmark protein Bud8p links yeast cell
polarity to factorsinvolved in cellular transport and
trandlation

Abstract

In Saccharomyces cerevisiae, Bud8p is a transmembrane glycoprotein that appearsto
mark the distal cell pole as site for cell division. Bud8p is highly concentrated at the
distal pole of both single yeast form (YF) cells and of pseudohyphal (PH) cells
growing as linear filaments. Here, we performed a structural and functional analysis
of Bud8p. A systematic deletion analysis revealed novel variants of Bud8p that
induce unipolar distal or random budding patterns. Two-hybrid screening identified
several cytoplasmically localized proteins that interact with the N-terminal part of
Bud8p and that have been implicated in cellular transport and translation. Two of
these proteins, Rpl12p and Scpl60p, associate with Bud8p in vivo, interactions
which are independent of the two transmembrane domains that are required for distal
pole localization of Bud8p. Because the Bud8p-interacting proteins identified here
are also required for appropriate budding patterns, we suggest that Bud8p might
regulate cell polarity and directed cell division by interaction with components that
have essential functionsin the processes of cellular transport and translation.
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Introduction

Establishment and maintenance of cell polarity is fundamental for growth and
development of eukaryotic and prokaryotic organisms and is manifested by
asymmetric cellular distribution of proteins, nucleic acids, macromolecular
assemblies and organelles (Ni and Snyder, 2001). The budding yeast Saccharomyces
cerevisiae is an useful model to study various aspects of cell polarization, because
this organism establishes polarity at several stages during division and development
(Chant, 1999; Madden and Snyder, 1998; Pruyne and Bretscher, 2000a).
Establishment of yeast cell polarity can be divided into three basic steps (for reviews
see (Béhler and Peter, 2000; Drubin, 1991; Drubin and Nelson, 1996; Pruyne and
Bretscher, 2000b). First, cells choose a site on their surface, a spatial 'landmark’,
towards which they will polarize. In a second step, the landmark is recognized by a
number of proteins, that collectively are called polarity establishment proteins or
actin-organizing complex. In a final step, this complex of proteins recruits the
machinery that organizes and polymerizes the actin cytoskeleton to the site of the
landmark. As a consequence, cell wall and other materials are transported along the
polarized actin cytoskeleton towards the landmark, leading to directed cell division
and polarized growth.

At the beginning of every round of cell division, yeast cells must choose the site for
bud initiation, which is not a random process, but follows specific spatial patterns
that are under genetic control of the corresponding cell type (Chant and Pringle,
1995; Freifelder, 1960; Hicks et al., 1977). Haploid cells bud in an axial pattern,
where mother and daughter cells bud adjacent to the cell pole that defined the
previous mother-daughter junction. This region of the yeast cell surface is also
referred to as the proximal pole or the birth end of the cell. Diploid yeast cells bud in
a bipolar pattern, where buds form either at the proximal pole or at the site opposite
to it, called the distal pole. In addition to genetic control, yeast cell polarity and
corresponding budding patterns are affected by extracellular stimuli, such as
pheromones or nutrients (Madden and Snyder, 1992; Segall, 1993). For instance,
diploid cells starved for nitrogen switch their budding pattern from bipolar to
unipolar distal, where most of the cell divisions are initiated at the distal cell pole
(Gimeno et al., 1992; Kron et al., 1994).

Genetic analysis has identified a large number of genes that are involved in the
process of bud site selection, which initially have been classified according to their
loss-of-function phenotype. One class of genes is specifically required for axial
budding of haploid cells without affecting the bipolar pattern of diploids and includes
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BUD3, BUD4, AXL2/BUD10 and AXL1 (Chant and Herskowitz, 1991; Fujita et al.,
1994; Halme et al., 1996; Roemer et al., 1996). Bud3p, Bud4p and AxI2p/Bud10p
together with septins appear to constitute a transient landmark that is deposited at the
mother-bud neck during each cell cycle (Lord et al., 2000; Sanders and Herskowitz,
1996).

A second class of genes is required for axial and bipolar budding and includes
RSR1/BUD1, BUD2 and BUDS5 (Bender and Pringle, 1989; Chant et al., 1991; Chant
and Pringle, 1991). Mutations in these genes cause random budding patterns in
haploid and diploid cells. Rsrip/Budlp, Bud2p and Bud5p constitute a GTPase
signaling module that is thought to help direct bud formation components to the site
of cell division by interaction with the spatial |landmark (Park et al., 1997; Park et al.,
1993; Park et al., 1999). Physical interaction has been found between the guanine
nucleotide exchange factor Bud5p and the haploid-specific axial landmark protein
AxI2p/Bud10p (Kang et al., 2001).

A third class of more than 100 genes is required for the bipolar pattern of diploid
yeast but not for the axial pattern. Mutations in these genes either shift the bud site
selection pattern of diploid cells from bipolar to unipolar (with bias to either the
distal or the proximal pole) or they cause random budding (Bauer et al., 1993; Chen
et al., 2000; M6sch and Fink, 1997; Ni and Snyder, 2001; Sheu et al., 2000; Snyder,
1989; Zahner et al., 1996). Therefore, proteins of this class are likely to either be (i)
bipolar landmark components, (ii) factors involved in the synthesis or polar transport
of spatial cues, or (iii) downstream components that recognize landmark proteins and
are recruited to the respective cell pole. (i) Potential bipolar landmark components
include the two transmembrane glycoproteins Bud8p and Bud9p (Harkins et al.,
2001; Taheri et al., 2000; Zahner et al., 1996). Bud8p is required for distal bud site
selection and is localized to the distal cell pole, suggesting that isit part of the distal
landmark. Bud9p is required for proximal pole selection and is localized at the
proximal pole, indicating that it functions as part of the proximal tag (Harkins et al.,
2001). Because Bud9p is also found at the distal pole and physically interacts with
Bud8p, it might fulfill an additional function at the distal pole, where it seems to act
as a nutritionally-controlled inhibitor of distal budding (Taheri et al., 2000). Rax2p is
further membrane protein that appears to be part of the bipolar landmark (Chen et al.,
2000). (ii) A genome-wide screen has identified a large number of genes that might
be involved in the synthesis, transport or recognition of bipolar landmarks (Ni and
Snyder, 2001). Some of these proteins appear to affect the transport of Bud8p to the
distal pole, including the actin cytoskeleton-associated proteins Bnilp, Spa2p and
Bud6p or the t-SNARE protein Vam3p. Others are likely to be involved in posttrans-
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lational modification of landmark proteins. These factors include Pmt2p, a
mannosyltransferase that is required for O-linked glycosylation of Bud8p, and
Ste20p, a PAK-like protein kinase that acts in the same genetic pathway as Bud8p
and interacts with Bud8p in the yeast two-hybrid system (Drees et al., 2001; Sheu et
al., 2000). (iii) Factors that might be involved in recognition of diploid-specific
landmarks, and therefore would act downstream of the spatial cues, include Bud5p.
Polar localization of this general polarity factor depends on the presence of Bud8p
and Bud9p (Kang et al., 2001). In contrast to the axial landmark protein
AxI2p/Bud10p, however, no direct physical link has been established between BudSp
and Bud8p or Bud9p.

Although genetic and cell biological analysis has led to the identification of a large
number of the components that constitute the bud site selection pathway in diploid
yeast cells, the molecular function of individual factors in many casesis only poorly
understood. For instance, the exact mechanism, by which the potential landmark
proteins Bud8p and Bud9p regulate site-specific initiation of cell division is not
known. The overall structure of Bud8p and Bud9p are similar in that both are
predicted to consist of a large N-terminal extracellular domain, followed by a first
membrane-spanning domain (TM 1), a short cytoplasmic loop, a second membrane-
spanning domain (TM2), and a very short extracellular domain at the C-terminus
(Chant, 1999; Harkins et al., 2001; Taheri et al., 2000). The N-terminal portion of
both proteins contain several N- and O-glycosylation sites that appear to be
functional (Harkins et al., 2001). The large N-terminal part of Bud8p also contains a
putative RNA recognition motif (RRM) (Figure 20A) (Bandziulis et al., 1989) and
three PEST-like sequences (Rechsteiner and Rogers, 1996), but the function of these
domains is not known. Two-hybrid analysis has identified four putative Bud8p-
interaction partners, Ste20p, Nup116p, Y br027p and YkI082p (Drees et al., 2001; Ito
et al., 2001). However, these interactions have not been further corroborated by a
biochemical analysis. For Bud9p, only Bud8p has been identified as an interaction
partner that is associated in vivo (Taheri et al., 2000).

In order to better understand the structure and function of bipolar landmark proteins,
we performed a detailed functional analysis of Bud8p. We find that the large N-
terminal portion of Bud8p carries several functional domains that differentially affect
bud site selection. The C-terminal transmembrane domain is required for localizing
Bud8p to the distal cell pole. Two-hybrid screening and subsequent biochemical co-
purification experiments reveal that the N-terminal part of Bud8p specifically
interacts with Rpl12Ap, the 26S rRNA binding ribosomal protein L12 of S
cerevisiae (Briones et al., 1998; Pucciarelli et al., 1990), Scp160p, a multiple KH-
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domain protein and a component of MRNP complexes in yeast (Frey et al., 2001,
Lang and Fridovich-Keil, 2000), and Trs120p, a part of the TRAPP (transport protein
particle) complex that plays a key role in the late stages of endoplasmic reticulum to
Golgi traffic in yeast (Sacher et al., 2000). We find that two of these proteins,
Rpl12Ap and Scpl60p, are required for appropriate bud site selection of diploid
yeast cells, but not for distal localization of Bud8p. Our findings suggest that
association of Bud8p with factors involved in translation and cellular transport might
represent a mechanism, by which landmark proteins help to establish asymmetric
distribution of multiprotein complexes or subcellular compartments and control
directed cell division.

Results

Systematic deletion analysis of Bud8p reveals several novel functional domains
To get a better insight into the structure and function of Bud8p, a series of novel
BUDS aleles was constructed by systematic deletion analysis of a tagged version of
BUDS8 (myc®-BUDS) that carries an insertion of six copies of the myc epitope tag
after the second codon and that is able to functionally replace the endogenous BUDS.
Resulting Bud8p mutant proteins carry deletions of 37 to 152 amino acids in length,
which span the whole protein in an overlapping manner (Figure 20A). Two further
alleles were constructed that code for Bud8p mutant proteins lacking most of the N-
terminal part (Bud8p®”**" and Bud8p"">).

To study the functionality of these novel Bud8p mutant proteins and to ensure
expression at endogenous levels, diploid yeast strains were constructed containing
two genomic copies of either of the epitope-tagged BUD8 mutant alleles instead of
the endogenous copies of BUDS8. With the exception of Bud8p*’>®, all epitope-
tagged Bud8p mutant proteins produced specific and detectable signals, when
corresponding yeast strains were analyzed by Western analysis (Figure 20B). In our
hands, myc®-tagged Bud8p (with a calculated molecular weight of 75.4 kD)
reproducibly appeared as a multiple band pattern when separated by SDS
polyacrylamide gel electrophoresis (Figure 20B). The lowest molecular form
appeared around 85 kD, and several bands of higher molecular weight could be
observed between 130 kD and 140 kD. Appearance of Bud8p at a size higher than
the calculated molecular weight was shown to result in part from glycosylation
(Harkins et al., 2001).
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Figure 20. Systematic deletion analysis of Bud8p. (A) Structure of Bud8p and Bud8p mutant proteins.
Numbers on the ruler correspond to the Bud8p amino acid sequence. Bottom numbers indicate the
deletion endpoints. All proteins carry six copies of the myc epitope tag (myc®) shown in black that is
located between the first and the second codon at the N-terminus (N) of Bud8p. Positions of putative
RNA-binding domain (RRM), three putative PEST sequences (PEST), and two membrane spanning
domains (TM1 and TM2) close to the C-terminus (C) are indicated. Superscript numbers of Bud8p
mutant proteins indicate the first and last amino acid residue of the deleted segments that are shown as
omissions on the right side. (B) Expression levels of Bud8p proteins. Total protein extracts were
prepared from strains expressing non-tagged BUD8 (RH2782, control) , myc®-BUD8 (RH2783,
BUDS), and myc®-BUD8 mutant alleles (RH2784, A7-53), (RH2785, A7-114), (RH2786, A7-417),
(RH2787, A7-505), (RH2788, A74-114), (RH2789, A74-216), (RH2790, A173-216), (RH2791, A173-
325), (RH2792, A268-325), (RH2793, A268-417), (RH2794, A375-417), (RH2795, A375-505),
(RH2796, A468-505), (RH2797, A513-600). Extracts were analysed for expression of myc tagged
proteins by Western blot analysis using a monoclonal anti-myc antibody (a-myc). As an interna
control, expression of Cdc42p was measured using an anti-Cdc42p antibody (lower panel). Molecular
size standards (in kDa) are shown on the left side.
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Eleven out of the fourteen Bud8p mutant proteins also produced multiple bands, with
one band appearing in the range of the calculated molecular weight and with further
bands appearing at a higher size (Figure 20B). In contrast, the two mutant proteins
Bud8p”*">*" and Bud8p**">** produced only a single band, with Bud8p™"*"
appearing in the range of the calculated size and Bud8p**">°* appearing at a size
higher than predicted.

Functionality of the different Bud8p mutant proteins was determined by analysis of
the bud site selection patterns produced by the corresponding mutant strains. For this
purpose, bud scar staining was performed on cells growing in the yeast-form (YF)
(Figures 21A and 21B). In addition, time lapse microscopy was used, in order to
distinguish between unipolar proximal (at the birth pole of the cell) and unipolar
distal (at the opposite to the birth pole) budding patterns (Figure 21C and Table V1).
Strains were further tested for filamentous pseudohyphal (PH) development (Figure
22), because this growth phenotype is a good measure for the ability of strains to
switch to the unipolar distal budding pattern when starved for nitrogen (Gimeno et
al., 1992; Kron et al., 1994). As previously shown, diploid bud84/bud8A deletion
strains elaborated a unipolar proximal budding pattern and were suppressed for PH
growth (Harkins et al., 2001; Taheri et al., 2000). A strain expressing the myc®-
tagged full length version of BUD8 was phenotypically indistinguishable from a
strain expressing the non-tagged BUD8 wild-type gene in that both produced a
bipolar budding pattern in YF cells and were able to undergo regular PH
development (Figure 21A and Figure 22). Budding patterns produced by strains
expressing the different Bud8p mutant proteins defined four distinct classes. The first
class included seven mutants that carried the BUD8**, BUD8"*%, BUD8****,
BUD8*"> 4" BUD8*"°%, BUD8****>%, or BUD8%'*°” alleles. These mutants
resembled a strain carrying a full deletion of BUDS8 in that they selelcted the
proximal pole for budding with very high frequency and were found to be suppressed
for PH development (Figure 21, Figure 22, and Table VI). The second class was
defined by a single mutant that expressed the BUD8*™** alele. This strain produced
a budding pattern similar to a BUD8 wild-type strain. The third class included two
mutants expressing either BUD8*>* or BUD8*"***, which both code for variants of
Bud8p that carry deletions close to the N-terminus. Interestingly, these mutants
budded with a significantly higher frequency from the distal pole (Figure 21 and
Table (V1).
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Figure 21. Regulation of bud site selection by Bud8p mutant proteins. (A) Quantitative analysis of
bud scar distribution. Strains RH2781 (bud84), RH2783 (BUDS), RH2784 (A7-53), RH2785 (A7-
114), RH2786 (A7-417), RH2787 (A7-505), RH2788 (A74-114), RH2789 (A74-216), RH2790 (A173-
216), RH2791 (A173-325), RH2792 (A268-325), RH2793 (A268-417), RH2794 (A375-417), RH2795
(A375-505), RH2796 (A468-505), and RH2797 (A513-600) were grown to exponential phase, and at
least 200 cells of each strain were analyzed for bud scar distribution after staining of bud scars with
calcofluor. Bars represent the percentage of cells exhibiting a bipolar (white bars), random (black
bars) or unipolar (gray bars) budding pattern. (B) Fluorescence imaging of representative cells of
strains described in (A). Scale bar represents 5 pm.
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TableVI. Time lapse analysis of budding patterns induced by different BUD8 aleles

Strain BUD8 allele First bud of virgin daughter cells
% proximal % distal
RH2781 bud8A 74 26
RH2782 BUD8 2 98
RH2783 myc®-BUDS 3 97
RH2784 myc®-BUD8A" 0 100
RH2785 myc®-BUD8* 4 0 100
RH2786 myc®-BUD8*" 63 37
RH2787 myc®-BUD8A5% 64 36
RH2789 myc®-BUD8*"+#¢ 63 37
RH2794 myc®-BUD8 >4 69 31
RH2795 myc®-BUD8*">%% 67 33
RH2797 mycS-BUD8360 72 28

Enhanced distal budding has not been observed for mutations in BUDS8 so far and has
been found to be typical for strains that lack BUD9 (Harkins et al., 2001; Taheri et
al., 2000). A fourth class included the BUD8*"*%!°, BUD8"***, BUD8"**** and
BUD8****" expressing strains. Surprisingly, these mutants produced a random
budding pattern with very high frequency. Random budding has not been observed
for BUD8 mutants, except when BUDS8 is completely deleted together with BUD9
(Taheri et al., 2000). Random budding is typical for mutations in general budding
genes, such as RSR1/BUD1, BUD2 or BUDS5, and for mutations affecting the actin
cytoskeleton (Chant et al., 1991; Chant and Herskowitz, 1991; Ni and Snyder, 2001).
In contrast to strains lacking RSR1/BUD1 or double mutants lacking BUD8 and
BUD9, randomly budding BUD8 mutants identified here were still able to produce
significant amounts of pseudohyphae, when nutritionally starved for nitrogen (Figure
22). Taken together, the systematic deletion analysis of Bud8p performed in this
section allows assignment of distinct functions to several regions of the protein. The
region including residues 7 to 53 appears to inhibit Bud8p from directing cell
division to the distal pole, because deletion of this region shifts the budding pattern
from bipolar to unipolar distal. Residues 216 to 373 that include the three putative
PEST sequences might be responsible for proper interaction of Bud8p with factors
involved in general polarity establishment, because Bud8p variants lacking this
segment cause a general loss of cell polarity. The three regions encompassing
residues 74-173, 417-468 and 513-600 are critical for Bud8p to fulfill any function at
all, because their absence has phenotypic consequences that are identical to a
complete absence of Bud8p.
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These segments might be responsible for transport of Bud8p to its site of action or
for interaction of Bud8p with downstream acting factors.

A268-325 A268-417

A375-417 A375-505 A468-505 A513-600

Figure 22. Pseudohyphal development of BUD8 deletion mutants. Strains RH2781 (bud84), RH2783
(BUDS), RH2784 (A7-53), RH2785 (A7-114), RH2786 (A7-417), RH2787 (A7-505), RH2788 (A74-
114), RH2789 (A74-216), RH2790 (A173-216), RH2791 (A173-325), RH2792 (A268-325), RH2793
(A268-417), RH2794 (A375-417), RH2795 (A375-505), RH2796 (A468-505), and RH2797 (A513-
600) were grown for 4 days on nitrogen starvation medium (SLAD) before pseudohyphal
development of strains was visualized under a microscope and photographed. Scale bar 100 pum.

I dentification of novel Bud8p-interacting proteins by two hybrid screening

We performed a two-hybrid screen, to isolate novel Bud8p-interacting proteins. In a
first attempt, we used a hybrid protein consisting of the lexA DNA-binding domain
and the full length Bud8p protein as bait. However, no positive clones were
identified by expression of this fusion protein. We concluded that the two C-terminal
transmembrane domains of Bud8p might interfere with nuclear localization and
prevent a productive two-hybrid interaction. Therefore, a lexA-Bud8p*** fusion
protein was used as bait that lacks the C-terminal part carrying the two
transmembrane domains. Expression of this Bud8p hybrid-protein led to the
identification of three novel putative interaction partners for Bud8p (Figure 23).
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Figure 23. Two-hybrid interactions between Bud8p and Rpl12Ap, Scpl60p or Trs120p. (A) Growth
test for leucine (Leu) requirement. Reporter strain EGY 48-p1840 was co-transformed with the
indicated pairs of the following plasmids: pEG202 (BD), pJG4-5 (AD), pME2274 (BD-Bud8p),
pME2271 (AD-Rpl12Ap), pME2272 (AD-Scpl60p), pME2273 (AD-Trs120p). Transformants were
streaked onto Leu-deficient medium and incubated at 30°C to test for Leu-prototrophy. Plates shown
were photographed after 2 days of growth. (B) Quantitative analysis of interactions. Strains described
in (A) were assayed for specific [3-galactosidase activity. Segments of Bud8p, Rpl12Ap, Scpl60p and
Trs120p that are fused to either the lexA DNA-binding domain (BD) or the B42 transcriptional
activation are indicated by superscript numbers. Bars and numbers represent relative activities
normalized to the value obtained by the plasmid pair pJG4-5 (AD) / pME2274 (BD-Bud8p?*?). All
values are means of three independent measurements with a standard deviation not exceeding 20%.

These proteins included Rpl12Ap, representing the 26S rRNA binding ribosomal
protein L12 of S. cerevisiae (Taheri et al., 2000), Scp160p, a multiple KH-domain
protein that has been found to be a component of MRNP complexesin yeast (Frey et
al., 2001; Lang and Fridovich-Keil, 2000), and Trs120p, a protein that is part of the
TRAPP (transport protein particle) complex, which plays a key role in the late stages
of endoplasmic reticulum to Golgi traffic in the yeast (Sacher et al., 2000). In all
three cases, interactions with Bud8p were found to be specific as measured by a
qualitative growth assay (Figure 23A) and a quantitative reporter gene assay (Figure
23B). Sequence analysis of the plasmids isolated from the two-hybrid library
revealed the identity and the exact size of the Bud8p-interacting segments of
Rpl12Ap, Scpl60p and Trpl120p. In the case of Rpl12Ap, with alength of 165 amino
acids, residues 54 to 165 were found to be fused to the B42 transcriptional activation
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domain and to confer two-hybrid interaction. The part of Scp160p that was identified
to interact with Bud8p encompassed residues 811 to 1054 (out of 1222), whereas the
C-terminal amino acids 1175 to 1289 of Trs120p were found to confer Bud8p-
specific two hybrid interaction.

Two hybrid screening performed here links Bud8p to three proteins that have been
implicated in the processes of translation, mMRNA transport and regulation of protein
trafficking. Although interaction with these proteins was unexpected, it suggests that
Bud8p might fulfill functions that are more complex than previously anticipated.

Bud8p associatesin vivo with Rpl12Ap and Scp160p independently of its
C-terminal part

Physical interactions between Bud8p and Rpl12Ap or Scpl60p were further
investigated by co-purification experiments. For this purpose, in-frame fusions
between the glutathione S-transferase gene (GST) and RPL12A or GST and SCP160
were constructed and co-expressed together with a myc epitope-tagged version of
BUDS. Full length versions of all proteins were used, because two hybrid
measurements had involved a truncated version of Bud8p and only segments of
Rpl12Ap or Scpl60p. Interaction between Bud8p and Trs120p could not be analyzed
using this system due to instability of GST-Trs120p fusion proteins (data not shown).
GST-fusion proteins were affinity-purified with glutathione beads under conditions
that allow co-purification of associated proteins. Purified proteins were analyzed by
Western blot analysis with either anti-GST or anti-myc antibodies (Figure 24). We
found that myc-Bud8p could be very efficiently co-purified with GST-Rpl12Ap, but
not with GST alone. Interestingly, the lowest molecular weight form of myc-Bud8p
(running around 85 kD) was reproducibly enriched by co-purification with GST-
Rpl12Ap. When using GST-SCp160p, myc-Bud8p could also be co-purified. In
contrast to GST-Rpl12Ap, however, purification was much less efficient and was
completely restricted to the higher molecular portion of myc-Bud8p.

Co-purification experiments corroborated the interactions between Bud8p and
Rpl12Ap or Scpl60p observed in the two hybrid system. Because the large N-
terminal part of Bud8p was found to be sufficient for two hybrid interaction, we
performed further co-purification experiments with Bud8p™***®, a truncated version
that lacks the C-terminal part harboring the two transmembrane domains. We found
that deletion of this segment did not alter association of Bud8p with GST-Rpl12Ap
or GST-Scpl60p, neither quantitatively nor qualitatively (Figure 24A).
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Thus, association of Bud8p with Rpl12Ap or Scpl60p does not require the C-
terminal residues 513 to 600.
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Figure 24. Interactions between Bud8p, Bud9p, Rpl12Ap, Scpl60p and Trs120p proteins. (A) Co-
purification of myc-Bud8p and myc-Bud8p*****® proteins with either GST-Rpl12Ap, GST-Scp160p
or GST-Trs120p. Total protein extracts were prepared from strain RH2495 carrying either of the
plasmid pairs pME2319 (myc-Bud8p) and pYGEX-2T (GST), pME2319 and pME2247 (GST-
Rpl12Ap), pME2319 and pME2248 (GST-Scpl160p), pME2319 and pME2336 (GST-Trs120p),
PME2298 (myc-Bud8p®**®®) and pY GEX-2T, pME2298 and pME2247, pME2298 and pME2248 or
pPME2298 and pME2336. GST and GST fusion proteins were purified as described. Equivalent
amounts of each extract obtained before (extract) or after (beads) GST-affinity purification was
subjected to SDS-page, transferred to nitrocellulose and probed with an anti-GST antibody (a-GST)
or an anti-myc antibody (a-myc) for detection of GST, GST fusion proteins and associated myc
tagged proteins. Molecular size standards (in kDa) are shown as reference. (B) Co-purification of
myc-Bud9p with GST-Rpl12Ap or GST-Scpl60p. Protein extracts were prepared from strain RH2495
carrying plasmid pME1939 (myc-Bud9p) together with either pY GEX-2T, pME2247, pME2248 or
pPME2336 and analyzed for protein-protein interactions as described in (A).

Bud9p associates with Scp160p, but not with Rpl12Ap

Our previous studies have shown that Bud8p associates with Bud9p in vivo (Taheri et
al., 2000). In addition, Bud9p has been found to partially fulfill the function(s) of
Bud8p, when expressed from the BUDS8 promoter, suggesting overlapping
function(s) of Bud8p and Bud9p (Schenkman et al., 2002). Therefore, we tested
whether Bud9p might also associate with Rpl12Ap or Scpl60p. Co-purification
experiments were performed exactly as described above, exception that a myc
epitope-tagged version of BUD9 was expressed instead of BUDS together with either
GST-RPL12A or GST-SCP160 fusions (Figure 24B). In contrast to myc-Bud8p, myc-
Bud9p could not be co-purified in detectable amounts together with GST-Rpl12Ap.
When using GST-Scp160p, however, myc-Bud9p could be co-purified to amounts
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comparable to myc-Bud8p. Thus, in vivo association with Rpl12Ap appears to be
specific for Bud8p, whereas Scp160p is able to interact with both Bud8p and Bud9p.

Deletion of the transmembrane helices restricts localization of Bud8p to
subcellular regions enriched for Rpl12Ap and Scpl160p

The fact that interaction of Bud8p with Rpl12Ap and Scpl60p is executed by the
large N-terminal part of Bud8p is surprising, because this segment is predicted to
reside in the extracytoplasmic space (Ni and Snyder, 2001), whereas Rpl12Ap and
Scpl60p have been described to reside in the cytoplasm (Briones et al., 1998; Frey et
al., 2001; Lang and Fridovich-Keil, 2000). Because previous studies had used
haploid strains for localization studies, we determined subcellular localization of
Rpl12Ap and Scpl60p in diploid cells. Homozygous diploid strains were
constructed, that expressed myc epitope-tagged versions of either RPL12A or
SCP160 instead of the endogenous RPL12A or SCP160 genes, respectively, or that
expressed GFP-RPL12A or GFP-SCP160 fusion genes at endogenous levels. In both
cases, Rpl12Ap and Scpl60p, myc-tagged proteins and GFP-fusions were found to
produce at predominantly cytoplasmic staining (Figure 25). In addition, myc epitope
tagged version appeared to be enriched around the nuclei, indicating ER association
(Figure 25A), whereas GFP-fusions indicated vacuolar exclusion of both proteins
(Figure 25B).

The C-terminal segment of Bud8p (residues 513 - 600) carries two transmembrane
domains that have been suggested to be required for membrane association (Harkins
et al.,, 2001; Taheri et al., 2000). This segment of Bud8p is functionally
interchangeabl e with the corresponding part of Bud9p, which shares 52 % similarity
with Bud8p in this region and also contains two transmembrane domains
(Schenkman et al., 2002). We found that residues 513 - 600 of Bud8p are required
for functionality, but not for interaction with Rpl12Ap or Scpl60p (compare
Bud8p****® in Figures 20 and 24). To further characterize the function of this part of
Bud8p, we tested whether it might be required for distal pole localization by
determining the subcellular localization of Bud8p****°®, a truncated version that
lacks the C-terminal region. We found that Bud8p™>**® is predominantly distributed
throughout the cell and is no longer concentrated at the distal pole, when compared
to full length Bud8p (Figure 26). Remarkably, localization of Bud8p™***® was found
to be very similar to that detected for Rpl12Ap and Scpl60p (compare Figure 25A
and 26).
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Figure 25. Subcellular localization of Rpl12Ap and Scpl60p. (A) Immunofluorescence microscopy.
Yeast strains expressing endogenous levels of myc-Rpl12Ap (RH2745) or myc-Scpl60p (RH2748),
respectively, were grown to exponential phase and prepared for anti-myc immunofluorescence
microscopy. Representative cells of each strain are shown that were viewed for DNA with DAPI
imaging (DAPI) or for anti-myc immunofluorescence (FITC). Scale bar applies to (A) and (B) and
equals 5 um. (B) Living cells of yeast strains expressing GFP-Rpl12Ap (RH2746) or GFP-Scpl160p
(RH2749) at endogenous levels were viewed by differential interference contrast microscopy (DIC)
and by fluorescence microscopy (GFP) after growth to exponential phase.

Thus, deletion of the transmembrane domains not only suppresses polar localization
of Bud8p, but also restricts the protein to subcellular regions that are enriched for
Rpl12Ap and Scpl60p. These findings further support functional interactions
between the N-terminal part of Bud8p and Rpl12Ap or Scpl60p in vivo.
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Figure 26. Requirement of the C-terminal transmembrane domain for polar localization of Bud8p.
Strain RH2449 (bud8A/bud84) expressing myc-Bud8p (pME2318) or myc-Bud8p”>***® (pME2297)
was grown to exponential phase and prepared for anti-myc immunofluorescence microscopy.
Representative cells of each strain are shown that were viewed for DNA with DAPI imaging (DAPI)
or for anti-myc immunofluorescence (FITC). Scale bar 5 um.

RPL12A and SCP160 are required for regular bud site seletion, but not for
polar localization of Bud8p

The finding that Bud8p interacts with Rpl12Ap, Scpl60p and Trs120p suggested a
possible involvement of these proteinsin regulation of cell polarity. A previous study
had shown that diploid strains lacking RPL12B, representing a duplicated isogene of
RPL12A, produce more than 50% cell with a random budding pattern (Ni and
Snyder, 2001). A role of SCP160 or TRS120 in bud site selection has not yet been
reported. Here, we measured the effects of deleting either RPL12A or SCP160 on bud
site selection. As a control, we constructed diploid strains lacking RPL12B. TRS120
was not amenable to a deletion analysis, because this gene is essential for cell
viability. We found that both diploid rpl 12AA/rpl12AA and scpl604/scpl60A mutant
strains had lost the typical bipolar budding pattern and produced significantly higher
amounts of cells with a random budding pattern, as found for the rpl12BA/rpl12BA
mutant. In case of rpl12AA/rpl12AA and rpl 12BA/rpl12BA strains, the percentage of
cells with random bud sites was increased more than 10-fold. In the
scpl1604/scpl60A mutant, random budding was increased more than 5-fold and a
larger proportion of unipolar budding cells were found (Figure 27).
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Figure 27. Regulation of bud site selection by RPL12A and SCP160. (A) Quantitative analysis of bud
scar distribution. Strains RH2782 (control), RH2779 (rpl12AA/rpl12AA) and RH2780
(scp1604/scpl604) were grown to logarithmic phase, and at least 200 cells of each strain were
analyzed for bud scar distribution. Bars represent the percentage of cells exhibiting a bipolar (white
bars), random (black bars) or unipolar (gray bars) budding patterns. (B) Fluorescence imaging of
representative cells of strains described in (A). Scale bar 5 um. (C) Localization of GFP-Bud8p in the
absence of Rpl12Ap or Scpl60p. Living cells of yeast strains Strains RH2782 (control), RH2779
(rpl12AA/rpl 12A4) and RH2780 (scpl604/scpl604) expressing GFP-Bud8p (pMEL1772) were viewed
by differential interference contrast microscopy (DIC) and by fluorescence microscopy (GFP) after
growth to exponentia phase.

Thus, Rpl12Ap, Rpl12Bp and Scpl60p are required for proper bud site selection and
cell polarity. A GFP-Bud8p fusion protein was expressed and visualized in diploid
rpl12AA/r pl 12AA and scpl604/scpl60A mutant strains, to determine the requirement
of Rpl12Ap and Scp160p for distal localization of Bud8p. We found that deletion or
neither RPL12A nor SCP160 altered the intracellular localization of GFP-Bud8p at
the distal cell pole (Figure 27C).
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Thus, neither Rpl12Ap nor Scpl60p appear to control cell polarity by affecting polar
localization of Bud8p. Because these proteins are required for proper bud site
selection and have been identified to interact with Bud8p, they might fulfill a
function in the cell polarity establishment pathway that is located downstream of
Bud8p.

Discussion

Yeast cells must choose a site for bud initiation once during every round of cell
division. This selection process is under control of landmark proteins that are thought
to tag the site for cell division. In order to investigate the molecular function of
landmark proteins, we performed a detailed structural and functional analysis of
Bud8p, a transmembrane glycoprotein that is thought to tag the distal pole of yeast
cells. Our study not only identifies several functional domains within Bud8p, but also
provides evidence for a novel mechanism, by which spatial landmark proteins might
control cell polarity and directed cell division. Based on our data, we suggest that
Bud8p helps to establish cell polarity by physical interaction with the ribosomal
protein Rpl12Ap (and Rpl12Bp) and with Scpl60p and Trs120p, factors that are
associated with the endoplasmic reticulum and the Golgi network. Interaction of
Bud8p with these factors is established by the large N-terminal part, whereas the C-
terminal transmembrane domain is required to localize Bud8p (and possibly
associated factors) to the distal cell pole. This model is supported by the physical
interactions between Bud8p, Rpl12Ap and Scpl60p that were demonstrated by two
independent methods, the two-hybrid system and co-purification experiments.
Functional relevance of these interactions is supported by the fact that all three
proteins are required for bipolar budding, a process that involves a group of not more
than 130 proteins representing only 2.1 % of all yeast proteins (Ni and Snyder,
2001). Further support comes from the finding that subcellular localization of
Rpl12Ap and Scpl60p are very similar and overlap with a version of Bud8p
(Bud8p™**®®) that is sufficient for physical interaction with Rpl12Ap and Scp160p.
Finally, the large N-terminal portion of Bud8p not only interacts with Rpl12Ap and
Scpl60p, but also harbors several functionally distinct domains, further emphasizing
the functional relevance of the physical interactions between these proteins.

At first sight, our findings appear to be in contrast with the previously proposed
model of Bud8p topology and function.
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Based on genetic evidence and in analogy to the haploid-specific landmark protein
Bud10p/AxI2p, previous studies have suggested that Bud8p might recruit the
Rsr1p/Bud2p/Bud5p GTPase module via interaction with the small cytoplasmic
region located between the two transmembrane domains at the C-terminus. The large
N-terminal part of Bud8p was predicted to reside in the extracellular space, owing
the fact that it contains the sites for N- and O-linked glycosylation of Bud8p (Harkins
et al., 2001). In view of this topology of Bud8p, we were surprised to find a series of
cytoplasmic proteins that specifically interact with the N-terminal portion of Bud8p.
A possible explanation migt be that Bud8p interacts with cytoplasmic proteins as
such Rpl12Ap, Scpl60p and Trs120p into ER. A further and more speculative
possiblity is that after the transport of Bud8p to the distal pole its looking might be
inverted with the N-terminus locating into the cytoplasm (which appears to involve
the transmembrane domain). Bud8p might help to recruit a subset of ribosomes and
part of the ER and Golgi compartment to the distal pole. In turn, these subcellular
structures might allow synthesis of proteins required for initiation of cell division at
or close to the distal cell pole. The large number of RNA binding domains in
Scpl60p (14 KH domains) provides the contacts with mMRNASs and rRNAS, allowing
selective binding to polysosomes. The association of Scpl60p with membrane-bound
polysomes suggest that the protein may play important roles in positioning specific
MRNAS at the ER and regulating their translation at this site (Frey et al., 2001; Lang
and Fridovich-Keil, 2000; Lang et al., 2001). Therefore, Scp160p might be a
component of the general translation machinery involved in the translation of various
MRNA including ASH1. In S. cerevisiae, Ashlp is a specific repressor of
transcription that localizes asymmetrically to the daughter cell nucleus through the
localization of ASH1 mRNA to the distal tip of the daughter cell (Bobola et al.,
1996). Recently, it has been shown that Scpl60p is probably indirect required for
ASH1 mRNA localization, because ASH1 mRNA is partially delocalized in scpl160A
mutant strain (Irie et al., 2002). However, ASH1 is not required for proper bipolar
bud site selection, suggesting that Bud8p, Rpl12Ap and Scp160p may be involved in
transport of other mRNAs to the distal cell pole, e. g. of factors that regulate
budding.

The interaction of Bud8p with Trs120p suggest that the targeting of Bud8p to the bud
tip is possible by participate of components in vesicle transport pathway. Trs120p is
a subunit of TRAPP complex that associates stabls with the cis-Golgi complex and
mediates the targeting of ER-to-Golgi vesicles to the Golgi apparatus (Barrowman et
al., 2000; Wang et al., 2000). TRAPP subunits can activate as GEF (guanine
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nucleotide exchange factor) the Y pt31p GTPase that is required for ER-to-Golgi
transport (Jones et al., 1993). Y pt31p function is essential for protein transport from
the trans-Golgi. A genomic study has shown that Y pt31lp and other two vesicle
transport proteins (Vam3p and Vam8p) are specific for bipolar budding pattern.
ypt314/ypt314, and other mutant strains display random bud site selection pattern
and exhibit defects in Bud8p-GFP localization (Ni and Snyder, 2001). It is possible,
that Trs120p with other proteins in vesicle transport, are involved in the targeting of
Bud8p protein to the distal bud site.

Our study further suggests that Bud8p (and Bud9p) must harbor at least two distinct
types of domains, one required for proper localization and a second for recruitment
of downstream components for bud initiaion to the respective cell pole. At first sight
the localization domains of Bud8p and Bud9p should be different as they one
functions of different cell poles. The second type of domains should be similar as
both proteins might compete for the same factors of the budding machinery. That
would predict that N-terminus is important for function because highest similarity
(44%). Vice versa, N-terminal part should harbor localization information, because
there is no real overlap. Such a model is supported by promoter swap experiments
and studies employing chimeras (Harkins et al., 2001; Schenkman et al., 2002).
However, our study suggests that the structure of Bud8p is more complicated and
that regulation and function of Bud8p might be much more complex than previously
anticipated. Our deletion analysis has identified at least three functionally distinct
domains within the N-terminal part of the protein, namely (i) residues 2 to 53 that
negatively act on distal budding, (ii) residues 74 to 173 and 417 to 468 that are
essential for distal bud site selection, and (iii) residues 216 to 373 that when absent
prevent recognition of the cell poles at all. Some of these functions must be Bud8p-
specific, because exchange of the N-terminal part for Bud9p does not allow rescue of
bud8 deletion, whereas a BUD8N-Bud9C chimerais able to do so (Schenkman et al.,
2002). Indeed, we here find that the N-terminal part of Bud8p interact specifically
with Rpl12Ap, whereas we do not find any interaction between Rpl12Ap and Bud9p.
It will be interesting to see which part of the protein confers this interaction. On the
other hand, Scp160p interacts with both proteins. It is possible that Bud9p regulate
the cell polarity and directed cell division by other way that is not similar to Bud8p.
Therefore, Bud9p does not need probably the function of ribosomal proteins for the
regulation of cell polarity. Bud9p may interact indirectly with Scp160p by involving
other protein that is necessary for Bud8p-regulation pathway.
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M aterials and methods

Yeast strainsand growth conditions

All yeast strains used in this study are congenic to the 21278b genetic background
with the exception of strain EGY 48-p1840 that was used for two-hybrid analysis
(Table VII). rpl12AA: :kanR and scpl160A::kanR deletion mutations were introduced
using plasmids pM2302 and pME2303 (Table VII1). Strains RH2783 - RH2792 all
expressing myc epitope-tagged versions of BUDS8 at endogenous levels, were
obtained by integration of linearized plasmids pME2321 - pME2335. Strains
RH2745, RH2746, RH2748 and RH2749, which all express either myc epitope-
tagged versions or green fluorescence protein (GFP) fusions of RPL12A or SCP160
at endogenous levels, were obtained by integration of linearized plasmids pME2252,
pPME2253, pME2254 or pME2255. Standard methods for genetic crosses and
transformation were used and standard yeast culture YPD, YNB and SC media were
prepared essentially as described (Guthrie and Fink, 1991). Low ammonium medium
(SLAD) was prepared as described (Gimeno et al., 1992). Solid SLAD 2% agar
mediawas used for qualitative pseudohyphal growth assays.

Pseudohyphal growth assays

Assays for pseudohyphal development were performed as described previously
(Mo6sch and Fink, 1997). After 3 days of growth on solid SLAD medium,
pseudohyphal colonies were viewed with a Zeiss Axiolab microscope and
photographed using a digital camera DX30 and the Kappa Image Base Noah
software (Kappa Opto-Electronics, Gleichen, Germany).

Plasmid Constructions

The rpl12AA::kanR and scp160A::kanR deletion cassettes were obtained by PCR
amplification using genomic DNA of corresponding strains from the EUROSCARF
project (Winzeler et al., 1999). Amplified fragments were inserted into vector
pBluescriptKS (Stratagene, ) to obtain plasmids pME2302 and pME2303. Plasmid
pME2320 was obtained by subcloning of a 4.0 kb genomic BUDS8 fragment from
PME1769 (Taheri et al., 2000) into pRS306 (Sikorski and Hieter, 1989) using
restriction enzymes Xhol and BamHI. Plasmid pME2274 was constructed by PCR
amplification of a 1.5 kb Xhol-Xhol BUDS fragment coding for Bud8p amino acid
residues 2 to 512, followed by insertion of this fragment into the Xhol site of plasmid
pPEG202 (Fashena et al., 2000). Plasmids pME2318, pME2319 and pME2321, all
expressing a myc® epitope-tagged version of BUDS8 under control of the BUD8
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promoter, were obtained by insertion of two tandemly repeated 120 bp BamHI
fragments carrying the triple myc epitope (myc®) after the start codon of BUDS. The
set of myc®-BUDS alleles carrying systematic deletions in the BUD8 open reading
frame was contructed by a PCR-based strategy involving several steps. (i) A set of
six BUDB8 fragments was amplified by PCR using plasmid pME2321 as template and
introducing unique Notl and Bglll restriction sites. Amplified fragments consisted of
the BUDS8 promoter region, the BUDS start codon followed by the myc® epitope tag
and segments of the BUD8 open reading frame starting at the second codon and
ending at either of the codons 7, 74, 173, 268, 375 or 468 (Figure 20). (ii) A second
set of BUDS8 fragments was amplified by PCR introducing unique Bglll and Xhol
sites and consisting of BUDS8 coding region starting at codons 53, 114, 216, 325, 417
or 505 and ending at the stop codon, followed by the BUD8 terminator region. (iii)
Fragments from (i) and (ii) were individually cloned by insertion into plasmid
PME2256 by using restriction enzymes Notl and Bglll or Bglil and Xhol,
respectively. (iv) The myc®-BUDS8 alleles carrying the desired deletions were
constructed by combination of the respective fragments from (iii) and were finally
subcloned into the integrative vector pRS306 to obtain plasmids pME2322 -
pME2334. Plasmid pME2297 was obtained by two steps. (i) The Sall-Xhol fragment
of pME2318 was replaced for the Sall-Xhol fragment from pME2274 (lacking the C-
terminal part of BUDS). (ii) A Xhol fragment was inserted into the Xhol site of the
construct obtained in (i), which was amplified by PCR and consisted of BUDS8
codons 601 to 603, the stop codon and the BUD8 terminator region. Plasmids
pPME2298 and pME2335 were obtained by subcloning of a 3.3 kb Apal-Notl
fragment from pME2297 into vectors pRS425 or pRS306, respectively. Plasmids
PME2254 and pME2255, expressing either GFP-RPL12A from the RPL12A
promoter or GFP-SCP160 from the SCP160 promoter, were constructed by
introducing a Bglll site in front of the second codon of RPL12A or SCP160 and
insertion of a 750 bp Bglll fragment encoding the GFPuv variant of GFP (Clontech,
Heidelberg, Germany). Plasmids pME2252 and pME2253, expressing myc epitope-
tagged versions of either RPL12A under control of the RPL12A promoter or SCP160
from the SCP160 promoter, were obtained by insertion of asingle (myc®-RPL12A) or
three tandemly repeated copies (myc®-SCP160) of a 120 bp BamHI fragment carrying
the triple myc epitope (myc®) after the start codon of RPL12A or SCP160. Plasmids
pPME2247, pME2248 and pME2336 were obtained by N-terminal fusion of RPL12A,
SCP160 or TRS120 open reading frames to GST in vector pY GEX-2T (Schlenstedt
et al., 1995).
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Two-hybrid screen

Two-hybrid analysis tools: plasmids pEG202 and pJG4-5, a yeast genomic library
cloned in vector pJG4-5 and the yeast strain EGY 48-p1840 were kindly provided by
Erica Golemis and Roger Brent (Fashena et al., 2000; Gyuris et al., 1993). For the
selection of Bud8p-interaction partners by the two-hybrid system, yeast strain
EGY 48-p1840 containing BUD8**** as a bait on plasmid pME2274 was transformed
with a yeast genomic interaction library cloned into pJG4-5 by the lithium acetate
method (Ito et al., 1983) to obtain 5 x 1C° transformants. Transformants were
collected as a pool, and Leu-prototrophic strains were selected by growth on SC
medium lacking Leu, Trp and His, and containing 2% galactose and 1 % raffinose,
and assayed for B-galactosidase activiy as described by Fashena and Golemis
(Fashena et al., 2000). Library plasmids were isolated as described (Hoffman and
Winston, 1987) and analyzed by DNA sequencing using the ABI Prism Big Dye
terminator sequencing kit and an ABI 310 Genetic Analyzer (Applied Biosystems,
Weiterstadt, Germany). Interactions were verified by reintroducing library plasmids
into the parental strain EGY 48-p1840 carrying either pME2274 or pEG202, followed
by a growth test for Leu-prototophy.

Two-hybrid interactions were quantified by measuring specific [3-galactosidase
activities of strain EGY 48-p1840 that was co-transformed pairwise with the various
PEG202 and pJG4-5 based plasmids. Transformants were grown in liquid SC - His -
Trp medium to an ODg,, of 0.5 to 1.0, and protein extracts were prepared and assayed
for specific 3-galactosidase activities as previously described (Rose and Botstein,
1983). Specific 3-galactosidase activities equal (OD,,, x 1.7)/(0.0045 x protein
concentration x extract volume x time). Assays were performed on at least three
independent transformants, and standard deviation did not exceed 20%.

Analysis of budding patterns

Budding patterns were determined by bud scar staining and time lapse-microscopy
essentially as previously described (Kron et al., 1994; Pringle, 1991; Taheri et al.,
2000). For bud scar staining, yeast cells were grown in liquid YPD medium at 30° C
to an ODg,, of 0.6, and fixed at room temperature for 2 h in 3.7% formaldehyde.
Samples were rinsed twice in water and resuspended in 200 pl of afresh stock of 1
mg/ml calcofluor white (Fluorescent Brightener F-6259, Sigma). Bud scars were
visualized by fluorescence microscopy using a Zeiss Axiovert microscope and
photographed using a Hamamatsu Orca ER digital camera and the Improvision
Openlab software (Improvision, Coventry, England). Cells with two to 10 obvious
bud scars were divided into three classes: bipolar, cells with two or more bud scars
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with at least one scar at each end of the cell (the birth end and the free end); unipolar,
cells with all bud scars at one end of the cell immediately adjacent to one another;
random, cells with bud scar distributions other than bipolar or unipolar. Numbers in
the tables represent the percentage of cellsin each class for a sample of at least 200
cells. Time lapse microscopy was performed by using a chamber for high
magnification imaging of yeast growth as described previously (Kron et al., 1994).
Positions of bud site emergence were determined by direct microscopic observation.
For each strain measured, at least 70 cell divisions were observed.

GFP fluorescence and indirect immunofluor escence micr oscopy

Y east strains expressing GFP fusion proteins were grown to exponential phase in
liguid YNB medium as describe for bud scar staining. Cells from 1 ml of the
cultures were harvested by centrifugation and immediately viewed in vivo by either
differentia interference contrast microscopy (DIC) or fluorescence microscopy using
a GFP filter set (AHF Analysentechnik AG, Tubingen, Germany). Cells were
photographed using a Hamamatsu Orca ER digital camera and the Improvision
Openlab software (Improvision, Coventry, UK). For immunofluorescence
microscopy, cells were cultured as for GFP microscopy, fixed in 3.7% formaldehyde
and spheroblasts were prepared as described (Pringle et al., 1991). 4’ ,6-diamidino-2-
phenylindole (DAPI) staining and monoclonal mouse anti-myc antibodies (9E10)
together with an Alexa 488-conjugated goat anti-mouse antibody (Molecular Probes,
OR, USA) were used for visualization of nuclei and myc epitope-tagged proteins,
respectively. Cells were viewed and photographed as described above using standard
DAPI and fluorescein isothiocyanate (FITC) filter sets.

Protein analysis and co-purification experiments

Extracts were prepared from cultures grown to exponential phase in YNB medium.
Briefly, cultures were washed in ice-cold buffer R (50 mM Tris-HCI pH 7.5, 1mM
EDTA, 50 mM dithiothreitol), lysed with glass beads in 200 pl of buffer R + PIM (1
mM each phenylmethylsulfonyl fluoride, TLCK, TPCK, p-aminobezamidine-HCI
and o-phenanthroline) + 3% Triton X-100 + 1% SDS at 4°C, and spun at 3000 r.p.m.
for 5 min to remove glass beads and large cell debris. Extracts (10 pl) were removed
to determine total protein concentration using a protein assay kit (Bio-Rad, Minchen,
Germany). SDS loading dye was added to the remaining total extracts and proteins
were denatured by heating at 65°C for 10 min. Equal amounts of proteins were
subjected to SDS-PAGE and transferred to nitrocellulose membranes. Myc epitope-
tagged proteins were detected using ECL technology (Amersham, UK) after
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incubation of membranes with a monoclonal mouse anti-myc antibody (9E10) and a
peroxidase-coupled goat anti-mouse secondary antibody (Dianova, Hamburg,
Germany).

For purification of GST fusions and associated proteins, extracts of strains co-
expressing GST fusion proteins together with myc-tagged versions of Bud8p or
Bud9p were prepared after growth on galactose medium for 6 h exactly as previously
described (Roberts et al., 1997). Extracts were incubated with glutathione-agarose
overnight at 4°C in the presence of the complete protease inhibitor cocktail at twice
the working concentration according to the manufacturers guidelines (Roche
Diagnostics GmbH, Mannheim, Germany). Beads were repeatedly washed and
collected to purify GST fusions and any associated proteins. Samples were denatured
by heating at 60°C for 5 min in SDS sample buffer and equal amounts of each
samples were analysed by Western blot as described above using either polyclonal
anti-GST antibody (Santa Cruz Biotechnologies, CA) or the monoclona mouse anit-
myc antibody (9E10).

TableVII. Strains used in this study

Strain Genotype Source

EGY 48-p1840 MATa, trpl, his3, 6xlexAops-LEU2, (Fashenaet al., 2000)
IxlexAop-lacZ, GAL1-lacZ-URA3

RH2495 MATa/MATa, ura3-52/ura3-52, (Taheri et al., 2000)

leu2::hisG/leu2::hisG, his3::hisG/HIS3,
trpl::hisG/TRP1

RH2745 MATa/MATa, myc3- RPL12A-URA3 this study
/myc3-RPL12A-URA3, leu2::hisG
Nleu2::hisG, his3::hisG/HIS3, trpl::hisG/TRP1

RH2746 MATa/MATa, GFP-RPL12A-URA3 this study
/GFP-RPL12A-URAS,.leu2::hisG/
leu2::his3, his3::hisG/HIS3, trpl::hisG/TRP1

RH2748 MATa/MATa, myc®-SCP160-URA3 this study
myc®-SCP160-URA3, leu2::hisG
Nleu2::hisG, his3::hisG/HIS3, trpl::hisG/TRP1

RH2749 MATa/MATa, GFP-SCP160-URA3 this study
GFP-SCP160-URAS3, leu2::hisG
Nleu2::hisG, his3::hisG/HIS3, trpl::hisG/TRP1

RH2779 MATa/a, rpl12aA::kanR/rpl12aA::kanR, this study
ura3-52/ura3-52, his3::hisG/HIS3,
leu2::hisG/LEU2, trpl::hisG/TRP1
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TableVII. Strains used in this study

Strain Genotype Source

RH2780 MATa/a, scpl60A::kanR/scpl60A::kanR, this study
ura3-52/ura3-52, his3::hisG/HIS3,
leu2::hisG/LEU2, trpl::hisG/TRP1

RH2781 MATa/a, URA3/URAS, bud8A::HIS3 this study
/bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

RH2782 MATa/a, BUD8-URA3/BUDS-URAS3, this study
budBA:: HIS3/budBA:: HIS3, his3::hisG
/his3::hisG, leu2::hisG/LEUZ2, trpl::hisG/TRP1

RH2783 MATa/a, myc®-BUD8-URA3/myc®-BUDS this study
-URAS3, bud8A::HIS3/bud8A::HIS3,
his3::hisG/his3::hisG, leu2::hisG
LEU2, trpl::hisG/TRP1

RH2784 MATa/a, myc®-BUD8*>3-URA3/ this study
myc®-BUD8*-URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

RH2785 MATa/a, myc®-BUD8 - URA3/ this study
myc®-BUD8* ™-URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

RH2786 MATa/a, myc®-BUD8*-URA3/ this study
/myc®-BUD8*-URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

RH2787 MATa/a, myc®-BUD8*>*-URA3/ this study
myc®-BUD8*5%-URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

RH2788 MATa/a, myc®-BUD8**1“-URA3/ this study
myc®-BUD8** ™ -URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

RH2789 MATa/a, myc®-BUD8+215_URA3/ this study
myc®-BUD8**2'5.URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1

RH2790 MATa/a, myc®-BUD8*¥ 2. URA3/ this study
myc-BUD8**215.URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1
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TableVII. Strains used in this study

Strain

Genotype

Source

RH2791

RH2792

RH2793

RH2794

RH2795

RH2796

RH2797

RH2798

MATa/a, myc®-BUD8*"*3%-URA3/
mycS-BUD8**35.URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1
MATa/a, myc®-BUD8*2%3%.URA3/
myc®-BUD8*%35.URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1
MATa/a, myc®-BUD8*2%41"-URA3/
mycS-BUD8*%4".URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1
MATa/a, myc®-BUD8*">*"-URA3/
myc®-BUD8*™*7"-URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1
MATa/a, myc®-BUD8*">**.URA3/
myc®-BUD8*">5%.URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1
MATa/a, myc®-BUD8*®5*.URA3/
/myc®-BUD8*®#5%_.URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1
MATa/a, myc®-BUD8*"*5-URA3/
myc®-BUD8**C.URA3, bud8A::HIS3/
bud8A::HIS3, his3::hisG/his3::hisG,
leu2::hisG/LEU2, trpl::hisG/TRP1
MATa/a, rpl12bA:: kanR/rpl12bA::kanR,
ura3-52/ura3-52, his3::hisG/HIS3,
leu2::hisG/LEU2, trpl::hisG/TRP1

this study

this study

this study

this study

this study

this study

this study

this study
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TableVIII. Plasmids used in this study

Plasmid Description Reference
pEG202 HIS3-marked 2um ADH1prom-lexAD (Fashenacet al., 2000)
BD-ADH1term two-hybrid vector
pJG4-5 TRP1-marked 2um GAL1prom- (Fashenacet al., 2000)
SVAONLS- B42AD-ADH1term, two-hybrid vector
pJG4-5library S cerevisiae cDNA library in pJG4-5 (Fashenaet al., 2000)
pRS306 URA3-marked integrative vector (Sikorski and Hieter, 1989)
pRS425 LEU2-marked 2 um vector (Christianson et al., 1992)
pRS426 URA3-marked 2 pm vector (Christianson et al., 1992)
pY GEX-2T URA3-marked 2 um, GAL1prom-GST fusion vector (Schlenstedt et al., 1995)
pY GEX-2T URA3-marked 2 um, GAL1prom-GST fusion vector (Schlenstedt et al., 1995)
pPMEL772 BUD8prom-GFP-BUDS fusion in pRS426 (Taheri et al., 2000)
pME1939 BUD9prom-myc®-BUD9fusion in pRS425 (Taheri et al., 2000)
pME2247 GAL1prom-GST-RPL12A fusion in pY GEX-2T this study
pME2248 GAL1prom-GST-SCP160 fusion in pY GEX-2T this study
pPME2336 GAL1prom-GST-TRS120 fusion in pY GEX-2T this study
pME2252 RPL12Aprom-myc®-RPL12A fusion in pRS306 this study
pME2253 SCP160prom-myc’-SCP160 fusion in pRS306 this study
pME2254 RPL12Aprom-GFP-RPL12A fusion in pRS306 this study
pME2255 SCP160-prom-GFP-SCP160 fusion in pRS306 this study
pME2256 pRS316 with novel Bglll restriction site in polylinker  this study
pME2271 354 bp RPL12A-fragment in pJG4-5 this study
from cDNA library
pME2272 756 bp SCP160-fragment in pJG4-5 this study
from cDNA library
pME2273 348 bp TRS120-fragment in pJG4-5 this study
from cDNA library
pME2274 ADH1prom-|lexADBD-BUD8?*'- this study
ADH1termin pEG202
pME2318 BUD8prom-myc®-BUDS in pRS426 this study
pPME2297 BUD8prom-myc®-BUD8*****® in pRS426 this study
pME2319 BUD8prom-myc®-BUDS in pRS425 this study
pME2298 BUD8prom-myc®-BUD8*****® in pRS425 this study
pME2302 rpl12aA:: kanR cassette for full this study
deletion of RPL12A
pME2303 scpl60A:: kanR cassette for full this study
full deletion of SCP160
pME2320 BUDS8 in pRS306 this study
pME2321 BUD8prom-myc®-BUDS fusion in pRS306 this study
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TableVIII. Plasmids used in this study

Plasmid Description Reference
pPME2322 BUD8prom-myc®-BUD8*" fusion in pRS306 this study
pME2323 BUD8prom-myc®-BUD8*"** fusion in pRS306 this study
pME2324 BUD8prom-myc®-BUD8*"*"" fusion in pRS306 this study
pPME2325 BUD8prom-myc®-BUD8*">* fusion in pRS306 this study
pPME2326 BUD8prom-myc®-BUD8**** fusion in pRS306 this study
pME2327 BUD8prom-myc®-BUD8*"*?'® fusion in pRS306 this study
pME2328 BUD8prom-myc®-BUD8*"*° fusion in pRS306 this study
pME2329 BUD8prom-myc®-BUD8*"*3% fusion in pRS306 this study
pME2330 BUD8prom-myc®-BUD8***3% fusion in pRS306 this study
pME2331 BUD8prom-myc®-BUD8***'" fusion in pRS306 this study
pME2332 BUD8prom-myc®-BUD8*¥">*"" fusion in pRS306 this study
pME2333 BUD8prom-myc®-BUD8*¥">** fusion in pRS306 this study
pME2334 BUD8prom-myc®-BUD8****>% fusion in pRS306 this study
pME2335 BUD8prom-myc®-BUD8*****® fusion in pRS306 this study
pME2424 rpl12bA:: kanR cassette for full deletion of RPL12b this study
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