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P ABSTRACT

Saccharomyces cerevisiae conjugation 1s a complex E)rocess imitiated by signaling peptides
secreted by haploid cells. These peptide pheromones orchestrate a series of physiological changes
that ultimately allow the haploid partners to fuse and form a diploid zygote. A surprisingly large.
number of the proteins mediating these processes are conserved in higher eukaryotes and have
similar functions in other organisms in which they are found. Hence, the study of yeast mating
has some relevance to general questions in biology.

My goal was to further characterize the yeast mating reaction at the molecular level by
finding new genes involved in this process and assigning fur_lcuons to the products of these genes.
The first step was to mutagenize wild-type yeast cells and t;) search for mutants that could no
longer mate or mated poorly. Interesting mutants were then cloned by complementation of the
mating defect with a yeast genomic hbrary. | found one gene, BN//, previously not known to
have a role in n{ating and two new genes, AXL/ and SFU!. ¢

Axllp is a member of the pitrilysin family of proteases. which include a set of closely
related peptidases that cleave oligopeptides such as insulin._ We found that Axllp and another
yeast homologue, Ste23p. are required for processing of the peptide pheromoné a-factor.
Furthermore. Axllp is involved in bud site selection, but its proteolytic activity 1s not required for
this function. \ '

Bnilp has conserved regions characteristic of members of the formin family of proteins.
These proteins are implicated in vertebrate limb formation, polarity establishment and cyloki;lesis.
Bnilp is involved in polarizing the actin cytoskeleton during.cell growth. It is one of a few
proteins shown to be an effector for the highly conserved small GTPases of the rho subfamily
which regulaté actin structures.

Finally, Sfulp 1s a novel protein that appears to be lmponanl for signaling. pheromone-

induced polarized morphogenesis and cell fusion.
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INTRODUCTION
Actin’ Up During Development
e ‘ | - . -~

Development and the Cytoskeleton

Defining the process whereby a zygote develops into a multicellular organism containing a ‘

multitude of specialized tissues is one of the most compelling prébklems facing biologists. During
development cells e;re able to change basic properfies such as their morphology, physical
chafacteristics and function. How these‘changes are made and how they are regulated are
fundamental questions of biology. Development in metazoans is largely ageneticﬂly determined
program with rare (but;c'rucial) epigenetic influences. In simple terms, cell differentiation
(specialization) is considered to be the result bf expressing certain genes needed for a cell’s

~ function while preventing the expression of genes that are not required for, or would interfere

with, this function. With a few exceptions, differentiation does not entail the selective loss of

genes or rearrangement of genesn the differentiating cell.» In fact, almost all cells within-an adult
organism contain all of the genetic information needed for a single cell ta develop into a nearly
identical adult. This p;)tential for pluripﬁotency has been powerfully demonstrated by the cloning
of an adult sheep fremea single cell extracted from an adult progenitor (Wilmut et al., ] 997).
Although developmental procesSes are largely reéarded as the differential expression of
genes leading to specific cell type;. there 1s increasing evidence for thié importance of differentially
regulating ubiquitous or pre-existiﬁg proteins. This is especially true in the case of the
cytoskel_eton.‘ Manyﬁdifferen_tiatjng cells require a specific morphology in order to ,fundion. For
example, epithelial cells must form tight sheets, often consisting of only one or a few layers that
are each one cell thick. Thiese sheets require tight interactions among cells and between cells and

the extracellular matrix they secrete. Cytoskeletal components form and regulate these interactions

(Sastry and Horwitz, 1993: Mays et al., 1994; Schmidt et al., 1994). ° Funheﬁrmore. the -

cytoskeleton 1s involved in cell migration during development - a process that also requires

—_—

~
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interactions between cells and the extracellular matrix (Sheetz, 1994; Stossel, 1994). :Fhe proper
" regulation of cytoskeletal proteins is also very importanl in muscular and neuronal oevelopmem
(Doermg .1993; Ervasu and Campbell 1993; Trifaro and Vitale, 1993) | |

Polarity of the cytoskeleton is necessary in many cells that secrete or absorb su lances,
especja'lly in a regulated manner. 1In-such cells cyloskelelal components are oflen crucial in the
intracellular trafficking of organelles, such as secretory vesicles (Mays et al., 1994; Morris and
Frizzell, 1994). Moreover, the cytoskeleton must be polarized to ensure that the materials are ’

secreted or absorbed %{he correct site on the surface of the cell (Fath et al., 1993; Mays et al.,

1994 Morris and Frizzell, 1994). Cytoskelelzil polarity is not only important during

morphogenesis and secretion, but also during the earliest stages of developmem. There are many
examples of developmemal proteins or their transcripts that are polarized within zygotes-or even
within the egg prior to fertilization (Bowerman et al.; 1993; Klymkowsky and Karnovsky 1994;
Knowles and Cooley, 1994; Erdelyi et al., 1995; Etemad-Moghadam et al., 1995; Guo dnd
Kemphues ’1995' Boyd et al., 1996; Guo and Kemphues 1996; Watts et al., 1996). Evidence
for the role of-the cytoskeleton in eslabllshmg thls polanly is rapldly accumulating (Klymkowsky
and Kdrnovsky 1994; Knowles and Cooley 1994 Manseau et al, 1996; Watts et al., 1996).
~ During mitosis developmental determinants are sequestered in one of the daughter cells which then
follows a specific developmental pathwa\y, distinct fronm that foflowed by the. mother cell that
reeeived r;one of the determinant (Way et al., 1994; Guo and Kemphues, 1996; Morgan and
. Mahowald, 1996).

The developmental programs o% metazoan organisrh e largely determined throogh cell-
cell or cell_-exiracellular matrix interactions. Similarly, external conditions are the main influence
on developmental programs 1n unicellular organisms such as the budding yeast Saccharomyces

. ™
cerevisiae. In both systems development is influenced and fine-tuned by factors outside of the

-

~cell. The difference lies in the source of the cells’ surroundings. While yeast cells are subject to

the vagaries of their environment, the environment of most metazoan cells is influenced by

[



surrounding cells all of which arose from a single egg and, therefore, the environment is
. \:) . .
genetically determined. ‘ | -

S. cerevisiae Cell- Types

S. cerévisiae exist as two mating types called a cells and a cells. The mating type 0% a
strain is determined by a single locus, MAT, so that a cells are MATa and « cells are MATo. The
MAT locus encodes transcriptional regulators that determinie the cell type throQgh induction anci
repression of certain genes (for example, the genes coding for the the mating pheromones a-factor
and a-factor; Rine et al., 1992). Diplloid cells are MATa/MATa. Coexpression of these loci
prevent the expression of héploid-speciﬁc genes and the a- and‘a-speciﬂc ge;nef, and promotes

transcription of genes required in diploids (such as those for-sporulation: Rine et al., 1992).

L

_Development in the Budding Yeast

Vegetative Growth

S. cerevisiae 1s a buddihg yeast. In order to form a bud the cells must polarize the
machinery for plasma memi)rzine and cell wall synthesis so that growth is restricted to the daughter
cell bud. This is accomplished by polarizing the actin cytoskeleton. i/)elivery of the biosynthetic
enzymes or products necessary for grow‘th through secretory vesicles is dependent on the actin

“cytoskeleton (Chant and Pringle, 1991; Drubin, 1991: Bretscher et al., 1994; Mills and Mandel,
'1994; Mills et al., 1994; Cid et al.. 1995; GoVianj and Novick, 1995; Lew and Reed, 1995;
- Drubin and Nelson, 1996). A great deal of res¢arch has focused on hoWw the actin cytoskeleton 1s
regulated a’!J1d polarized te buds, and how the actin cytosk:leton interacts with secretory

}
mechanisms. Many of the proteins involved in budding have homologues in higher organisms.
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Figure 1. Life Cycle of Succharomyces cerevisiae.

. Haploid cells divide by Budding and can enter a developmental program called haploid invasive
growth if starved of nutrients. Thesecells become slightly -el'on-gated and bud only at their-ends,

in what is called the bipolar budding pattern. In the‘presence of a cell of the opposite mating type
haploid cells grow toward each other, fuse and form a diploid zygote. Diploids also divide by
budding and can undergo pseudohyphal growth in the absence of nitrogen and fermentable
carbon. These cells bud from only one end (unipolar budding) and Become very elongaied. In
haploid invasive growth andp\seudohyphal growth the cells are able to penetrate thé agar.- These
responses to starvation are thought to be nutrient foraging strategies. Diploids sporulate, when*{.
they are starved for fermentable carbon alone. Spbrulétion is a specialized developmental pathway \

“in which meiosis is accompanied by packaging of the mitotic products into sac-like asci. Both’

haploids and diploids are able to enter stationary phase (Gy).
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Mating

Yeast cells can énter several differém developmental@rogfams (Fig. 1). One such
pfggram 1S cohjugatii)n. Haploid cells of yeast can mate and .fo'x:m diploid cells. Haploids secrete
, peptide pheromones that cells of the opposite mating type can detect throu'gh receptors. MATa
" cells secrete a-factor and detect a-factor through an a-factor receptor (Shprague and Thorner,
1992). Likewise, MATa cells secrete a-factor and bind a-factor via an a-factor receptor (éprague
and Thorner, 1992). The genes encoding the pheromones and fheir receptors are a cell- or a cell-
s})eciﬁc (Sprague and Thorner, 1992). When cells detect pheromone they arrest in-the G|-phase
of the cell cycle Béfore DNA replication commences (Chang and Herskowitz, 1990). This
ensures that once matilng is accomplished the product has a 2N coﬁten} of DNA. Cells then
‘Atpolarize growth to ‘thé region at which the pheromone concentration is greatest - in the likely
direction of;he mating partner (Segall, 1993 Dorer et al., 1995; Valtz et al., 1995). This growth
results in the formation of a mating projection, otherwise known as a “'shmoo™ after the Al Capp
cartoon figure. These projections enable the mating cells to contact each other if they are not
already doing :0 (3nce contact is- established, the cell walls and then the cell membranes fuse
‘creating‘a cytoplasmic bridge between the ma{}lg partners (McCaffrey et al., 1987; Trueheart et
al.. 1987). "l;he nuclei migrate alon’g microtubules into the cytoplasmic bridge, meet and fuse
(Kurihara et al., 1994). The dumbell-shaped, fused mating paﬁners become diploid zygotes that

~bud off diploid cells. The formation of shmoos and cell fusion depend on elements of the actin

cytoskeleton, while nuclear migration and fusion depend on microtubule functions.

Filamentous Growth

~

L Ay
Haploid yeast cells grow and progress through the cell cycle until they use most of the
available nutrients and then form filamentous chains and invade the underlying agar (Roberts and

Fink, 1994). This change in growth is termed “haploid invasive growth™ and it appears to be a

-
<



method of sc_aveﬁgi"ng for more nutrients in the colony’s surroundings (Roberts and Fink, 1994).
A similar response to nutrient dep;ii}\valiorfb?éyrs: in diploid colonies (Gimeno et al., 1992;
Gimeho and Fi‘nk, 1994). In this case, ﬁlaménlous growth and agar invasion occur in response (0
nitrogen limitation. This type ofgrovylh is called “pseudohyphal growth™ to différentiate it from
the true hyphal growth found in some (;ther' fungi (Gimeno efal.; 1995; Gimeno and Fink, 1994).
Both forms of filameleu>s groHWth make Vuse of similar mechanisms for regulétiné the actin

e
cytoskeleton and their consequent morphologies.

Sporulation
hY

In the absence of a fermentable carbon source, diploid cells undergo meiosis and

- .
sporulation. Each diploid forms four meiotic products encased in a sac-like ascus. The spores
within the ascus are usually arranged in a tetrahedral shape-and are unordered with respect to the

meiotic products (i.e., one cannot infer genetic linkage from the order that the trait is found in
' {

~

spores of the ascus as one can in ordered tetrads such as those of Sordaria).

Stationary. Phase R
‘ L

Both haploids and diploids will leave the cell cycle at G and enter stationary phase (Go) if
the nutritional conditions will not permit ftlampentous growth or sporulation. Statioﬁary phasé 1s
not simply cell cycle arrest and lack of growth since cells require the expression of specific genes,
some of which are unique to stationary phase, to remain viable (as ascertained by return tb a
nutrient-rich environment; Bauer et al., 1993; Desfarges et al., 1993; Werner-Washburne et al.,

b 5

1996).
Mating Type Switching

Homothallic strains of S. cerevisiae are able to switch mating types (Riné et al., 1992).
Switching is controlled by the HO gene whose‘product is an endonuclease that cuts only at the

MAT locus (Rine et al., 1992). The double-strand break produced by the HO endonuclease is a




signal for DNA repair and conversion of the information at the MAT locus to infortation folnd at
one of the telomeres of the chromosome (Rine et al., 1992). While at the telomeres these genes
are kept Lranscripuonally'silem,ﬁbut once the genes are transposed to the MAT locus they are free
to be expressed (Rine et al.. 1 99"2).

Mating typé switching occurs dunng DNA replication (she S-phase—ofthe cell cycle) and 1s
an asymmeltric dev;elopmenlal process. For example, when a MATa mother cell buds off a
daughter, [hé mother cell will switch to become a MATa cell. The daughter cell remain:\MATa :
until 1t also buds off a daughter cell (and 1n turn becomes a mother cell: Bobola et al.. 1996; Sil\
and Herskowitz, 1996). In contrast to the previous developmental p';égrams [ mentioned, this
asymmetric pattern of mating type switching 1s genetically controlled and has no epigenetic
influence. Daughters are prevented from switching mating types through repression of HO
transcripuon by the ASH/ gene product (Ashlp) (Bobola et al.. 1996: Sil and Herskowitz, 1996).
Ashlp s localized to daughter cell; s0 that only the mother is able to switch mating types (Bobala '
et al., 1996: Sil and Herskémtl. 1996). The ASH/ wranscript 1s localized and translated 1n
daughter cells (Long et al.. 1997). Two mutants that prevent both mother and daughter cells
from switching were tound to be defective 1n genes eﬁcoding cytoskeletal components (Bobola et
al.. 1996). This indicates that, as 1n other systems thé cytoskeleton underlies an asymmetry or

polanty 1n the cell and. in this case. polanty results in differentiation.
Research Project

The process of conjugation in yeast 1s a complex response to an extracellular signal.
resulting in the activaton ot an intracgllular network of signaling molecules. This process results
in arrest of the cell ¢ycle. cellular morphogenesis, cell fusion and nuclear migration and fusion.
Many of these events, and the proteins involved, are used for different purposes at other times
during the yeuast hife cycle. Moreover the conservation between organisms displayed by many of

the players involved 1n mating suggests that what is learned about‘the roles of these proteins in



mating will have applications to their counterparts in higher eukaryotes. This has prolven to be the
case for many of the signaling and cytoskeletal molecules.

Despite intemse scrutiny from researchers, it 1s obvious that there are large éaps In our
understanding of conjugatiorr and the genes involved. My project simply involved a screén for
'yeast mutants which were unable to mate or mated with low efficiencies. This screen was devised
to preclude finding mutations in genes for the si;naling molecules involved in detecting
pheromone and in pheromone signaling. The reason for this 1s that this pheromone response
pathway has already been intensively studied and 1s well chafaclerized. Therefore, we hoped io
focus the screen on mutants that were defective in compbnenls regulated by this signaling
pathway. As you will see, I was partly successful in my aim. Three néw genes, AXL/, STE23.
and SFUI. were 1solated and characterized and another gene, BNII,.was shown to have a

4

function in mating not previously known. Surprisingly, the products of the mutated genes have

roles 1n other processes as well as mating and some have homologues in other organisms. In the
-

following chapters I will describe the search for new genes and the analyses of their products.
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: " CHAPTER 1
Muiant Safari .

Introduction - , s

Diploid Saccharomyces cerevisiae. cells are more ;resistant to environmental stress and
grow more rapidly than haploids. When starved olf“.'nitrogen z;nd carbon, diplbid cells undergo
meiosis and restructure their cell walls, forming haploid spor;:s. Spores are metabolically
inact.ive. have extremely durable. cell walls, and are resistant to environmental extremes. Upon
return to conditions conducive to vegelative}growth, the spores germinate and resume growing as
haploids. ' . :

To facilitate the production of hardier diploaids from hap;loid cells, haploid yeast dr;: able to
mate. This process involves a number of steps initiated by secreted small peptides. Cells of each
mating type secrete a specific peptide matiﬁg pheromone. MATa cells secrete a-factor, while
‘MATu cells secrete a-factor. These pheromones diffuse into the medium and are detected by cells
of the opposite mating type. This detection is accomplished by the a-factor receptor, encoded by
STE2 and expressed only in MATa cells, and by the a-factor receptor, which 15 encoded by STE3
and expressed only in MATa cells (Sprague and Thorner, 1995). These two receptors are.
members of the heterotrimeric guaniﬁe nucleetide-binding prolexin (G-protein) seven
transmembrane receptor family to which belong the archetypal B-adrenergic and rhodopsin
receptors of mammﬁls‘(Burkholder and Hartwell, 1985; Hagen et al., 1986; Lefkowitz et al.,
1992). .Binding of the pheromones to their respective receptors presumably induces a
conform;monal change 1n the receptor that causes inactive heterotrimeric d:proleins associalf;d
with the receptor on the cytoplasmic side of the plasma membrane to exchange bound guanosine
diph’bsphale (GDP) for gua:osine triphosphate (GTP) (Konopl;a et al., 1988; Konopka and
Jenness. 1991). This exchange on the Ga subunit causes it to dissociate from the Gp and Gy

subunits which remain complexed together (Nomoto et al., 1990). In S. cerevisiae, the Ga
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subunit is encoded by the GPA1/SCGI (Dietzel and Kurjan, 1987) gene while STE4 and STE]S
code for the GB and Gy subunits, respectively #Whiteway et al.: 1988).

In S. cerevisiae, the GBy subunits transduce the pheromone signal to, a mitogen activated
) proleiﬁ kinase (MAP kinase) cascade. Thisis shown by the observations that gpal 'nuU mutants
have a constitutively active kinésé cascade, while mutants in either the Gf or the Gy subunit genes
- are unable to activate this cascade‘(Hartwell, 1980: Miyajima et al., 1989; Cole et al., 1990:
Nom!oto et al., 1990). These re;ulls suggest a model in which the Ga subunit normally prevents
activation of the cascade by the GBy subunits by remainihg co-mplexed with these subunits. In the
ébsence of the Ga subunit, the GBy s‘u‘bunils can activate the cascade even without pheromone
binding to thé’receplor : T.he G-protein encoded by C;‘PA]. STE4 and STES, as well as all pt‘ the
downstream components of the MAP kinase cascade are common to both MATa and MATd\%ells
(Sp-rague and Thorner, 1992). Therefore, the sole cell type-specific determinants of the
phéromone response pathway are the pheromor;e receptors (Bender and Sprague; 1989).

Members of the MAP kinase cascade involved in mating include Fus3p and Ksslp (the
MAP Kkinases, whose functions pagtially overlap), Ste7p (the MAPK ‘kinase) arid Stellp (the
MAPKK kinase) (Sprague and- Thorner, 19’92: Neiman, 1993). Different MAP kinase rcascades
also regulate pseudohyphal growth, responses lgﬁhigh'extracellul; o:smolarily,‘sporulalion and
are required for the integrity of the cell wall during growth (Levin and Errede, 1995: Schultz et
al.. 1995: Treisman, 1996). Funhe(rmore. the MA-PK cascade involved in the mz.iling response
helped to define similar cascadesj In metazoans. Stellp acliv%es Ste7p which in turn activates the
MAP kinases Fus3p and Ksslp (Neinian and Herskowitz, 1994 Er}ede et al., 1995; Bardwell et
al., 1996). One of the targets of these MAP kinases is the transcription factor Stel12p which 1s
involved in the pheromone-induced transcription of many of the genes requir.ed for mating (Elion
et al., 1993; Treisman, 1996). Fus3p has been shown to associate w}ith Stel2p ai;d lhere. are
residues known to be phosphorylated by Fus3p in response to pheromon; (Hung et al., 1 997).

However, as yet, there are no phosphorylated residues known to regulate the activity of Stel2p.
Y .

The kinases are tethered together in a complex by Ste5p (Choi et al., 1994; Marcus et al., 1994) ‘

11
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which appeafs to be a link between the kinéses -and the G-protein since it physicall\)fl qssociates ‘
with Stedp (Whiteway et al., 1995). This s\caffo‘ldjng~ protefn 1s tilought to facili;até thevactivation

of each kinase by keeping it in close association with its activating kjr.1ase‘. and it seems to regulate

the specificity of interactions between the kinases and their substrates since deletion of the STES

gene results iri increased cross-talk between MAP kinase cascade&s (i.e. an increase in non-specific

activati.on of MAP kinase régulated pathways) (Marcus et al., 1994). Recent work also imp_licates

a motif conserved in Ste7p and in some MAPK ﬂﬁ%es from other organisms in dete"rmining the

specificity of MAPK activation by the kina‘se’s‘cognz‘ne MAPK kinase (Bardwell and Thomer,‘
1996). -

How the ‘GBy_ subunits activate the kinase cascade remains a myste;y. The
sevrri-ne/threoriine protein kinase.encoded by STE20, and Ste%p both interact with the  subunit of
the G-protein (Whitewéy, et‘ al., 1995; Leberer et al., 1997a). Furthermore, Ste20p physically
interacts with SteSp (Leeuw et al., 1995). and ‘Ste’?_Op has begn shown to{phoéphorylate‘t thé first
kinase in this cascade, StelIp, although this phosp’h(;ryl.ation has yet to be shown to activate
Stellp (Wu et al.. 1995). The MAP kinases, Fus3p and Ksslp; are pa-'rtly redundant for
conjugatiop (Elion et al., 1991). However they do havé unique functions. For exémple, during -
haploid invasive growth neither protein is required, but the pregence of Fus3p alone (in a kssl-
nfutant) inhibits agar invasion whilé the presence of Kss1p alone accentuates this proéess (Roberts
and Fink, 1994): Funhermore. only Fus3p is able to phosphorylate and activate Farlp (Elion et
al., 1993 Peter et al.. 1993: Tyers and Futcher, 1993). Farlp mediateﬁs,Gl arrest of the cell cﬂycle
during éxposure to pheromone (Chang and Herskowitz, 1999 It does so by .binding'to and -
inacti‘vating the complex of G cyciins. Clnlp/Cln2p, with the’ cyclin dependent .kinase (cdk)
Cdc28p (Peter et al., 1993: Peter and Herskowitz, 1994). Deletion of FAkl prevents Gy arrest
and inhibits rﬁating (Chang and Herskowitz, 1990). :

Aclivation of the pheromone response pathway ultimately results in the transcription of
~ genes required for the maﬁng process. Some of these genes are required early in this procc;,ss andA

are expressed in vegetatively growing cells but their expression is increased to facilitate mating.

12
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For example, eXpression of some of the genes involved 1n pheromone secretion such as the
: pheromone structural genes MFal and MFa?2 encoding a-factor, and MFal and MFo2 codrng for~

o factor as well as the gene for the a-factor transporter STEG, are- induced several-fold over

basal levels (Sprague and Thorner, 1992). Other genes whose expression.increase in response to
pheromone include those involved in signaling such as STE2 and STE3, GPAI, FUS3, STEI2,
BAR! (encoding a péptidase that degrades extracellular a—faetor) and SS72 (encoding the first
member of the RGS (Regulators of G-protein Signaling) protein family which act as GAPs for the
Ga subunit of heterotrimeric G-proteins) (Sprague and Thorner, 199”) Frnal}y, many. genes
required for later events in conJugatron, such as FUS!, are also 1nduced by pheromone (Sprague

-and Thorner. 1992). -Some of the proteins involved in the pheromone response are shown in Fig.

N

2.
Detectton of pheromone"induces cells to polarize towards the source of thepheromone and
localize cell growth to this region resulting -in the formation of a projection called a shmoo (Lipke
- e, , .
et al.. 1976). This projection presumabiy facilitates contact between mating partners - a
prerequisite for eell fusion and zygote formation. The growth of this projeclion requrres many of
the same proteins mvolved in polanzed cell growth during bud formation (Chgney'en etal., 1992;
Chenevert, 1994; Chene\,ren et al.. 1994). TFhe main difference between the two processes is that
the selection of a bud site-1s determined by a genetically eonlrolled cellular program, while the
choice of location for a malj‘ng ptojection is Jelemined by the direction of the mating partner. The
-site on the cell surface that is nearest the mating partnner, and hence, exposed to the highest
concentration of phergmone is chosen for projection formation. This is inferred from.experiments
in which cells are given a choice between mating with partners that do or do not produce

\" -
pheromone. In such a situation wild-type cells will mate almost exclusively with the partner that

-

produces pheromone in a process termed mating partner discrimination (Jackson and Hartwell,

1990a: Jackson and Hartwell. 1990b: Jackson et al.. 1991). This process requires detection of a
. . C
gradient of pheromone since addition of exogenous pheromone to pheromoneless cells only

. —poorly restores mating (Jackson and Hartwell, 1990a: Dorer et al., 1995). In fact. exogenous .

L
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pheromone reduces the efficiency of mating of wild-t“;pe cells to strains that already secrete
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- Figure 2. Yeast pheromone response pathway.
The basic components of the MAP kinase cascade regulating the response to pheromone are
shown. Arrows represent activations (by phosphorylation or otherwise). Binding of pheromohg :
to :1ls receptor c?mses a change 'in the receptor’s association with a heterotrimeric. G-proteih.
Consequently, the a -subunit of the G—prolein exchanges GTP for GDP and releases Vljge Gpy’
subunits which act loigether to transduce the signal to intracellular eftectors. The B -subunit
interacts directly with the scaffold protein Ste5p, Which. together with the PAK kinase homolc;gue
Ste20p. activates the MAP kinase cascade consisting of Stel1p (the MAP kinase kinase kinase),
Ste7p (the MAP k;nase kinas.e), and Fus3p and Kssip (the MAP kinases). The ultimate outcome
of activation of this-cascéde 1s inhibition of the Clnl,2p-Cdc28p complexes by Farlp and -
lranscriplio‘n_;l activation through the transcription factor Ste12p. Adapted from Leeuw et al.

(1995).
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pheromone, presumably because the célls:are unable to detect a pﬁeromone gradient and,
consequently, shmoo in “random” directions (Jackson anrd Hartwell, 19905). Moreover, this
process _of'shmooing towards a pheromone source can be directly visualized when a micropipette
filled with.phcro-mone is placed in a field of cells (Segall, 1993). | ‘

When mating cells first come into contact they stick together through the action of

agglutinins (Lipke ﬁnd Kurjan, 1992). The agglutihins are secreted constituents of the cell wall -

that are, at least initially, anchored into the external face of the plama membrane through glycosyl-

phosphatidylinositol (GPI) modifications (Lipke and Kurjan, 1992). The agglutinin expressed in

MATa cells, encoded by AGA/ (the core subunit which has its GPI anchor cleayed) and AGA2 -

(the piasma membrane anchor for the a-agglutinin), recognizes and binds to the a-agglutinin,
encoded by AGa! (Lipke and Kurjan; 1992).

The mating partners must then break down their cell walls at the point of contact to allow
the plama membranes to touch and fuse forming what is called a zygote. The hydrolysis of cell
wall material must be tightly regulated, and likely coordinated with wall synthesis. In the absence
of sﬁch regulation cells would be subject to damage (or lysis in a hypoosmotic environment) if
they were to create holes in their walls before making contact with the partner or if th_‘e holes were
extended beyond the point of contact (Cid et al., 1995). Presumably, some of the enzymes
known to be involved in the synthesis and hydrolysis of cell wall materials are regulated both
during shmoo tormation and during cell fusion. However, little is known about such regulation. |

Chuin, which consists of&chains of B(1.4)-linked N-acetylglucosamine cov’alentl'y linked to
B(1.,3)-glucan, 1\ a minor constituent of the cell wall and is most concentrated within bud scars
, (Cid’et‘al., 1995). ,There are three genes responsible for chitin synthesis. These are: CHS.
which 1s responsible for repair of the daughter’s birth scar during chitin hydrolysis as the daughter
bud separates from the mother cell; CHS2, which lays d(;wn the primary 'sep_tum between mother
and daughter cells during cytokinesis; and CHS3, wh;éh procfuces a ring of chitin at the selected

bud site before bud emergence and which persists at the' mother-bud neck (Cid et al., 1995).

17
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CHS1 has a promoter sequence known as a pheromone response element (PRE) to which
activatéd Ste12p binds in response to pheromone and promotés transcription (Appeltauer and
Achstetter, 1989; Hagen et al., 1991). Aété’d'rdingly, CHS 1 1s pheromone-inducible. Although
the CHS3 gene is not transcriptionally fggulatéd by pheromone, the enzyme activity is likely to be
regulated by;pheromor/l; since Chs3p is responvsibleb for a large increase"i/n the chitin content of
mating projections (§Cab“ib et al., 1993; Cid et al., 1995). Despite such fegul.ation, deletions of
either CHSI or CHSJ have no measur-at;le effect on mating efficiency (Roncero et al., 1988).
This could be explained if the same enzymes from the mating partner were able to complement the
activjty once the cells have come into contact. However, bilateral matings of chs3 mutants (borth
mating partners are chs3 mutants) also had no defect in mating (Roncero et al., 1988). The

absence of an effect on mating by two enzymes that are regulated by pheromone is curious.

- However, 1t 1s possible that Chslp and Chs3p are functionally redundant during mating. It

[N
remains to be seen if chsl chs3 double mutants display a unilateral or bilateral mating defect.

Moreover. the role in mating and cell fusion of the sole known chitinase, Ctslp, has yet to be

_ studied. N

While chitin is a minor constituent in cell walls, the regulation of synthesis and
degradation of the major constituents - B(1,3)-glucan. mannoproteins and B(1,6)-glucan - is
completely unknown in regards to mating. The functional redundancy of both the biosynthetic

and hydrolytic enzymes for these compounds makes it likely that studies using gene deletions will

_be difficult or inconc!'"sive (Cid et al., 1995). However, the activity of stip. a subunit of the

B(1.3)-glucan synthase, has fecently been shown to be regulated by Rholp (Drgoflova et al.,
1996; Qadota et al..-1996), Rho#p is a small GTPase belonging to the rho subfamily of ras
GT-Pases, and it is necessary for bud growth (Yamochi et al., 1994). The GTP-bound form of

Rholp binds to and activates Fks1p, thus stimulating cell wall synthesis at sites of bud growth, to

which both proteins localize (Drgonova et al., 1996; Qadota et al., 1996). The role of Rholp in

mating has not been examined, but it is likely that this GTPase also regulates shmoo growth and,

perhaps, cell fusion through Fksip. The localization of both proteins in cells exposed to
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pheromone or in mating mixtures should indicate if such regulation during mating possibly -
occurs.

Several genes are known to be involved specifically in the cell wall fusion procéss.
Mutations of these genes, FUSI, FUS2 and FUS3, result in fusion defects and the accumulation
of prezygotes (McCa‘ffrey.el al., 1987; Trueheart et al., 1987). When viewed under differential
interference contrast (DIC) optics, the mating partners clearly make contact, but a septum between
the célls persists (McCaffrey et al., 1987; Trueheart et al., 1987). As shown by electron
~microscopy. this septum consists of undeéraded cell wall material which prevent§ the cell
membranes of the mating partners from contacting (Brizzio et al., 1996: Elia and Marsh, 1996).
As mentioned pre\’/iously, Fus3p is 'a MAP kinase and is presumably involved in regulating
components required for cell fusion. Our lab has recently shown a two-hybria interaction
between Fus3p and Fuslp, thus providing a possible role for the MAP kinase ;peciﬁcally in the
fusion process (S. Ritchie and C. Boone, unpublished results). The functions of Fuslp and’
Fus2p are obscure. The two proteins contain regions of amino acid simil;;rity to each other
(Trueheart et al., 1987). Fuslp 1s predicted to be a membrane protein 'wilh a single
transmembrane dom'ain, and 1t contains a src homology 3 (SH3) domain. SH3 domains are
protein-protein interaction ﬁlotifs found in many proteins implicated in regulating the aclirlf
cylos_l;'eleton (Caﬁuway and Carraway, 1995). Furthermore, the functions of Fuslp and Fus2p
avppeavr. to partially overlap since the double mutant has a more severe mating defect th;m either
single mutant and since overexpression of either gene will suppress the fusion defect associated
with deletion of the other (Trucheart et al., 1987). There are no mutants known to specifically
inhibit plasma membrane fusion once cell wall fusion is successfully completed.

the firlal step 1n producing a diploid zygote is nuclear fusion. This process, termed
karyogamy, first involves the alignmehmf the spindle pole body (SPB, the yeast equivalent of the— E
centrosome) to face the 'direction in which the projection 1s formed (Berlin et al., 1991; Kuri@a et
al., 1994). Once cell fusion has occurred. interactions between cytoplasmic microtybules (the

equivalent of asters) emanating from each SPB permit migration of the nuclei into the bridge

19



between the fused cells (?erlinet al., 1991; Kur_ihara et al., 1994). Lastly, nuclear membrane
fusion occurs (Berlin et al., 1991; Kurihara et al., 1994). Screens to identify mutants defective in
karyogamy haYe uncovered a number of genes in\-/olved in both karyogam;/ and cell fusion (Bérlin
et al., 1991; Kurihara et al., 1994). The karyogamy gen'es fall into two classes - those involved in
SPB ;r microtubule function, and those involved in riuclear membrane fusion (Kurihara et al.,
1994). The nuclei in the first class fail to migrate and remain well separated, while the nuclei of
the second class are closely juxtaposed but fail to fuse (Kurihara et al., 1994). Examples of genes
«involved‘in nuclear migration are TUB2, éncoding B-tubulin, B/K/, a SPB-associated protein,
ana KAR3, a kinesin-related brotein (Kurihara et al., 1994), A gene required for nuclear fusion,
KAR?2. is the yeast BiP/hsp70 homolog and is located in the lumen of the endoplasmic reticulum
~ and nuclear envelope (Kurihara et al., 1994). The precise functions of many of the KAR genes
ar;currently unknown. )

The process ot conjugation in S. c‘e;ex'isiae (summarized in Fig. 3) involves marjy
processes involved 1n other dspects of its life cycle. For instance, many of the components of the
phefomone response pathway are involved in pseudohyphal growth in diploids or in haplog
irﬁ’asive growth (Roberts andﬂFink. 1994; Mosch and Fink. 1997). Both are re:s‘ponses o
nutric;nl deprivdtion that optimize the foraging strategy of yeast. Many of the proteins involved in
shmoo formation are also necessary for vege;ative growth (Cheneveri et al., 1994). Furthermore,
some of the components of rherkaryogamy machinery are also involved in vegetative growth
during‘ mitosi:s' (Kurthara et al.. 1994). In addition, many of the proteins used in these events
have homologues that have similar functions in plants and mammals. Therefore, examination of
the yeast mating procéss.not only sheds light on the life cycle of this simple eukaryote, but it also
illuminates similar procésses in higher eukaryotes that are less amenable to genetic manipulation.
In this chapter. I describe how 1 obtained and characterized mutants that were defective for some

of the steps involved in mating, Many of these mutants were identified as known genes based on

complementation of their mating defects with plamids bearing these genes.
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Detection of pheromone and activation of the pheromone response initiates a series of

Figure 3. Events in the mating response of yeast.

physiological changes in cells. The cells first Gy arrest, and then form mating projections towards
the source of pheromone. Upon contact, the partners agglutinate, fuse cell walls, and then fuse
plasma membranes. At this time the nuclei migrate towards the cytoplasmic bridge and fuse to

form a diploid zygote which buds off diploid cells.
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Materials and Methods

Strains, Plasmids, Media and Microbiological Techniques )

Yeast strains used are listed in Table 1, Plasmids are listed in Table 2. The composition
of growth media used are as described (Guthrie and Fink, 1991; Rose et al., 1990).\ Yeast
transformations were by the lithium acetate method (Ito et al., 1983). Standard methods were
~ used to manipulate plasmid DNA (Sambrool; et al., 1989).

Crosses and tetrad dissections were performed as described (Guthrie and Fink, 1991).
Briefly, MATa strains were mated to MATa strains overnight on YEPD. Cells were then plated
on synthetic media lacking the appropriate amino acids to select for diploids. Diploids were then
sporulated, the outer walls of asci were partially digested in B-glucaronidase (Sigma), and asci
were dissecled]onlo YEPD using a microdissection arm assembly on a Nikon microscope.
Tetrads were grown at 30" C for two days and replica plated or patched onto various media to
assay auxotrophy. mating. or other physiological assays.

Strains Y1 and Y}. to which mutants were backcrossed. were constructed by transforming
isogenic BAR/ strains with Hind I11-Bam HI-cut plasmid pZV77 (MacKay et al., 1988). This
plasmid integrates at BAR/ and replaces it with a deletion construct containing the LEU2 gene.
Y 29 was used in some crosses to test for linkage to FAR/. This strain has an integrated plasrﬁid
containing the FAR/ gene and /L’RAJ. and was Constructeci by transforming Bam Hl-cut
pSL2068 into a BAR/ strain 1sogenic to SY2625. Y123 was used to test for linkage to RAM /.
Y141 is Y5 containing plasmid CY919 (vector YCpS50 with the GALI promoter driving

expression of the HO gene).
l’,
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Table 1. Strain List for Chapter I.

Source

his3::FUSI-HIS2 mfu2A::FUSI-lacZ ura3-1 leu2-3.-112
ade2-1 canl-100 |

~ Strain Genotype
SY2625 MATa barl A his3::FUSI-HIS3 mfu2A::FUSI-lucZ C. Boone
ura3-1 leu2-3,-112 trpl-1 ade2-1 canl-100 :
SY2014 MATa ste3A306::LEU2 sst2A ste2amfuld C. Boone
mfulA::FUSI-lucZ FUSI::HIS ura3-52 leu2-3, 112 adel
Yl MATa barl A::LEU2 Ivs2 his3::FUSI-HIS3 N. Adumes
' mfu2 A :FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 B
Y$ MATa barl A::LEU2 Ivs2 his3::FUSI-HIS3 N. Adames
mfu A FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1 '
canl-100 ’
Y29 MATa FARI::URA3 his3::FUSI-HIS3 N. Adames
mfa2A::FUSI-lacZ ura3-1leu2-3,-112 trpl-1 ade2-1
canl-100 ,
Y21 MATa RAM::URA3 barl A::LEU2 leu2-3,-112 K. Blundel!
his3::FUSI-HIS3 mfa2A::FUSI-lucZ trpl-1 ade2-1
canl-100
Y62 MATa lvs! [. Herskowitz
Y63 MATa Ivsl [. Herskowitz
Y66 MATa farl-c Ivsl I. Herskowitz
70 MATa thr3 G. Sprague
Y141 MATa pGALI-HO barl A :LEU2 his3::FUSI-HIS3 ' N. Adames
mfa2 A FUSI-lacZ ura3-1leu2-3,-112 trpl-1 ade2-1
canl-100 Ivs2
Y583 MATa fus3A :URA3 barl::LEU2t rpl-1 LYS2 K. Blundell




Table 2. Plasmid List for Chapter 1.

Plasmid Construction ' Source:

p8 ' FARI in pRS316 (CEN ARS URA3) " G. Sprague
p61 BEM| in pRS316 (CEN ARS URA3) J. Chenevent
P62 PEA2 in pRS316 (CEN ARS URA3) J. Chenevert
po3 §PA2 in pRS316 (CEN ARS URA3) J. Cheneven
p67 FUS! in YCp50 (CEN ARS URA3) N. Valtz
P68 FUS2 in YCp50 (CEN ARS URA3) N. Valtz
p77 FUS3 in YCp50 (CEN ARS URA3) C. Boone
pl8s , RVS161 in pRS316 (CEN ARS URA3) C. de Hoog
p224 BN11 in pRS316 (CEN ARS URA3) N. Adames
p739 RVSI67 in unknown (CEN ARS URA3) B. Andrews
po66 SFUI in pRS316 (CEN ARS URA3) G. Poje

py2 MFA2 in pRS316 (CEN ARS URA3) C. Boone
p3 STE!+4in YEp24 (2u URAJ) G. Sprague
p2s RAM! in YCp19 (CEN ARS URA3) F. Tamanoi
pl10 RAM?2 in pRS316 (CEN ARS URA3) K. Blundell

p9 STE6 in YEp352 (2u URAS) M. Raymond




Mutagenesis o v -

-
Strain SY2625 was spread onto minimal medium lacking histidine and containing

synthetic a-factor (Sigma) at.a concentration of 0.05 ng/mL. This an{oum of a—factof;does‘not_
cause the cells to G arrest, but does induce FUSI-HIS3 and permits growth of SY2625 on
medium lacking histidine. This regime precluded the isolation of mutations that reduce signaling

of the pheromone response pathway, because such mutations will lead to a slower growth rate on

medium,lackiﬁ'g histidine. Cells were plated at a density of approx,irmalely 2x103 cells/plﬁle. Once

dry. these platc; were mutagenized to 10% survival by expoSure to ultraviolet light.

A replica-plating procedure was used to test mutants for their ability to mate (Sprague,
1991). Mutagenized cells were allowed to form colonies and sterile mutants were identified by
replica plating to a lawn of the mating tester strain 700 (MATa thr3) on minimal medium. Only
diploids produced from matings were able to- grow on minimal medium. In addition, the ude2
mutation present in SY2625, causes cells to become red on mjnima,J media as they accumulate an
intermediate of adenine biosynthesis that 1s a substrate for thé ADE2 product. Mating is scored by
the appearance of white diploid colonies on a background of dying red cells. Colonies that had an
-upparcnt mating defect were tested several times for the ability to mate. Mut;vmts'that had a weak
mating phenotype were retesied using stringent mdling conditions. This was accomplished by
allowing the mutants to mate for a shorter period before replica plating to minimal media or by

mating to the “crippled mater™ Y66. Lastly, mutants were tested for threonine auxotrophy since

the diploid products of matings between thr3 mutants and 70a would be unable to grow on

minimal medium. Bonu fide sterile mutants were assayed for several physiological functions

involved in mating.

3



+

Assays for Functional Pheromone Response Pathway . s

-
=
-3
\ .
=

G Arrest Assay

-
-~

Assays to test for the ability of cells to arrest in f%ponse to pheromone were carried out as
descrii)ed (Fink and Styles, 1972). Mutant cells we;e spread onto rich medium at a density of
app}oximately 100 cells/cm?. After ailowing the plates to dry, various concentrations of a-factor
were spotted onto the lawn in a 2 uL volume. The pheromone caused cells to arrest in the G
phase of the cell cycle, producing a clear zone of arrested cells surrounded by a lawn of growing

Jcells that were not exposed to high enough concentrations of pheromone to arrest. The size of the

clear zone or “halo™ can be an indication of how responsive cells are to pheromone.

Pheromone Spot Assay

The lack of G arrés[ can be due to a dysfunclional‘pheromone response pathway or due to
a specific"defect in G| arrest (for example, a far!/ mutation). The G, arrest assay cannot
aisti(nguish between the two possibilities. However, the pheromone spot aSsay can. This assay |
employs the same method as the G) arrest assay with' the distinction that cells are spread onto
medium lacking histidine. SY2625 is unable to grow on medium lacking histidine unless there is
pheromone present to induce the FUS/-HIS3 ‘éonstmct. FUS! induction occurs at loweg
concentrations of pheromone than does Gy arrest. The same concentrations of pheromone used il
the G arrest assay are spotted onto the plate. Cells close to the area where pheromone was
spotted are able to induce FUS/-HIS3 but the high concentration éf pheromone causes the cells to
arrest. Cells fanhér away experience lower concentrations of a-factor as it diffuses from the
source. Eventually cells a}e able to grow as the levels drop below the threshold required for G1
arrest, but are stilt high enough to induce FUS/. Even further from the source of pheromone the
‘concentration declines to-levels that are unable to induce FUSI-HIS3 and cells cannot grow due to
the lack of histidine. |

The difference 1n sensitivity between Gy arrest and FUS/ induction to pheromone results

in a ring of growing cells surrounding a halo of arrested cells. Again the size of the halo can be an

~
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indication of how well the cells are responding to pheror’none. However, the diameter of the ring
of growing cells is a better measure‘of sign\aling. This growth is a".direct consequence of
. bheromone sighaling through actjvation of the STE/2 transcription factor, whereas Gl arrest is a
p;athway that bifurcates from this signaling pathway and.is not an absolute reqﬂui'reme_nt for mating.

Because SY2625 cells have a low level of spontaﬁeous (basal) silbgnaling in the pheromone '

AN

response pathway, J added aminotriazole (ATZ: 1 mM) to the plateS" used in pheromone spot

2 Ead

assays. 'ATZ is a potent inhibitor of the H1S3 gene product (Rose et al:, 1990), and its addition to
plates at low concentrations helps to reduce back4ground growth of SY2625 due to basal signaliné.

Pheromone Secretion Assay

1 assayed secreted -a-factor activity by patching MATa cells onto a lawn Qf MATa cells,
| SY2014 (ste3A306 sst2A), which sho‘&/ h};persgnsiti\fity to a-factor (Boone et ;ll., 1993). The
ste3A306 and 5512A mutations inter‘?e}e with negative regulation of pheromone signaling at the
level of the a-factor receptor and G protein, respectively, and act syne?gistiéally. Secretion of

active a-factor by the MATa cells causes the surrounding MATo cells to Gy arrest, creating a clear

halo. The size of the halo corresponds to the amount of secreted a-factor.

Mating Projection Assay : i

When cells detect phf;romone they undergo a rriorphologica] change, forming a projection,
or "shmoo™, In an attempt to conlzict a cell of the opposite mating type. Shmoo formation is a .
consequcncc‘of polarized cell growth. and polarization of the cell toWards a mating partner is an
impOr’Idnt prelude'to cell fusion. To assay for the ability to form mating projections, cells were
grown overnight in liquid medium. 200 ul from this culgpre was inoculated into 5 ml df fresh
iiquid medium and grown to O.D.gp0 ~0.5. 50(3 ng of a-factor was added to | ml of:this culture
which was grown for up to 6h. 250 ml aliquots were removed every hour and ce'lls were fixed in

3.7% formaldehyde. 0.15 M sodium chloride and stored for short periods at 4° C. Fixed cells

were observed under DIC optics using an Olympus model microscope.

-



Backcrosses and Linkage Analysis ‘ | o : Z

e

<
s

Mutants were crossed to Y5 (MATa lys2 barlA::LEU2), diploids were ‘s;porulated and

" progeny were examined for 2:2 segregation of the mating defect and pheromone secretion (and

any other phenotypes associated with the defect) using the mating tester strains Y62 or Y63, and
the pheromone hypersénsi‘tive strains, SY2625 or SY2014. Lhe ’%:2 ratio indicates that the
observed pheno_type’is due to mUtati(;n in a single locus. Several backcrosses to_Yl or Y5 were
performed for some mutants to ensure that the mutation resides in a strain as geneticélly similar to
the parent as possible.

Linkage analyses to known genes were performed by crossing tt{e mutant in question to a
strain bearing a version of the candidate gene u>ualLy disrupted by or closely linked to a nutritional
marker. If the mutated gene 1s an allele of the Candldajgene all of the tetrads will be pdrenldl

difypes (i.e., all spore progeny from the cross will carry one or the other of these alleles).

Linkage may be determined by testing the progeny for auxotrophies #o follow the mz,;rked allele)

and mating defects or other phenotypes displayed by the mutant being tested. In general, at least

20 tetrads were analyzed for linkage.

s

Dominance/Recessiveness Test

MATa/MATa or MATa/MATes diploids for dominance tests were made by crossing
mutants to Yl4l (MA Ta pGAL]-HO). The resultiﬁg diploids were grown overnight in liquid
medium containing galactose to induce HO expression and effect switching of MAT loci. Some

of these switches result in hOﬂ]OZngSIS of the MAT locus, Diploids from this overnight culture

were tested for the ability to mate and produce pheromone (since cell type is determined by the

MAT locus, MATa/MATa cells behave as MATa cells, and MATo/MATa cells act like MATa
) cells). Dominant mutations impart to the heterozygous diploid the same phenotype observed in
the haploid mutant, but the phenotype of recessive mutations will be masked by the presence of a

wild-type allele. All of the mutants that were tested were recessive. ~
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Results _ ' : )

* Mutant Yield |

Approximately 13,000 colenies were screeried‘for%mating defetts. From these, I found 33
mutdnts unable to produce diplpid colonies when mated to 70a; 2 of these ‘could not grow on
medium lacking threonine and were likely thr3 mutants. The remaining 31 mutants were assayed
for the various mating responsesi The 31 mutants were grouped according to their bhenolypes
(25 are shown in Table 3). Several of the mutants had growth defects in the original isolate that
were not linked to the mating defect. For l;mst of these mutants, segregants from backcrosses that

have lost these defects wefe analyzed.

-

Signaling Mutants

Group | mutants were defecuve in several, or all assays (one mutant, Y 1160, 1s shown in
Fig. 4 and Fig. 5).- I obtained 4 such mutants. These mutants are presumdbly defective in the
pheromone response pathway. and were not studied further. Many other mutants also were
defective for some of the ph}‘/siological responses tested. However, the mutants in GArroup/I are
particularly likely to have signaling defects since lhe}l} cannot fully induce ‘FU.SI (in the
pheromone :spczl assay) or a-fattor -- two responses that are dependent on Ste12p, a tz;rg‘et protein

of the Fus3p and Kss1p MAP kinases.

G Arrest Mutants

The mutants in Group [I (IY33 and Y935) are unable to G arrest properly (Fig. 4). Y935
had a severe defect in G arrest, and an additional mating projection defect. These defects were
linked and segregated as a single mutation. When exposed to pheromone, Y935 cells become

slightly larger and more rounded (Fig. 5). Somie cells formed small projections but these -

probably resultedsin buds since no shmooing cells were seen after 6 h, but some cells with



Table 3.© Mating mutants

Mutant Group Phenotype Identity
Y1160 1 defective in Gy arrest, shmooing, a-factor, and has | unknown.
‘ low pheromone signaling
Y33 I1 defective in Gy arrest, shmooing ‘unknown
Y935 1 defective in G arrest, shmooing farl
Y36 Bl defective in shmooing, mild arrest defect ' farl
Y34 Il = defective in shrﬁo_oing, mild arrest defect unknown
Y 1093 IIIA defective in G| arrest, shmooing,. cold- and sful
temperature-sensitive growth ,
Y37 11 defective in shmooing, mild arrest defect, bnil-10
: temperature-sensitive for growth
Y932 -1l defective in shmooing, mild arrest defect fus3
Y927 I mild arrest and shrhoo defect unknown
Yilel Il mild arrest and shmoo defect, cold-sensitive for unknown
8 ' growth, mating defect partly suppressed by
FAR!. BEMI, and FUS! at low copy number
Y1162 1V mild shmoo defect, cold-sensitive for growth unknown
Y32 v cold-sensitive for growth, mating defect partly unknown
suppressed by FAR! and BEM[ at low copy number
Y30 1Y temperature-sensitive growth defect raml
Y31 I:/ " mating defect only unknown
Y39 \Y defective in a-factor secréti_on raml
Y40 \% defective in a-factor secretion raml
Y43 \% . defective in a-factor secretion raml
Y46 \2 defective in a-factor secretion raml
Y38 \% defective in a-factor secretion ste6
Y42 \% defective in a-factor secretion , steb
Y45 \% defective in a-factor secretion steé‘
Y47 \Y defective in a-factor secretion steg
Y44 % defective in a-factor secretion steld
Y49 V. defective 1n a-factor secretion axll (sre22-1) .
Y939 V defective in a-factor secretion

'_ axl! (ste22-2)
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" Figure 4. Mating and ;mest defects of mutants in Classes I to IV.

Mutants were tested f‘or several _physiolbgical functions requi}red for efficient mating. In the
mating assays white diploids produced from the cross between mutant and wild;(ype cells show
against a dark buckgrouﬁd. Patches of célls were allowed to groW overnight and then replica
plated to a lawn of the mating tester strain Y63 (MATa lysl). This nﬁx[ure of cells‘ was mated for -
4 h and replica plated onto minimal media to select for :growlh of diploid colonies. Stringent
matings were performed by allowing less time for cells to mate before replica-plating the mating
mixtures to mini. @l media, or by mating to the crippled tester strain Y66 (MATa farl-c lys]). In
the arrest assay. a clear zone or “halo” of G-arrested cells forms whare pheromone is spotted
onto the plate. The size of the halo indicates the extent of arrest. In the pheromone spot assay
(PSA) the ;ize of the outer ring indicates how competent cells are f(;r pheromone signaling, while |
the clear zone within the rings is an indical:ion of how well the mutants arrest in response to

¥

pheromone. The wild-type parent strain, SY2625, was used as a control in these assays.

o
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Figure 5. .Maling projection formation defects of mutants from Classes [ and II.

500 ng of a-factor was added to 1 ml of cells grown to mid-log phase. Cells were observed for
morphogenesis at O h, 3 h and 6 h after the addition of pheromone to‘lhe cultures. All assays
were done simultaneously in one experiment. CelljsT were visualized using differential imerferencgL
contrast (DIC) optics. Assays were performed uging wild-type (SY2625) cells and mutants
belonging to Class 1 (Y1160) and Class 11 (Y33 and Y935). For a summary of the phehol,ypes of

-

these mutants see Table 3. .
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shmoo-like projections ending in buds were seen (Fig. 5). A FAR/ plasmid rescued the mating
and arrest defects of this mutant. and allowed the formation of shmoos (Fig. 9A). Linkage

analysts with Y29 showed the mutation was linked to FAR/.
Projection Formation Mutants

Group [l mutants had mild defects in G arrest (Fig. 4). and were either unable to shmoo
or formed oddly shaped projections (Fig. 6 and Fig. 7). The mating. arrest and shmoo defects ofe
Y932 were complemented by a plasmid carrying FUS3 (Fig. 9C). Furthermore, the phenotypes
of Y932 closely matched those displayed by a fus31::URA3 mutant, Y583 (Fig. 9C). The mating
detect of this mutant appears to be linked to fus3.

Mutants Y36, ¥34. Y1093, and Y37 similarly had strong defects in projection formation
tFigs. 4 and 6). The matng detects all segregated as single loct. In addition, Y34 cells clumped
together indicating that theyv had a cvtokinesis or cell separation defect (Fig. 6) that segregated
with the maung detect. Y37 showed a mild cell separation defect (Fig. 6, evident in the O h
photograph). Y1161 had a weak defect in projection tormation. This mutant formed shmoos. but
appeared to be :lowcr in downg so than wild-type cells and no cells with multiple projections were
seen at 6 h (Fig. 7). whereas wild-tvpe cells ofler.l’had more than one shmao by this time.
Moreover. Y1093, Y37, and Y1161 all had growth defects (Fig. 8). Y1093 was leﬁmrature- and
cold-sensitive (Fig. 8y Y37 showed a lemperalure-sensitive growth defect, while YI161 was
cold-sensitive (Fig. 81, Y927 had a weak G arrest defect and mild shmoo defect similar to Y37

and Y1093, These last two mutants. Y37 and Y 1093, are discussed at length in Chapter 6.

*

Miscelluneous Mutants

The only obsernvable phenotypes in the Group IV mutant. Y32, were its mild mating (Fig.
41 and cold-sensiive growth defects (Fig. 8). The mating defect in this mutant segregated 2:2.
’

Y 1162 also arrested normally (Fig. 4) but few cells were able to form projections and these tended

to be rather broad at early hours of exposure (Fig. 7). This mutant also had a strong separation

36



Figure 6. Mating projection tormation defects of Class HI mutants.
Mating projection assays.were performed with Class I mutants (Y36, Y34, Y1093, Y37 and
Y932) as described in Materials and Methods and in Fig. 5. Assays were performed

simultaneously with those shown in Fig. 5.
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Figure 7. Mating projection formation in Class Il and IV mutants.
Mating projection assays were performed with Clusls I mutants (Y927 and Y1161) and with the
Class IV mutants (Y1162 and Y32) as descnbed in Materials and Methods and 1n Fig. 5. Assays.

were performed simultaneously with those shown in Fig. 5 and Fig. 6.
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Figure 8. Temperature-sefisitive or cold-sensitive growth of mutants.

Cells were grown on rich medium at the indicated temperatures until the‘ wild-type cells (SY2%>25)

, hug,,fﬁ?fned cvo‘lonies 2-3 mm in diameter. The Class I mutants, Y1093, Y37. Y932, Y927, und\

£

Y1161, and the Class 1V mutants, Y1162 and Y32, were tested for growth defects at various

temperatures. Y927 serves as a control for these mutants and its lack of growth defects indicates

“that defects in shmooing or in G| arrest do not necessarily lead to defects in vegetative growth.

~

¢
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Figure 9. Y935 contains a mutant alfélt:of FARI and Y932 {s mutated in FUS3.
(A) Mating assays, pheromone spot assays (PSZA), and mating pr;)jek‘tion (shmoo) assay:s‘ were -
pérformed. as described in Materials and Methods, on Y935 transformed with empty vector (top
panels) or transtormed with pFAR/ (p8: bottom panels). (B) These assays were also done with
strain Y932 transformed with vector (top panel$), with pFUS3 (p68: middle panels). or with th'c

wild-type strain, SY2625 (mating only), with Y932 (not transformed; mating only) and with the

fus3A::URA3 mutant, Y583-(bottom panels)..

'Y
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Figure 10. Partial rescue of the mating defects of mutant strains Y1161 and Y32.
Strains Y1161 and Y32 were transformed with plasmids pFAR/ (p8), pBNHM (p224), pBEM ]
(p6l), pFUS! (p67) and pFUS2 (p77). Mating assays were performed, as described in the

Materials and Methods, on the transformants to test for complementation of the ‘mating defects of

Y1161 and Y32 with these genes.

-
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defect and clumpy appearance (Fig. 7) thuat was tightly linkcd to its mating defect. Y1162 also hzid
a. cold-sensitive growth defect (Fig. 8). Y30 had a weak mating defect (Fig. 4) and a temperature
sensitive growth defect associated with the ma{ing defect (data not shown). Y3I showed only a
matiﬁg defect (Fig. 4). \V

The mutants in Groups Il and IV were transformed with plasmids containing genes
known to affect G1 arrest, morphogenesis and cell fusion (FAR!, BEM1. PEA2, SPA2, FUSI,
FUS2, FUSL?. RVS161, BNIl, RVS167,SFUI, MFA2, STE14, RAMI. RAM2, STE®6). The
mating detect of Y1161 appeared to be partly suépressed by FARI, BEM1 and FUS{ (Fig. 10).

Similarly, mating in Y32 also seemed to improve with an extra copy of FAR! or BEM1 (Fig. 10).

a-Fuctor Mutants

-
Group V strains secreted low levels of bioactive a-factor (Fig. 11). One mutant, 10-2-39-

lll. had such a severe mating defect that [ was not able to backcross it. This mutant also has a
severe growth defect, so the reduced secretion of a-factor may be due to the slow growth. The
defect in another mutafn, Y48, did not segregate as a‘_single mutation. Y48 was not examined
further. The mating defects in this group' of strains-werc evident only in MATa cells, and a-factor
secretion was unaffected (for example, see Chapter 4, Fig. 18). The mutations segregated as
single .loci. This analyrsis was complicated by the a-specific nature of these defects, bgt half of the
MATa spores from each cross had mating defects. All of the strains tested had recessive
mutations. TherJefore. we transformed into these strains plasmids carrying all of the genes known
to be involved in processing and secreiing a-factor.

The defects In fo;r mutants \S/ere complemented By RAM1 (Fig. 12A), four were
complemented by :S:TEé (Fig. 12B), and one was complemented by STE14 (Fig: 12C). RAM1 on
a plasmid (Fig. 12A") or ill.fegrat;d into the genome (Fig. 12D) also boosted mating and a-factor |
secretion in wild-type cells, but none of the other genes did so. This observation raised the
possibility that RAM/ complementation could ‘occur in non-raml mutants. HovweYer, linkage

analysis revealed that Y39, Y40, Y43 and Y46 were all ram/ mutants. Two remaining mutants,

- »
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Figure H. Mating and a-factor defects of Class V mutants. \

Mating and a-factor assays were performed u;s‘ing Class V mutants.  Assays were done as
described in the Materials and Methods. For the a-factor assays, cells were patched onto a lawn
of MATa cells (SY2014) that are hypersensitive to a-factor. Cells of the lawn surrounding lhé
patch arrest and fail to grow, leaving. a clear zone. The size of this clear zone 1s an indication of

the quantity of pheromone exported by cells in the patch.
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Figure 12. Complementation of Class V mutants with genes required for a-factor secretion.

Mutants were transformed with plasmids (A) pRAM [ (p25). (B) pSTE6 (p9). or (C) pSTE 4

(p3). Mating and pheromone secretion in these tranformants were compared to mutants

transtormed with empty vector. The wild-type strain, SY2625. was also transformed with these
plasmids and empty vector and assayed for mating and a-factor production. (D) RAM/! was
integrated into the parental strain SY/2625. The resulting strain, Y121 (MATa RAMI::URAJ),
was tested for its ability to mate and secrete a-factor and compared to the wild-type strain.

~

SY2625.
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Y49 and Y939, are both defecti\_'é in the STE22/AXLI gene. Y49 was cloned as described in
Chapter 3, and the Y939 mating and pheromone defects were complemented by a plasmid bearing

STE22/AXLI. ~
Discussion ‘ - .

- Many other mutant screens performed in othe laboratories had narrow parameters and
1solated mutants affécting specific '&s‘pects of mating. For example, somé screens concentrated on
mating projection morphogenesis (Chenevert et al., 1994). Several have screened specifically for
mutants defective in cell fusion and lgaryoéamy (Kurihara et al., 1994; Polaina and Conde, 1982).
Another was designed to 1solate mutants defective in a-factor secretion (Fujimura-Kamada et al.,
1997). Despite the sma}l size of my mutant screen, the simplicity of it allowed me to uncover a
wide variety of mutations affecting many diverse aspects of yeast conjugation. Mutants were
found that affected a-factor secretion, pheromone signaling, G arrest. cellular rﬁorphogenesis.
and other mating processes. Unlike other screens [ did not. attempt to 1solate specific classes of
mutants. Furthermore. I included mutants that had very yveak. but reproducible mating defects.

This screen was similar in breadth to that first conducted in Léland Hartwell's laboratory,
in which many of the sre (sterile) mutants were 1solated (Hartwell. 1980). The major distinction
here is that my screen theoretically precluded isolation of many of the sre mutations which affect
pheromone signaling. 1 rJéquired that the cells be competent for signaling in order to grow.
Theretore, while [ did not restrict the screen to a certain class of muta{ns, I did attempt to exclude
mutants that adversely affect the pheromone response pathway. We designed our screen this way
because the Compbnen[s of thi;s signaling pathway have been intensively ;[udied.,and there was
liftle likelihood of contributing more to this field. ™

My efforts to exclude sjgna]in‘g mutdnts were somewhat' successful, since only four
mutants were recovered that had severe signaling defects in our assays. Two of these mutants

grew on minimal medium lacking histidine even in the absence of pheromone. One of these two

grew just as well as 1t did on nch medium and was likely either a MATa contaminant of a HIS3

L

\ 52



strain, a bypass mutant of the Ais3 mutation, or a revertaii. it is unlikely that the strain could have
been a revertant in the normal sense since l.he FUSI-HIS3 construct is integrated at the his3
mutant l(;cus of SY2625. However, it is possible that a mutation in the pr;)molef of this construct
could cause constitutive expression of the w;ld-t)'pe HIS3 gene. The second of these two mutants
displayed the odd phehotype of being able to grow very slowly on minimal medium lacking
histidine, but was unable to grow at all on rich medium. It is possible that this' mutant prefers a
low pH. since synthetic media is acidic and_rich medium has neutral pH. Thé other two mutants
were probably true signaling mutants with leaky alleles since they were™able to respond to
pheromone, but not very well. The leakiness of the phenotypes possii)ly allowed these mutants to'
grow slowly on the mu§lagenized plates.

Farlp is a Fus3p activated inhibitor of ClIn-Cdc28p complexes and mediates G| arrest in
response to pheromone (Chang and Herskowitz, 1990: Peter et al., 1993: Peter and Herskowitz,
1994). The defects for Gy arrest in the mulangs of Group II are consistent \;vith mutations in‘
FARI. fur! mutants also have defects in projection formation, presumably due to the 1nability to
drresl (Chang and Herskowitz, 1990). Y935 is likely a far! mutant which displays all of the
charactenistics of a far/ null allele.

The arrest, malring and shmooing phenotypes of Y932 are all consistent with.a fus3
mutation. Fus3p phosphorylates and activates Farlp as well as mediating the transcriptional
reguialion of genes required for mating (Chang and Herskowitz, 1992; Elion et al., 1993; Tyers
and Futcher. 1993). Therefore, they are expected to have defects in all aspects of mating, as does
Y932, A fus3A::URA3 mutant has all of the same phenotypes as Y932 and FUS3J rescues these
defects 1n this mutant. Moreover, the mating defecl in this mutant is closely linked to fus3.

Mutants that have only shmoo defects, like those in Group II1,.are expected to affect the
actin cytoskele'ton or secretion. The actin cytoskeleton 1s polarized at sites of cell growth, and
directs secretion of membrane and cell wall components to this region (Cid et al., 1995; Govindan

and Novick. 1995). The finding that S of the 9 mutants in groups III and IV have associated

growth defects is consistent with defects in the cytoskeleton or vesicular transport. Such proteins
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are expected to be used for polarized growth during pfojection formation as well as vegeta{ive
growth.‘ In fact, this screen should specifically affect proteins that are more important for
projeélion formation or produce alleles of these proteins that have specific defects in the mating
pathway. Possible examples of potential targets are proteins that link activated pheromone
receptors to the cytoskeleton or proteins that are redundant during vegetative growlil but not
during shrﬁoo growth.

The Group IV mutants, did n(;[ ha?e any se;i;)us morpholoéical defects but could affect
processes not assayed in the screen, such as cell fusion and karyogamy. This group is likely to
represent a variety (;f mutations. The mutations in two mutants, Y34 and Y 1162 may be related to
chitin synthase function. These mutants display cell separation defects similar to that found in
mutations of chitin syn[has?l(Cthp) or its regulators (Sburlali and Cabib, 1986; Shaw et al.,
1 1991; Cabib et al., 1993; Cid et al.. 1995). This enzyme progluces the ch‘ilin layer of the prifnary

septum between mol.hers and buds. A chitinase, encodve'd by CTS1, digests the primary septum
during cell separation (Cid et al., 1995). Absence of this layer of chitin prevents cell separation.
“As you might expect, c?m‘tl mutants have a similar cell sepuratién defect (Cid et al., 1995). Thé
mutant.s werf; also unable to sh;noo effec[ively, a process 1n which chitin incorporation inlé the
cell wall 1s increased. Chs3p 1s responsible for the high chitin content in walls (;f mating
projections and CHS2 is pheromone-inducible. but neither ¢hs3 nor chs2 mutants have any
apparent mating defects (Cid et al., 1995). T})e mating defects in Y1162 and Y34 cells may
~imply be due to topological constraints on the cells because only cells on the outside of clumps
can come into contact with cells of the opposite mating type.

I transformed into the class 11 and [V mutants various plasmids containing genes.known to
be in\'olv\jed i«n shmoo formation and cell fusion. Pol;irized growth during mating requires
proteins, such as Spalp and VPea'?.p since mu[alions)in these genes lead to defects in projection
formation (Snyder. 1989; Gehrung anq Snyder, 1990; Chenevert et al., 1'994; Valtz and
Herskowitz. 1996). Curiously. these proteins are alsb neceésary. for the diploid budding pattern

but not for axial budding (Valtz and Herskowitz, 1996; Zahner et al., 1996). RVS/6/ and

g
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RVS167 were found to be synthetically sterile with sst2 (T. Favero and C. Boone. unpublished) |
and, oddly enough, also confer random budding on diplotds homozygous for mutations in these

genes (Sivadon et al., 1995: Zahner et al., 1996). BEM | was first isolated as a gene required for

" bud emergeﬁée in all cells, but some alleles are specifically defective in shmooing (Chenevert et

al., 1994). Similarly, some alleles -of CDC24; also required fof bud emergence, affect only
mating projection formation (Chenevert et al., 1994). Farlp also has a role in mati’ng, separable
from 1ts arrest function, which | will discuss further in Chapter 2. FUS/, FUS2 and FUS3 have
unspecified rbles in cell fusion. BN!! and SFU! ar;e also needed for morphogenesis during
mul;ng and will be discussed in Chapter 6. The apparent partial suppression of both Y1161 and

Y32 by BEM/ and FAR/ is intriguing because these proteins interact with each other (Lyons et

\‘\—v

al., 1996). Perhaps the normal products of the genes that are mutated in Y1161 and Y32 also
interact with these proleins. Surprisingly, Y1161 can undergo haploid inva;ive growth, whereas
the wild-type parent, SY2625, cannot (data not shown). The invasive growth of Y1161 is not,
however, accompanied by ﬁylamentous growth. Wild-type cells can be induced to invade agar by
‘exposing them to pheromone, implying that Y1161 1s somehow c‘Qnslitutivel); signaling to
components that'regulate agar invasion (and perhaps 1s a downstream component of nutrient
sensing molecules). The nature of the mating defect in the class IV mutants is puzzling since they
have no obvious shmoo deficiency. Perhaps they are defective for fusion or for proper orientation
of the shmoos in gradients (chemotropism). - | ‘ -

| obtained mutants in many. but not all of the genes involved in a-factor biogenesis. of the
14 mutants in Group V. 4 were complemented by phismids bearing STE6. ste6 mutants seemed
to represent i high proportion of the mutants. probably because its open reading frame (ORF) is
large (3 8 kb). On the other hand. no MFA/ mutants were obtained (MFA2 is disrupted in
SY2625). probably due to the very small size of this ORF (110;3 bp). The most numerous mutants
were those complemented by RAM/ (5 mutanl;). This ORF is not particularly large {2.0 kb),
which begs the question of why it 1s so over-represented in my screen. The answer probably lies

in the observation that SY2625 appears to have a mild ram/ mutation. In comparison to strains
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with other genetic backgrounds, SY2625 secretes low amounts of bioactive a-factor (data not
shown). Moreover, transformation of RZM} plasmids into SY2625 boosts a-factor secretion
(Fig. 12A). ‘lnlegraling RAM! ’so that it is in single copy also enhances mating and a—faCEor ,
secretion in the wild-type strain (Fig. 12D). Finally, in searches fbr hilgh dosage supprerssors of

SY2625-derived mating mutants, members of our lab often find that RAM can boost mating in

»

many Amutants, but not to wild-type levels. The possibility that SY2v625 1s alfeady compromised
for RamIp function implies that mutations in RAM/ that would otherwise have little effect on the
function of this enzyme are able to Severely impair its 'uclivily in SY2625; hence, ram/! mutants
will be more common. . k
Some of the mutants uncovered in this screen are in new genes, oOr in g‘es that were not
'known to have a role in mating- These mutants are discussed, further in the following chapters.
Even some of the mutants in known genes may prove useful in extending knowledge of their
" functions. Rccovéring the mutant alleles for some of these may prove useful. Alternatively, some
of these mutants could be used in further mutant screens, or in library screens to find genetically
in:lcraéling proteins. In addition, the widén array of mutations and the conspicuous absence of
some well known proteins involved in mating indicates that the mutagenesis was far from being
saturated. There are probably many fnore gencs involved in yeast conjugation waiting to be

uncovered.
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CHAPTER 2
Red Herrings

Introduction~

The Farlp cyclin-dependent kinase inhibitor (cki) mediates G arrest during mating
(Chang and’Herskowit'z. 1990). This protein is phosphorylated and activated by the MAP kinase,
Fus3p, in résponse to pheromone (Chang and Herskowitz, 1992; Elion et al., 1993). Active
Farlp binds to, and inhibits the activity of the‘cycl,in-dependent kinase (cdk) Cdc28p complexed
with the G| cyclins Clnlp or Cln2p (Peter et al., .1993: Peter and Herskowitz, 1994). Cells
carrying far/ null alleles are unable to arrest in response to pheromone and continue dividing their
nuclei (Chang and Hérskowitz, 1990). These cells also have abnormal mating projections, likely
because the cells continue to attempt to bud Wwhile shmooing (Chang and Herskowitz, 1990).
These null mutants have severe rﬁating defe/(;ls (Chang and Herskowitz, 1990).

“ The role in m;ni.ng of the fame;yllransfera;e B-subunit, Ramlp, is in the maturation of the
MATa mating pheromone, a-factor. The first step in pro-a-factor maturation js its farnesylation
and subsequent targeting t;) n;embranes (Goodman et al., 1990;- Schafer et al., 1990; He et al.,
1991, Chen et al., 1997). Thé subséquent events i1n processing and secretion all occur én
membranes and are dependent on farnesylation/ of pro-a-factor (Chen et al., 1997)." Pro-a-factor
farnesylation is directed i)y‘a CaaX box motif at the carboxy-terminus of the peptide (Moores et
al.. 1991). In addition to z;-faclor, CaaX boxes are found in many of the small GTPases that
regulate nu“clear import, vesicle trafﬁcki.ng‘ and growth in yeast and higher organisms (Schafer et
al., f990; Finegold er al.. 1991; Rossi eful.. 1991). Moreover, the y subunits of heterotrimeric G
pr;)teins are prenylated (Whiteway and Thomas, 1994). In yeast the Gy subunit of the G protein
associated with the pheromoﬁe receptors is farnesylated by Ramlp/Ram2p (White‘way and

Thomas, 1994). In light of the large number of proteins that are farnesylated in yeast, some of
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which are crucial to cellular processes, it is surprising that the only severe effect associated with
ram/ mutants seems to be in a-factor secretion.
In this study, I have cloned two mutants from my mutagenic screen that were defective in

the FARI and RAM | genes, but did not display the phenotypes expected for such mutations.

Materials and Methods

Strains, Pl_Zs:mia's, Media and Microbiological Techniques

The strains used in this study are shown in Table 4. Plasmids used are described in Table
5. Media and genetic methods that were used are described (Guthrie & Fink, 1991; Rose et al.,
1990) and in Chapter 1. Maling and other assays are also.described in Chapter |. Methods used
to manipulate DNA are as outlined (Sambrook et al., 1989). Transformation of yeast cells was by
the lithium acetate method (Ito"et al., 1983). Mating and a-factor producli'on assays were
perfomled as described in Chapter 1.

‘Strain Y29 (MATa FARI .. “URA3) was used for linkage analysls with Y36, and strdmv

Y123 (MATa RAM::URA3) was used in lmkage analysis with Y30. Strains Y62, Y63 or Y66

were used in mating assays. SY2014 was used as the pheromone hypersensitive strain for a-

factor assays.

\~

Cloning Y30 and Y36

a

The mutant strains were transformed with a yeast genomj(:‘ library (Boone et al., 1993) in
the plasmid pRS316, which is a yeast shuttle veclor,having the URAS gene for selection in yeast
and the ampicillin resistance gene for selection in Escherichia coli (Sikorski and Hieter, 1989).
The cells were spread onto SD blates lacking uracil to gi-ve a den§il)' of approximately 200
'co<l0nies/plate. Once the colonies reached a sufficient size, they &éere scéored for complementation

~of the mating defect by mating to Y63. The mating defect of Y30 was so weak that a weakly

mating MATa tester strain._rY66 (furl-c), was used to clone this mutant (Chenevert et al., 1994).

58 ) ‘



Table 4. Strain List for Chapter 2.

Strain Genotype ’ & Source
SY2014 MATa s1e3A306::LEU2 sst2A ste2A mfal A
mfa2A::FUSI-lacZ.FUS1::HIS ura3-52 leu2-3, 112 adel ~ C. Boone
Y62 MATa Ivs! I. Herskowitz
Y63 MATa Iys] I. Herskowitz
Y66 MATa farl-c lysl I. Herskowitz
Y29 MATa FARI::URA3 his3::FUSI-HIS3 N. Adames
mfu2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2- 1
canl-100
7
Y123 MATa RAM 1::URA3 barlA::LEU2 Ivs2 his3::FUSI-HIS3 N. Adames
mfa2A:FUSI-lacZ 1rp1-1 ade2-1 canl-100 -
Y36 MATa farl his3:. FUSI- H153 mfa2A::FUSI- lacZ N. Adames
ura3-1leu2-3,-112 rpl-1 ade2-1 canl- 100 barl A
Y30 MATa raml his3::FUSI-HIS3 mfa2A::FUSI-lacZ N. Adames
ura3-1leu2-3,-112 trpl-1 ade2-1 canl-100 barl A-
Y1163 ° MATa raml his3::FUSI-HIS3 mfa?A FUSI-lacZ N. Adames
uruj lleu2-3,-112 trpl-1 ade2-1 canl-100 barl A
Table 5. Plasmid List for Chapter 2
¢
Plasmid Construction ~ Source ]
p8 FAR!I in pRS316 (CEN ARS URA3) G. Sprague
p49 cloned genomic fragment containing FAR/ N. Adames
in pRS316 (CEN ARS URA3)
p50 cloned genomic fragment containing FAR/ N. Adames
in pRS316 (CEN ARS URA3) .
p25 RAM 1 in YCp19 (CEN ARS URA3) F. Tamanoi
p59 cloned genomic fragment containing RAM/ N. Aaames
in pRS316 (CEN ARS URA3)
p60 cloned genomic fragment containing RAM / N. Adames

in pRS316 (CEN ARS URA3)
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- Colonies that mated were lésled to determine if the mating increase was plasmid-dependent and
not due to reversion of the mutations. These transformants were plated onto 5-fluoro-orotic acid
(FOA) to cure the cells of plasmids. FOA i1s letha:l to cells expressing the URA3 product due to its
conversion by this enzyme to a toxic compound. Transformants that lost the ability to mate after
. ;
plating on FOA (because they had lost the cf)mplementing plasmid) were then examined further.
P!asmids were isolated from transformants by extracting total DNAQ and transforming 1t
into E. coli to amplify plasmid DNA (Hoffman and Winston, 1987). Minipreps and test
restriction digests were performed on 6—li transformants. Plasmids conlraining an insert were

transformed again into the mutant strain to test for complementation of the mating defect.
ﬂ

Physical Mapping of Clones

Fragments from the cldned cé)mplvemenling platsgmids were 1solated, Geglecleaned (BIO101)
and labeled with horse radish per,oxid&sey(HRfP) using a chemiluminescent nuctleic acid labeling kit
(Amersham) for use as probes.

These probes were hybridized to a blot containing ordered A phage clones covering most
of the yeast genomé (constructed by M. Olson and available through ATCC) using standard
methods for hybridization and washing (Sambrook et al‘;, 1989). A ;:onlrol probe included with
the genomic< lllot was labeled lhe‘sam.e way lind included in the hybridization. Probes were

visualized as instructed in the chemiluminescent Kit.
Sequencing - —

The ends of the insert in the smallest com;;lementihg subclone from Y30 were sequenced.
This plasmid was prepared for sequencing from E. coli strain DHSa using a modified version of
the alkaline-lysis miniprep method (Sambrook et al., 1989). Before precipitation of the DNA the
samples were treated with 50 ug of RNAse A for lh, and protein was phenol-chloroform

extracted. After ethanol precipitation the DNA was further purified by polyethylene glycol (PEG)

60



precipitation. Seq\uencing was performed by the University of-Calgary Core DNA Services. The

ends of subclones were sequenced using primers complementary to flanking regions in the vector.

Results

Y30 is a ram] Mutant ‘ 4

The mutant Y30 had a weak mating defectvthal was the result of a single recessive
mutation. Two clones, p59 and p60, were found to corr{p]ement the mating defect of this strain.
These clones were 7.8 kb and 9.8 kb in size, respectively, and accordingéto their restriction maps
shared a common region of 6.0 kb. A frugmént of the insert was used to Probe a yeast genomic
blot to physically map this region. This fragment hybridized to three overlapping A clones, from
strongest to weeikest hybridization, APM4114 (ATCC 70256). APM6605 (ATCC 70751)~and
KPM6235 (ATCC 70700). These clones are located on the left arm of chromosome IV close to
the cent;omere.

I made subclones and deletions o‘f.p59 and tested these f;)r complementation of the mating
defect of Y30. The restriction map of the smallest complementing clone was compared to n;aps of
llhe known genes in this région. deduced from the sequences of these genes. The restriction map
appeared to correspond to that for RAM [, but tﬁe.re were a few discrepancies in the positions of
sites. Sequencing of the ends of this clone put l[) rest any doubts, because tpe sequences were
identical to those ﬂ{zinking RAM1 on either side. Plasmids used to test the a-factor mutants in
Chu[ﬁ[er I were qunsformed into this strain to test for complementation of the mating defect. ‘On/ly
those containing RAM 1 alleviated the defect (Fig. 13A). Uponlcloser inspection of Y30, there
was a ;'ery' subtle defect in a-factor secretion that was rescued by’RAMI (Fig. 13A). This was
unexpected because this mutant did not have an a-specific mating defect. MATa segregants frém
the hackcross that gave Y30 showed weak, but reproducivble mating defe(;Is that were alléviated by

RAM/ (Fig. 13B). Finally. linkage analysis confirmed that the mutation in Y30 was In RAM 1.
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Figure 1‘3. Rescue of Y30 with a plasmid carryilng RAMI, and of Y36 with FAR/.

(A) Mating and pheromone assays were performed on Y30 with empty vector or.with pRAM |
(p25). (BYA MAfa segregant from Y30 (Y 1163) also shows a mating defect. (C) The maling,‘
G arrest and shmoo defects of Y36 were complemented by FAR/. Assays using Y36
transformed with vector (top panels) are compared to those using Y36 transformed with pFAR/

(p8: boftom panels).



A Stringent
Mating Mating a-Factor

~ :
A Ty PrE LAl L. T
s . ; ; E ’

wild-type

Y30

B Stringeﬁt
\ Mating
wild-type ' vector
Y1164 pRAM1
C Shmoo Assay

0h 3h

Y36
+vector

+pFART



Y36 is a farl Mutant

Mutant Y36 had a mild “halo fill-in" phenotype in which a halo of the proper dimensions
was visible but cells were growing slowly within the perimeter of the halo, making the normally
clear zone of arrest look l,urbid. Backcrossing [tle original mutant indicated that the mutant
phenotype 1s due to a single recessive mutation. | recovered from the genomic library two
plasmids of 8.0 kb (p49) and 7.5 kb (p59) that rescued the mating defect of this mutant.
According to their restriction maps. the inserts in these plasmids were nearly identical. These -

restriction maps bore a remarkable resemblance orthe restriction map of FAR! and FARI did,

indeed. complement all of the defects of Y36 (Fig. 13C). Linkage analysis with Y29 confirmed

that Y36 1s an allele of FAR/ and 1s not simply §uppressed by an extra copy of this gene.

Discussion ,

(
At the ume that [ cloned FAR/. the existence of a far/ allele that did not produce a detect

in Gy arrest but did result 1n urmating defect was surprising. However, since lhis.lime these
t;'pcs of alleles have been well characterized (Chenevert et al., 1994, Valhiz et al., i995). Alleles
of furl that were ﬁrst.isolatedi such as those discussed in Chapter 1, had both mating and arrest
. phenotypes. The defect in mating of furl mutants 15 no; aresult of the failure 10 G| arrest because
thsre are fur! mutants which retain the ability to mate but are unable to arrest (Peter et al., 1993).
T‘utaﬂts have only a mild mating defect. probably due go the defect in projection formation
(see below). The mutations in these alleles reside in the arﬁi}uo-lenninus of the protein (Peter el
al.. 1‘)‘;5'\j \r;aJtz etal.. 1995). The amuno-termunal portion of Farlp is necessary and sufficient for

G arrest (Peter et al.. 1993; Valtz et al.. 1995). |
There also exast far/ alleles. like Y36. that are defective in mating but normal (or nearly so

in Y36) for arrest and shmoo formation (Valtz et al., 1995). These Arrest+ Mating- alleles carry

mutations 1n the carboxy terminus and within an amino-terminal LIM domain (a zirc-binding
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motif involved in protein-prolein interactjons;(Valtz etal., 1995) Interestingly, alleles of each type
are able to complement each other to rescue both mating and G arrest (Valtz et al., 1995).

These fascinating alleles of FAR/ demonstrate that G, arrest, and efficient projection
formation are not absolute requirements for mating although they do affect the process. It is not

clear how the failure to arrest affects the formation of shmoos; however, far!/ mutants do

eventually form shmoos with unusual morphologies due to continued budding of the cells (see’

4

Fig. 5. Chang and Herskowitz, 1990). Perﬁaps the defect in projection formation seen inj'"arl

mutants is due to competition between the machinery fo_r'shmoo formation and for bud formation,

which use many of the same proteins (Chenevert, 1994). Consis;lem with this interpretation is the

observation that the severity of shmoo defects in my fari mutants corresponded to the severity of

the arrest defects. Y935 had severe shmoo and arrest defects (Chapter 1, Fig. 5) but Y36 had
"~ mild defects in both assays (Chapter 1, Fig. 6).

The mechanism of pheromone-induced Gy arrest is well understood. However, the role

of Farlp in mating is not. It is known that functional Farlp is required for orienting malin{

projections towards a source of pheromone (chemotropism), which is presumably important for
efficient mating (Dorer et al.. 1995: Valtz et al., 1995). This function in chemotropism is
independent of Farlp’s role in arrest ( Dorer et al.. 1995; Valtz et al., 1995). Arresl+Maiing-far1
alleles are unable to orient projeétions towards a needle filled with a-factor and instead shmoo in
random directions (Valtz et al.. 1995). These cells shmoo at their presumptive bud sites as shown
vb_v the observation that zygotes of these mutants almost always fuse next to the previous bud site
(at the axial position) (Dorer et al.. 1995; Valtz et&al.. 1995). Furthermore, while these mutants

have low mating efficiencies, addition of high levels of exogenous pheromone to these cells does

not turther inhibit mating as 1t does in wild-type cells (Dorer et al., 1995). This lack of mating

inhibition by exogenous pheromone is similar to that seen in strains hypersensitive to pheromone

and 1s an indication that the mutant strains are already defective for chemotropic orientation of

projections and are using the incipient bud sites in a default mating pathway (Dorer et al., 1995).

-
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How Farlp is involved in reorienting the polarity establishment proteins from axial bud
sites to sites experiencing higher pheromone concentrations is a mystery. Itis possibleﬂL.hal Farlp -
is involved in erasing the axial bud sites as sites for cell growth. Consistent with this pqssibilily
is the observation lhélfar] cells exposed to low levels of pheromone continue to bud axially, but
wild-type cells switch to a bipolar budding pattern (Dorer et al., 1995). Alternatively, Farlp
could promote chemotropic grd\;/lh and over-ride the bud site selection machinery. The molecular
mechanism for the role of Farlp in promoting chemotropic growth may involve the bud
emergence protein, Bemlp, which is required for polarized growth. These two proteins
physicaliy imeracl (Lyons et él., 1996). There is an intriguing stretch of homology between
Farlp and Ste5p (Leberer et al.,*1993), and since both proteins i‘meract with Bem1p this domain-
may be involved in binding Bemlp (Léeuw et al., 1995). Farlp could possibly determine which'
proteins associate with Bemlp and specifically prevent interaction with the bud sitg selection
proteins or p'romole association with SteSp and other proteins of the pheromone response
pathway.

The finding that Y30 was a ram mutant was surprisihg since‘il had not been classified as
“an a-factor mutant. Upon reinspection, Y30 did have a very mild defect in bioactive pheromoﬁe
production. Since farnesylation is a prerequisite for secretion of a-factor and fot the bioactivity of
this pheromone, the pheromone levels seen in the assays represent normal mature pheromone
(Chenetal.. 1997). Itis like'ly that the assay we employed was not sensitive enough to accurately-
reflect absolute levels of pheromone. Even a medest reduction in a-factor could possibly lead to a
mating defect. since very high levels of pheromone are necessary to induce cell fusion during
conjugation (Brizzio et al.. 1996). A reduction in a-factor, how‘ever, does not expiain why
MATa versions of Y30 (such as Y1163) also display reduced mating. The modest mating defects
in these mutants could represent the small effects of ram/ mutations on pheromone signaling
through inactivation of Gy. Th‘e reason ram/ null mutants do not have a more severe effect on
signaling is apparently due to crossprenylation of Gy by geranylgeranyl transferase (GGTase;

Whiteway and Thomas. 1994). However. this crosspre:]ylalion cannot fully complement the
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'ra‘ml mulalion,‘sinc.e geranylgefanylaled Gy suppresses the constitutive signali‘pg caused by
deletions of the Ga gene, GPA] (Whiteway and Thomas, 1994);

In addition lollhe mating defecl,‘Y3O and Y1163 had growth defects. To the best of my
knowledge, ram/ mutants have never been reported to ir.rhibil growth. Sofne of the GTPase
\proleins that regulate growth, such as Ras2p, and budding,{q{ho3p and Rho4p, are farnesylated.
Since Ram|p determines Ih; sbeciﬁcity of substrate recognition, the Y30 mutant coufd specifically
inhibit isoprenylation of such proteins and retard their functions in cell growth, while having little
effect on its recognition of pro-a-factor. Alternatively, the mutation may alter the type of
modification and permit the Ram1p/Ram2p famesyltransferase (FTase) to act as a GGTase.
Speckiﬁc mutations of Ram!p have been shown to permit this p'rOIein to act both as a FTase and as
a GGTase (Mtsuzawa et al.. 1995; Del Villar et al., 14997). In this re;pecl 1t 1s Interesting-to note -
that alteration of the CaaX box of human Ras from a farnesylation target to a gera-nylgeranylalion
target results 1n a growth defect (Cox et al., 1994). Perhaps geranylgeranylated Raslp and Ras2p
have a similar inhibitory effect on cell growth. Since geranylated a-factor is still secreted and
active, | would not expect such a mutation to affect a-factor production (Caldwell et al., 1994).'
In addition to Y30. two of the ram/ mutants charac_ferized in chapter | also had growth defec-ls‘
{data not shown), although whether these were linked to the mating defect was not determined. In
s\on. the Y30 ram/ mutation appears to be unique in its effects on mating in both haploid cell
types. If it does affect the farnesylation of only certain substrates such as Ras or Rho, this mutant
could be useful i‘n designing;famesyltransferase ihhibilors‘ that specifically prevent Ras or Rhe

modifications and would be useful in chemotherapeutic treatment of some cancers.

\ -
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CHAPTER 3 ‘
' The Axl is Broken and Next to the Kar

I

Introduction

k4

Haploid yeast are able to conjugate to form diploids. Cells secrete p;:ptide rﬁaling
pheromones to attract partners of the opposite rpaligg type. These peptides l?ind to their cognate
re.ceplors and activate a MAP- kinase cascade thz;t causes cell cycle arrest and also leads to the
lranscriplf‘o»n‘ of many of the genes required for mating (Sprague and Thorner, 1992). The a-factor
pheromone is first synthesized as a pro-a-factor oligopeptide with an amino-terminal extension:
and a CaaX-box motif (where C is cysteine, ais an aliphatic amino‘acid an’d X is any of several
possible residues) (Caldwell et al., 1995; Chen et al., 1997). This motif directs farnesylation of
the sulfhydryl group of the c_vsteiné which targets the peptide to the cytosolic surface of a

~membrane and permits the proleolylicl: removal of the three C-terminal residues (Schafer et al.,
1990; Caldwell et al., 1995; Chen et al., 1997). After cleévage of these amino acids, the cz;rboxy-
terminal S-farnesyl-cysteine 15 mel;ylaled (Volker et al., 1991: Hrycyna and Clarke, 1992;
Hrycyna et al., 1994; Chen et al., 1997). Finally, the amino-lenhinal extension of pro-a-factor is
proteolytically cleaved in two steps.to yield mature a-factor which is then secreted (Chen et al.,
1997).

1 isolaled a mutant. called ste22-1 (Y49) that 1s defective in mating due to a defect in a-
factor secretion (see Cr;aplers I and 4). We cloned the STE22 gene, sequenced the open reading
frame. and mapped the gene to the right arm of chromosome XVI. During the course of our
work. anblher group published a paperin which lheyA 1solated STE22 as a gene involved in .axial
bud site selection and called the gene AXL/ (Fujita et al., 1994). Therefore, STE22 will hereafter

I3
s\

be referred to as AXL!. . . )
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Materials and Methods

Strains, Media and Microbio]ogical Techniques

The strains used in cloning and mapping AXL/ are lisEed in Table 6. Plasmids are listed
in Table 7. Media and techniques ysed are des@ribed (Rose et al., 1990; Guthrie’and Fink: 1991).
§umdard methods were used for manipulating DNA (Sambfook etal., 1989). Transfbnﬂalions of
yeast were by the lithium acetate method (Ito et al., 1983).

A plasmid for disrupting the putative AXL/ gene with a nutritional marker, p98 (Fig.
14A), was constructed by inserting a Bgl Il fragment of URA3 inld the Sst I site of p79 into
, which we had introduced a Bgl 11 linker. 'fhis insertion interrupts the AXL/ ORF at codon 206
within the conserved active site of Axllp. Disrﬁplion of the ClonedAgene;in Y142 was
accomplished by transforming p98 cut with Bam HI-Eco Rl into the parental strain, SY2625, aﬁd
selecting for growth on media lacking uracil. To confirm the pre:sence of inlegraled URA3 1n the
genome, Southern aﬁalysis was peﬁomed on one colony which exhibited the same phenotypes as
the Y49'Slr£in. :

A strain containing a complete deletion of AXLI marked with LEU% was also
constructed (Fig. 14B). . A 5.0-kb Sal I fragment from p79 was cloned into pUC19, and an
internal 4.0-kb Hpa I-Xho I fragment was replaced wi‘lh a LEUZ2 fragment. Thé axl]A::LEU2
plasmid, pl 14, was cut with Sal I and tranformed into SY2625 to make the strain, Y173.
Replacement of the AXL1 ORF with LEU2 was confirmed by PCR analysis. A sgel::URA3
strain was made for meiotic mapping to AXL/ by transforming SY2625 with Hind IlI-cut p95.

Testing Linkage of Clomed Gene 1o the ste22-1 Mutation

b S

The axll::URA3 strain, Y 142, was crossed to a MATo ax// strain, Y278 (obtained from
backcrossing Y49), and tetrad analysis was performed on the sporulated diplbid to test for linkage

as described in Chapter 1.
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Table 6. Strain List for Chapter 3.

Strain Genotype - Source

SY2625 MATa barl A his3::FUS1-HIS3 mfa2A::FUS!I-lacZ C. Boone

’ ura3-1leu2-3,-112 trpl-1 ade2-1 canl-100
Y49 MATa ste22-1 allele 10-2-46-1 his3::FUSI-HIS3 N. Adames
: mfa2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1

- canl-100 barlA

Y278 MATd ste22-1 allele 10-2-46-1 his3::FUSI-HIS3 N. Adames
mfaZA::FUSI-lacZ ura3-1leu2-3,-112 trpl-1 ade2-1.
canl-100 barlA )

Y142 MATa ax!l:URA3 his3::FUSI-HIS3 K. Blundell
mfa2A:- - FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1 ' )
canl-100 LYS2 barl A . ’

Y173 MATa axl]A:LEU2 barl A his3::FUSI-HIS3 | K. Blundell
mfa2D::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 .

Y196 MATa axllA:LEU2 bar.IA his3::FUSI-HIS3 N. Adames
mfaA::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 . .

Y133 MATa ura3-52 leu2-3,112 Tyl-48::LEU2 M. Rose

Y134 MATo ura3-52 leu2-3.112 trpl-Al tefl-V1324::URA3 M. Rose

Y136

MATa ura3 leu2-3,112 ade2-101 ade6 trpl-Al Iys2 aro7 M. Rose

kar3-1::pM806 (URA3)

7

Table 7. Plasmid List for Chapter 3.

Plasmid Construction Source

p79 cloned genomic fragment containing AXLA - K. Blundell
in pRS316 (CEN ARS URA3) - ‘

p80O cloned genomic fragment containing AXL/ K. Blundell
in pRS316 (CEN ARS URAJ) S

p98 “axl]::URA3 in pUC19 K. Blundell

plld axl1A::LEU2 in pUC19 K. Blundell

p95s sgel::URA3 in unknown vector H. Amakasu

3
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Figure 14. Gene disruption plasmids for AXLI.
Plasmids were designed and targeted as described in the Materials and Methods. (A) The
axll::URA3 construct (p98) inserts the URAJ gene at codon 206 of AXL/] which occurs within

the conserved region containing the putative active site. (B) The ax//::LEU?2 construct (pl14)

replaces the entire AXL] ORF with the LEU2 gene.

-
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Cloning AXLI

2 R s
- The axl!] mutam Y49, was transformed with a genomic library as described in Chapter 2.

v Transformants dlsplaymg mcreased mating compared to Y49 transformed with empty vector were

tested for plasmld dependence Transformants that lost the ability to mate after platmo on FOA

-were then examined further. Plasmids were isolated and transformed again into Y49 to test for

complementation of the mating defect. -

Sequencing

Restrictien maps of the genomic insert in t‘wo comblementing plasmids (p79 and p80)
were independently made. These were compared and proved to be identical for a common 6.5-kb
region. The restriction map for one clone guided the ¢onstruction of subclones made to determine
the region inawhich the-complementing open reading frame (ORF) lay.

Once‘I dettrmined the appreximate position of the ORF, | Sebcloneei fragmentsjof this
region into vectors and made a series of deletions using most of the restriction sites available in the
region of the ORF. Sequencing was performed as described in Chapter 2. There were sufficient

restriction sites present in the genomic DNA to permit sequencing in both strands of most of the

ORF. Where gaps in the sequencé occurred, I designed sequencing primers ﬂdnking the gaps

-~

“based on sequence I had previously obtained. - : w

/

Physical Mapping
e

A probe of AXL] was made by digesting a pRS316 plasmid (Sikorski and Hieter, 1989)
containing an 8.3 kb AXL/ genomiic fragment with Hpa I and Xho I and subjecting the digest to
electrophoresis in a 1% agarose gel. A 4.0-kb insert fragment, corresponding to the AXL/ ORF,

was used as a probe against the yeast genomic blot described in Chapter 2. A clone to which the
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AXLI probe hybridi'zéd was identified, and its chromosomal ‘position was determined using the

software provided with the genomic blot.
Crosses and Tetrad Dissection

Crosses and tetrad dissection were performed as described in Guthyie and Fink (1991) and
as described in Chapter 2." Approximately 80 tetrads from each cross were aha]yzed for linkag“e.
' Y 142 was used in crosses to‘Yl33 (Tyl-48::LEU2) and YI'B was used in crosses to Y 134 (tefl-
V1324::URA3). The MATa version of Y173, Y196 (obtained by backcrossing Y 173% was

crossed to the sgel:-URA3 mutant and to the kar3::URA3 mutant, Y 136. .
Calculation of Genetic Distance Berween Genes

) quetic distance betwegn markers was calculated according to Guthrie and Fink (1991).
Tetrads wl{ere scored as being Parental Ditype (PD), Non-Parental Ditype (NPD) or Tetratype (T).
PD tetrads occur when no crossovers or an even number of crossovers occur between the same
two chromﬁtids between the genes of interest. NPD tetrads are the result of a sirigle crossover
event between two pairs of chromatids (i.e., a 4-strand double crossover), while T tetrads are a
product of ohe or an odd number of crossover events within a single pair of chromatids. The
expecte;i ratio of PD:NPD:T for unlinked genes is 1:1:4. The ratio for linked genes 1s >1:<l:<4
and appr.oaches 1:0:0 for Closely linked genes (i.e., crossovers between the genes are rare). For

linked genes, the calculation for genetic distance, él\?en in centiMorgans (cM), is as follows:

~

cM=100 X T+6NPD
’ 2 T+NPD+PD
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Results

The Cloned Gene is Allelic to AXLI and Encodes-a Protease Homologue

The AXLI gen‘?’was cloned by complenjnenlalion of the ax// mating dee;:t with a yeast
genomuc library. FIVC different plasmids complementing the mating defect of the ax// strain, Y49,
were recovered. As determined by restriction digests, these plasmids aJl overlapped in a region of
approximately 5.5 kb. \Subclones were made to determine‘in what region the complementing ORF
resided. According to these results, ‘t)he ORF appeared to cover most of the 5.5-kb overlap

~amongst the genomic library clones.

Analysis of tetrads from the cross between Y 142 and Y278 revealed that all were parental
ditypes. This analysis was complicated by the fact that the axI1 mating defect was specific to
MATa cells, however we recovered no MATa@ls that were able to mate. In crosses between_
Y49 and YS ta MATa wildv-type» strain), mating compeleﬁl MATa spores were recovered.
showing that the a.fll mutation is not closely linked to the MATa locus. Therefore, all spores
from Y |42 crossed to Y278 carried either the ax!// or the ux//::URA3 allele, and so the cloned
gene 1s closely linked and probably identical to the gene mutated in axl| cells.

Sequencing of AXL/ revealed.a large open reading frame, YPR 122w, 3.624 bp in length,
encoding a protein of 1208 amino acids. This protein shows homology to members of the

pitrilysin ’family,gf endoproteases (analysis of thisssequence is described in Chapter 4).
Sedue_ncing also revealed an ORF corresponding to the sequence for the CTRI gene enéoged on
the same strand and 3" 10 AXL/. This gene was 1solated due to its involvement in the regulation

of copper and iron uptake by yeast (Dancis et.al.. 1994).
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Table 8. Mapping data for markers linked to AXL/.

Markers PD - NPD T Map distance (cM)
axll:-LEU2--sgel:-URA3 18 14 48 82.5
axll:-LEU2--kar3--®RA3 68 1 26 16.8
axtl::URA3--Tv1-48:-LEU?2 6l 24 0 141
axll::LEU2--tef1-V1324:-URA3 55 0 32 18.4
tefl-V1324::URA3--Ty1-48::LEU2 42 0 37 - 234

Abbreviations: PD, parental ditype: NPD, non-parental ditype: T, tetratype
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Figure 15. Genetc map showing position of ad// relauve to tefl. Tyl -48. kar3 and sge .

The map was constructed from the data in Table 8 and from edition 13 of the S, cerevisiae genetic
map. The map 15 drawn to scale using the map distances from Table 8. The relauve positians of
sgel and kar3 differ from those of the genetic map. but agree with our data and with the physical

map of these genes.
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AXLI Maps to the Right Arm of Chromosome XVI

The AXL/ fragment hybridized 1o clone APM5832 (ATCC 70613) which is part of the
right arm of chromosome XVI and maps close to kqr3 between it and ar;)7 . We used this
information to select genes on this chromosome which we could use to genetically map AXL/.

A three point cross between axl/l, tefl and Ty/-48 was performed. In addition, we did
two point crosses between ax// and kar3, and between ax// and sge/. The results of the crosses
between the marked ax// strains and other genes previously mapped to the right arm of

2

chromosome XVI are shown in Table 8. Based on these results and map positions reported for

these genes, we have mapped ux// to a position between ref/ and Ty/-48 (Fig. 15).
Discussion

The ax// mutant was isolated because of its mating defect. This defect was found only in
MATa axll-1 cells. The low mating efﬁciené; of this mutant is probably due to a defect in a-
factor secretion since mutants produce smaller halos in a-factor secretion assays. S

AXL] was cloned for its ability@o completely rescue the mating defect of ax// cells and 1t
also complelely‘complemems the pheromone secrélion defect of this strain (Chapter 4). The
homolog’y\of Axllp to endoprotéz}ses suggests that this protein is involved in proteolytic
processiné)of pro-a-factor.

AXL! maps to the right arm of chromosome XVI1 both physically and genetiéally.
Linkage analysis has allowed us to establish a gene order, starting closest to the centromere, of
tefl-axll-TvI-48-kar3-sgel. This order contrasts with that shown in the yeast genetic map
edition 12. in which sge/ is shown closer to the centromere than kar3 (Cherry et al., 1997).
However. the physical map of these genes agrees with our data, suggesting that an error was
made in mapping the relative positions of kar§ and sge! (Cherry et al., 1997). Completion of the

S. cerevisiae genome sequencing project has confirmed the accuracy of the physical map and our

mapping data (Cherry et al.. i997).
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CHAPTER 4 -

How Do You Make a Pheromone?

Introduction

Many organisms secrete peptide hormones that regulate diverse physiological processes.
Most, if not all of these hormones are translated as larger forms of modified peptides that are
eventually released from cells (Fuller et al., 1989; Bre~snahan et al., 1990; Seidah et al., 1991,
Seidah et al., 1993: Lledo, 1997). The mature hormones are produced by the action of proteases
which clea;/e at specific residues of their substrates (Fulle‘r et al., 1989; Bresnahan et al., 1990;
Seidah et al., 1991; Seidah et al., 1993; Lledo, 1997). Similarly, yeast cells also secrete peptide
“hormones” called mating pheromones. MATa cells secrete a-factor and MATa cells secrete o-
factor (Sprague and Thorner, 1992). The study of how these pheromones are processed aﬁd
secreted has illuminated hormone secretion in higher organisms.

The 13-residue a-factor is encoded by two genes, MFal and MFa2, which differ in some
respects (Kurjan and Herskowitz, 1982; Brake et al., 1983; Emter et al., 1983: Julius et al., 1983
Singh et al., 1983). The primary translation products of both genes are precursors (prepro-o-
factor) that have alhydrophobic signal or leader sequence (pre-region), a hydrophilic pro-region
containing three consensus sequences for I\ﬁ’nked glycosylation, and a carboxy-?erminal region
containing multiple copies of the mature a-factor sequence separated from each other and the
prepro-region by “spacer” sequences (Kurjaﬁ and Herskowitz, 1982; Brake et al., 1983; Emter et
~al.. 1983; Julius et al., 1983;”Singh etal., 1983). The spacers begin with a pair of basic residues
(KR) followed by two or three dipeptides consisting of -x-A- (where x 1s any amino acid residue).
MFal contains four copies of a-factor while Mll"aZ has two (Kurjan and'(};erskowilz, 1982
Brake et al.. 1983). However, deletion of either gene alone has no ‘effect on mating efficiency,
indicating that the genes are functionally redundant (Sprague and Thorner, 1992). This functional

redundancy may indicate that the ability of yeast to mate is crucial for their survival.
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The signal sequence of prepro-a-factor targets the protein forﬂ transport into the
endoplasmic reticulcum where the leader is proteolytically removed and mannose-rich core z
oligosaccharides are added onto the pro-domain (Sprague and Thorner, 1992). The protein
undergoes additional glycosylation of these cores in the Golgi stacks (Sprague and Thomér.
1992). Mature a-factor is produced in the late Golgi through the action of a series of proteases.
The KEX2 gene product, Kex2p, is an endoprotease that cleaves after the KR residues in the
spacer regions, thus liberating the pheromone repeats (Leibowitz and Wickner, 1976; Mizuno et
al., 1988; Cunningham amd Wickner, 1989; Mizuno et al., 1989; Redding et al., 1991; Zhu et al.,
1992). Kex2p is a member of the subtilisin family of proteases with specificity for doublets of
basic residues (Mizuno et al., 1988; Mizuno et al., 1989). The Kex2p endoprotease is the
founding member of a class of prohormone convertases involved in processing hormones and
other precursor proteins in organisms such as Caenorhabditis elegans and humans (Bresnahan et
al.. 1990; Hatsuzawa et al., 1990; Misumi et al., 1990; Seidah et al.. 1990; Bennett et al., 1992;
Hatsuz~awa et al., 1992, Nagle et al., 1993; Rangaraju and Harris, 1993; Seid'c;h etal., 1994).

The KR residues remaining at the carboxy-termini- of the pheromone precursors are
cleaved by the Kex1p KR-carboxypeptidase (Leibowitz and Wickner, 1976; Dmochowska et al.,
1987). The final step in a-factor maturation is removal c;f the -x-A- residues at the amino-termini
by dipeptidyl aminopeptidase A, encoded by STE/3 (Anna-Arriola and Herskowitz, 1994). All
of these proteases are integral membrane proteins having their active sites within the lumen of the
Golgi compartment. Mature a-factor is transported outside the cell via secretory vesicles.

In contrast to secretion of a-factor, a-fattor does not enter the classical secretory pathway
(ER to Golgi to secretory vesicles) (Kuchler and Thorner, 1992). This was first suggested by
structural analysis of the precursor and mature forms of this pheromone. The a-factor precursors
are very short, do not have a hydrophobic signal sequence, and lack sites for N-glycosylation
(Chen et al., 1997). Furthermore, the mature form is isoprenylated and methylated (Caldwell et
al., 1995: Chen et al., 1997). None of these features are typical of proteins that traverse the

classical secretory pathway. Evidence supporting this conclusion includes the observation that

h 4
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kex2 and stel3 mutations have a cell-specific mating defects and affect a-factor secretion but not
a-factor secretion, indicating that a-factor is not processed in the same way as is a-factor
(Leibowifz and Wickner, 1976; Anna-Arriola and Herskowitz, 1994). In addition, subcellular
fractionation and protease access;bilily studies indicate that pro-a-factor does not enter iﬁtrabellula:
membrane-bound compartments (Sprague and Thorner, 1992). More convincing, however, is the
finding that temperature-sensitive secretion (sec) mutants prevent exocytosis of a-factor at the
restrictive temperature but have no effect on a-factor secretion (McGrath and Varshavsky, 1989).
. There are two a-factor precursors that differ slightly in amino acid sequence and are
encoded by two genes. MFAI produces a 36-residue pro-a-factor precursor (MQPSTATA
APKEKTSSEKKDNYIvIKG_\iFWDPAC-VIA) which contains only one copy of the mature a-
factor sequence (shown in bold lettering) (Brake et al., 1985; Chen et al., 1997). The precursor
encoded by MFA2 (MQPITTASTQATQKDKSSEKKDNYIIKGLFWDPACVIA) is 38
residues long and differs from MFA/ in the mature a-factor sequence by one residue (L.29 instead
of V27, shown underlined) (Brake et al., 1985; Chen et al., 1997). The products from both genes
contribute almost equally fo a-factor secretion and are functionally redundant (Chen et al., 1997).
The‘ proteins involved in processing and secreting a-factor are shown in Fig. 16. The first
modification of pro-a-factor is farnesylation of a motif called a CaaX box (where C is cysteine, a
is an aliphatic residue, and X can be a variety of amino acids) at the carboxy-terminus (Moores et
al., 1991). This motif directs prenylation of small GTPases such as Ras, as well as the Gy
subunit of heterotrimeric G proteins (Finegold et al., 1990; Schafer et al., 1990; Moores et al.,
19917 Caldwell et al., 1995). Two types of 1soprenoids are known to modify proteins -- farnesyl
groups (Cys5 isoprenoids) and gerqnylgeranyl groups (Cag 1soprenoids; Moores et al, 1991;
Caldwell et al., 1995). The last amino acid of the protein (the X of the CaaX box) determines
which lipid is attached to the protein. Farnesyl transferase (FTase) preferentially adds a farnesy!
group to the protein if this residue is methionine, serine, al;nine, cysteine, or glutamine (Moores

et al, 1991. Caldwell et al., 1995). Geranylgeranyl transferase I (GGTase) prefers the last residue

to be leucine or phenylalanine (Moores et al, 1991; Caldwell et .al., 1995). These

2]
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Figure 16. Biogenesis of a-factor.

The MATa mating pheromone, a-factor, is a dodecapeptide first synthesized as a propeptide. TH&»
pro-a-factor protein undergbes a number of post-translational modifications and is secreted via a

non-classical secretory pathway. Ramlp and Ram2p are cytosolic proteins and-are subunits of a

farnesyltransferase that adds a C15 hydrocarbon farnesyl group to the last cysteine of pro-a-factor.

Aftef farnesylation, all of the processing events take place at cellular membranes. Steldp

methylates the carboxyl gr(;up of the S-farnesyl-cysteine after the last three amino acids following

the cysteine are removed. Mbdification of the amino terminus of pro-a-factor involves two

sequential proteolytic clips that remove the pro-domain amino-terminal extension to yield mature

pheromone. a-factor 1s then pumped out of the cell by Ste6p, an ABC transporter.
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1soprenoids are linked to the protein via a thioether bond with the cysteine in the CaaX box
(Schafer.et al., 1990).

Prenylation of proteins occurs in the cytosol and help; target them to membranes,
presumably by insertion of the lipid portion of the protein into the membrane bilayer or through
interaction with a specific isoprenoid receptor. Such modifications may also aid in protein-protein
interactions at membranes (Omer and Gibbs, 1994; Caldwell et al., 1995). | Many other lipid

modifications similarly target proteins to membranes (Casey, 1995). Why there is such a

4

muitipli’city of mechanisms for protein lipidation is unknown. In fact some proteins function
normally when the type of li.pid modification they receive-is‘ altered. For example, the twd'yeast
Ras homologues are farnesylated and are required for growth, but cells are still viable in the
absence of the yeast FTase (Trueblood et al., 1993). In the absence of FTase, yeast Ras proteins
can still be modified by GGTase and still function for growth (Trueblood et al., 1993).
Moreover, a-factor can be geranylgeranylated without affecting its export or activity (Caldwell et
al.. 1994). Crossprenylation also occurs in the other direction since a GGTase mutant strain
farnesylates Rholp and Cdc42p (Ohya et al., 1993). Evidence indicates that cross-prenylation of
targets by prenyltransferases may be common (Caldwell et al., 1995).

The yeast FTase 1s encoded by RAM 1 (coding for the B subunit which confers substrate
specificity on the enzyme) and RAM2 (coding for the catalytic a subunit) which has mammalian
counterparts (Goodman et al., 1990; He et al., 1991; Kohl et al., 1991). Ram2p is als;) a subunit
of the GGTase I along with the Cdc43p B subunit (Mayer et al., 1992). Mutations in either
RAM 1 or RAM?2 prevent Ras modification and result in a cell-specific sterility ;iue to the lack of
a-factor secretion (He et al., 1991). Farnesylation is a prerequisite for pro-a-factor maturation
since ram/ mutants, and wild-type cells depleted of mevalonate (the isoprenoid precursor)
accumulate unprocessed pro-a-factor within the cell (Sprague and Thorner, 1992). Prenylation
also targets pro-a-factor to membranes within the cell and the pheromone remains associated with

membranes until it is secreted (Chen et.al., 1997; Sapperstein et al., 1994).
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The next step in carboxy-terminal processing is cleavage of the three amino acids
following the farnesylated cysteine (the aaX). The enzyme activity responsible for this proteolytic
step resides on membranes, as one might expect since the a-factor precursor is in membranes
(Boyartchuk et al., 1997). After removal of the aaX residues, the exposed carboxyl group®of the
S-farnesyl-cysteine is methylated by the Stel4p carboxyl methyltransferase using S-adenosyl-
me[hionir;re as the methyl donor (Hrycyna and Clarke, 1990; Volker et al., 1991; Hrycyna and
Clarke, 1992; Hrycyna et al., 1994). The predicted amino acid sequence of Stel4p has five or six
potential lransmemb;ane domains and the enzyme activity is also associated with membrane
fractions (Hrycyna et al., 1991; Ashby et al., 1993; Sapperstein et al., 1994). Methylation is a
requirement for efficient transport of mature a-factor out of the cell, but unlike farnesylation, is
not a prerequisite for the remaining maturation steps (Sapperstéin etal., 1994; Chen et al., 1997).

Upon completion of the three carboxy modifications, the amino-terminal extension of pro-
a-factor 1s removed. Unexpectedly, the removal of the amino-terminus is accomplished in two
sequential proteolytic steps rather than in a single cleavage (Chen et al., 1997). The first event -
removes the first seven amino acids (MQPSTAT) from the precursor encoded by MFAI (Chen et
al., 1997). The next protease cleaves between N21 and Y22 (numbering corresponds to full length
pro-a-factor) of the precursor to yield fully mature a-factor (Chen et al., 1997). The genes coding
for these proteases and for the CaaX box protease were unknown when I started this project. |

Mature a-factor is finally secreted by the adenosine triphosphate (ATP)-binding cassette
(ABC) transporter Ste6p (Kuchler et al., 1989; McGrath and Varshavsky, 1989). These
transporters are integral membrane proteins having twelve transmembrane domains and two ATP-
binding motifs (Kuchler et al., 1989; McGrath and Varshavsky, 1989: Michaelis, 1993). The
transporter can be a single polypeptide with all these features, such as Ste6p, or it can cgnsist of
two polypeptides, each consisting of six membrane domains and one ATP-bindil;é motif
(Michaelis, 1993). Ste6p is highly selective and is able to transport only fully modified a-factor
(Michaelis, 1993). How this transporter interacts with a-factor and discriminates against the

various precursor forms is unknown. Ste6p is a homologue of the mammalian multiple drug
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fesislancé (MDR) P-glycoprotein implicated in resistance of cancer cells to a variety of’
hydrophobic chemolherapeillic agents (Koane et al., 1990; Comnwell, 1991; Becker et al., 1992;
Biedler, 1992; Michaelis, 1993). The cystic fibrosis transmembrane conductance regulatory
(CFTR) protein and transport proteins associated with antigen processing (TAPs) in antigen
presenting cells are also members of the ABC transporter superfamily (Higgins et al., 1990; A
-Harris, 1992: Hughes, 1994; Hill and Ploegh, 1995). Therefore, Ste6p has homology to other
proteins involved in transport of hydrophobic compounds and peptides. -Although MDR1 seems
to be fairly promiscuous in its ability to transport hydrophobic compounds, the mouse mdr2 gene
product is a “flippase” that specifically transports phosphatidylcholine from the cytosolic side of
membranes, where it is synthesized, to the opposite side (Smit et al., 1993). The specificity of
mdr2 for phosphatidylcholine has been demonstrated by expression in yeast cells (Ruetz and
Gros, 1994). There is growing evidence that other MDR proteins may have similar flippase
activity for lipids, lipid-modified proteins, and drugs and may be more selective than MDRI
(Caldwell et al., 1995). Itis p(;ssible that Ste6p uses a similar flipping mechanism to transport a-
;aclor. This possibility is borne out by the observation that mouse mdr3 can functionally
complement a-factor transport in cells deleted for the STE6 gene (Raymond et al., 1992; Caldwell
et al., 1995). Studies on the mechanism of pheromone transport by Ste6p has implications for a
number of important transporters.

<= In the same vein, the carboxy-terminal processing of a-factor is identical to modifications
in such medically relevant proteins as the proto-oncogene Ras, mutations in which are implicated
in 90% of pancreatic cancers and 50% of colon cancers (Barbacid, 1987). In fact, the
transforming ability of oncogenic forms of Ras is dependent on famésylation (Schafer, 1990
Gibbs et al., 1994). Much attention has been given to the design of drugs that inhibit Ras by
blocking its farnesylation, and the yeast systém has been used to search for such potential
chemotherapeutic compounds (Gibbs et al., 1994). Clearly, studies on a-factor secretion have
been of great importance in describing some crucial cellular processes. In this chapter I describe

the assignment of a function for the AXL/ gene product in proteolytic processing of a-factor.
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Materials and Methods

Strains, Media and Microbiological Techniques

-

Yeast strains used in this study are listed in Table 9. The genetic techniques and media
used are as described in Rose et al. (1990) and Guthrie and Fink (1991). The lithium acetate
method was used to transform yeast strains (Ito et al., 1983). All strains were/generated by"
means of standard genetic or molecular methods involving the appropriate constructs described
below. In particular, the ax// ste23 double mutants (Y220 and Y231) were cre;led by crossing
the appropriate MATa steZ:? (Y221 and Y233) and MATa ax/l (Y196 and Y 197) mutants,
followed by sporulation of the resultant diploid and isolation of the double inutant from non-
parental ditype tetrads. Gene disruptions were confirmed by polymerase chain reaction (PCR) or

Southern analysis. Mating and a-factor assays were performed as described (see Chapter 1.

Sprague, 1991). The construction of Y142 and Y173 was described in Chapter 3.

Plasmid Constructions

Plasmids are listed in Table 10. To delete the entire STE23 ORF and create the
ste23A::URA3 mutation, PCR primers (5-TCGGAAGACCTCATTCTTGCTCATTTTGATATT-
GCTCTGTAGATTGTACTGAGAGTGCAC-3’; and 5'-GCTACAAACAGCGTCGACTTGAA-

‘TGCCCCGACATCTTCGACTGTGCGGTATTTCACACCG~3’) were used to amplify the
URA3 sequence of pRS316, and the reaction product was transformed into yeast for one-step
gene replacement (Guthrie and Fink, 1991). To create the ste23A::LEU?2 allele (a deletion
corresponding to 931 amino acids) carried on p153 (Fig. 17), a LEU2 Eragmenl was used to
replace the 2.8-kb Pml I-Ecl136 II fragment of STE23, which occurs within a 6.2-kb Hind III-
Bgl 11 genomic fragment carried 4on pSP72 (Promega). To create YEpMFAI (p128), a 1.6-kb
Bam Hl‘ fragment containing MFA/, from pKK16 (Kuchler et al., 1993), was ligated into the
Bam Hi sit of YEp351 (Hill et al., 1986). pl129 is a YEp352 plasmid (Hill et al., 1986)
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Table 9. Strain List for Chapter 4.

Strain

Genotype

Source

SY2625

Y83

SY2014

Y278

Y142

Y197

Y115

Y 195

Y173

Y 196

MATa barlA his3::FUSI-HIS3 mfa2A::FUSI-lacZ
ura3-1leu2-3,-112 trpl-1 ade2-1 canl-100

MAToa barlA his3::FUSI-HIS3 mfa2A::FUSI-lacZ .

ura3-1 leu2-3,-112 trpl-1 ade2-1 canl-100
MATo ste3A306::LEU2 sst2A ste2A mfal A

mfa2A::FUSI-lacZ FUSI::HIS ura3-52 leu2-3, 112 adel

MATa lysl
MATa lysl
MATa ste22-1 his3::FUSI-HIS3

mfau2A::FUSI-lacZ ura3-1 leu2-3,°112 trpl-1 ade2-1 -

canl-100 barl A

MATa ste22-1 his3::FUSI-HIS3
mfa2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 barl A

"MATa axl]::URA3 his3::FUSI1-HIS3

mfa2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 LYS2 barl A

MATo axll::URA3 his3.:FUSI-HIS3
mfa2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 LYS2 barl A

MATa barlA his3::FUSI-HIS3 mfalA::LEU2
mfa2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100

MATa barlA his3::FUSI-HIS3 mfalA::LEU2
mfa2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100

MATa axl1A::LEU2 his3::FUSI-HIS3
mfa2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 LYS2 barl A

MATa axl1A::LEU2 his3::FUSI-HIS3
mfa2A::FUS1-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 LYS2 barl A

MATa axll::URA3 ste23A:URA3 his3::FUSI-HIS3

mfa2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 LYS2 barl A
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Table 9 (cont’d). Strain List for Chapter 4.

Strain Genotype Source

Y221 MATa ste23A::URA3 his3::FUSI1-HIS3 K. Blundell
mfa2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 LYS2 barl A

Y231 MATa axl] A::LEU2 ste23A:LEU2 his3::FUSI-HIS3 C. Boone
mfa2A::FUSI-lacZura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 LYS2 barl A

Y233 MATa ste23A::LEU2 his3::FUSI-HIS3 C. Boone
mfu2A::FUSI-lacZ ura3-1 leu2-3,-112 trpl-1 ade2-1
canl-100 LYS2 barl A

Table 10. Plasmid List for Chapter 4.

Plasmid _. Construction L _ Source
p79 cloned genomic fragment containing AXL/ K. Blundell
in pRS316 (CEN ARS URA3) )

pl28 MFAI in YEp351 (2u LEU2) C. Boone

p2S RAM I in YCp19 (CEN ARS URA3) F. Tamanoi

p82 MFA2 in pRS316 (CEN ARS URA3) C. Boone -

pl29 " AXLI in YEp3£2 (2p URA3) C. Boone

pl26 axlI(H68A) in pRS316 (CEN ARS URA3) C. Boone

pl38 axlI(E71A) in pRS316 (CEN ARS URA3) C. Boone

pl39 axlI(E71D) in pRS316 (CEN ARS URA3) C. Boone

plsl AXLI-HA in YEp352 (2pu URA3) C. Boone

pl62 axll{H68A)-HA in YEp352 (2p URA3) C. Boone

pl6l axlI(E71A)-HA in YEp352 (2u URA3) C. Boone

pl63 axlI(E71D)-HA in YEp352 (2u URA3) ‘C. Boone

pl53 ste23A4::LEU2 in pUCI9 __C. Boone
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Figure 17. A gene disruption plasmid for STE23.
(A) A restriction enzyme map of the STE23 ORF and flanking regions. (B) Construction of a
ste23 deletion plasmid and strains is described in the Materials and Methods. The ste23A::LEU2

plasmid replaces 931 amino acids of STE23 with the LEU2 gene.
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containing a 5.5-kb Sal I fragment of pAXL/ (p79'). pl51 was derived from p129 by insertion of
a linker at the Bgl II site within AXL/, which led to an in-frame insertion of the hemagglutinin
(HA) epitope (DQYPYDVPDYA) (Kolodziej and Young, 1991) between amino acids 854 and
855 of AxIlp. pC225 is a KS+ (Stratagene) plasmid containing a 0.5-kb Bam HI-Sst [ fragment
from pAXL! (p79).

Site-Directed Mutagenesis of AXLI -

Substitution mutations of the proposed active site of AX1ip were created with the use of

pC225 and site-specific mutagenesis involving appropriate synthetic oligonucleotides (axll-

"

H684. 5'-GTGCTCACAAAGCGCTGCCAAACCGGC-3': axll-E7IA. 5'-AAGAATCATGTG
CGCACAAAGGTGCGC-3"; and axll-E71D. 5-AAGAATCATGTGATCACAAAGGTGCGC-
3’). The mutations were Conﬁm{ed by sequence analysis. After mutagenesis, the 0.4-kb Bam
HI-Msc 1 fragment from the mutagenized pC225 plasmids was transferred into pAXLI to create a
set of pRS316 plasmids carrying different AXL/ alleles, p126 (a:r11~H68A;. pl38 (axll-E71A).
and p139 (a.x'll-.E7lD). Similarly, a set of HA-tagged alleles}c.;afr‘ied on YEp352 were created

after replacement of the p151 Bam HI-Msc I fragment. to ger{erale pl62 (axl[-H68A), pl6l

(axl1-E71A), and p163 (ax!!-E7 D).
Pulse-Chuse Labelling and Preparation of Intracellular and Extracellular a-Factor

-Metabolic labelling of a-factor. immunoprecipitation, and SDS-polyacrylamide gel.
electrophoresis (SDS-PAGE) were performed as described (Chen et al., 1997). Yeasl célls
containing MFA/ on a high copy plasmid. p128, were grown in synthetic media to O.D.gp0 0.2-
0.5 and 10 O.D.ggo U of cells were used for each sample. Cells in synthetic media lacking
cvsteine and methionine were incubated with 150 uCi [35S]cysteine for each time poirt. The
chase was inilialed by addition of 10 ul of chase mix (1 M cysteine, | M methionine) for each time
point. Immediately after labeling the cells were split into polypropylene tubes representing each

time point. This was necessary to ensure efficient recovery of a-factor, because the pheromone
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sticks to these tubes. Consequently, separate tubes must be used for each of the time points. The
chase is terminated by adding ice-cold sodium azide and samples were kept on ice until processed.

Intracellular samples were prepared from cell pellets while extracellular a-factor was
prepared from the supernatant and the tubes in which the chase was performed. Cells were l;sed
with ice-cold NaOH and B-mercaptoethanol and proteins were trichloroacetic acid (TCA)
precipitated. The protein pellet was resuspended in 2X Laemmli sample buffer (20% glycerol,
10% B-mercaptoethanol, 4.3% SDS, 0.125 M Tris-HCI, pH 6.8, and 0.2% bromophenol blue),
neutralized with 2 M Tris base when necessary, and boiled for S min. This protein made up the
intracellular fraction.

Proteins of the extracellular fraction from the supernatant were TCA precipitated and
resuspended in 2X Laemmli sample buffer. Proteins from the tubes were extracted with

isopropanol and dried in a speed vacuum with heat. This protein was suspended in [ X Laemmli

sample buffer, combined with the proteins from the supernatant, and boiled for 5 min.
Immunoprecipitation of a-Factor

For immunoprecipitation, the intracellular and extracellular samples were diluted in
immunoprecipitation buffer (50mM Tris-HCL. pH 7.5, 1.0% Triton X-100, 150 mM N;El I mM
PMSF. 0.5% aprotinin) cleared of insoluble material by centrifugation‘__a,pg supernatant was
transferred to a new tube. To this was added 10 pl of a-factor rabbit an'li'selrvum (gifts from S.
Michaelis and J. Becker). and the samples were incubated at 4° C overnight. ) Immunoprecipitates
. were collected with protein A-sepharose CL-4B beads (Sigma). Beads were collecléd and washed
four times 1n wash buffer A (50mM Tris-HCI, pH 7.5, 0. 1% Triton X-100, 0.02% SDS, 150
mM NaCl, 5 mM EDTA. | mM PMSF, 0.5% aprotinin) and once tn wash buffer B (50mM Tris-
HCL. pH 7.5, 0.1% Triton X-100. 150 mM NaCl, 5 mM EDTA. | mM PMSF, 0.5% aprotinin).
After the final wash, bound immune compteg«es were released from the beads by the addition of

30 ul 2X Laemmli sample buffer. Samples were boiled for 5 min before SDS-PAGE.
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SDS-PAGE Analysis of a-Factor

A modification of the SDiPAGE method (Laemmli, 1970) was used to resolve the very
small a-factor species, which range in molecular mass from ~1.6 to 4.5 kD. Moreover, the
farnesyl group confer(s unusual migration properties on these peptides. Therefore, some of the
conditions were optimized for the best separation of the various a-factor intermediates as
described (Chen et al., 1997). An acrylamid:’. percentage of 16% at a acrylélmide/BIS ratio of
30:0.8 was used. TA pH of 8.8 for the 4X Laemmli lower buffer was also found to work best. A
third parameter was that gels had to be run at a relatively high current of 50-65 mA to achieve
good separation. Finally, the amount of protein added was crucial -- amounts of protein derived
from >1 O.D.gpp U of cells produced fuzzy bands. Electrophoresis was carried out using the
above modiﬁéations, using prestained low molecular weight markers (Gibco BRL).

.

After electrophoresis, gels were fixed in 10% acetic acid, thoroughly rinsed in distilled

water, and.soaked in 0.7 M sodium salicylate, ;;H 7.0. Gels were then dried and expesed to.x-

ray film.
Western Blots

Proteins expressed in yeast were extracted as described (Peter et al., 1996). Briefly, .Y23l
cells containing p129, p151, pl61, pl62 or pl63 were grown to O.D.gpp ~0.5 and beaten with
gla;s' beads in the prese‘nqe of protease inhibitors (0.2 mM PMSF, 2 mM leupeptin, 2 mM
benzamide dnq}g% .'a})rbuﬁm and 1:1 mixture 9}26% TCA/TCA buffer (20 mM Tris, pH8.0, 50
mM ammonium acetate and 0.5 mM EDTA). The liquid portion from this tube was centrifuged
and the protein pellet was re.sjuspended in TCA-Laemmli buffer (2% SDS, 10% glycerol, 0.1 M
Tris base. 10 mM EDTA). The proteins were boiled then centrifuged and the soluble portion was
retained tor SDS—PAGE analysis (Laemmli, 1970). EQual amounts of protein from each sample
were electrophoresed on an 8% po‘lyacrylamide gel and tranferred to nitrocellulose memBranes

(Schleicher & Schuell. Inc.) by electroblotting using the BioRad minigel system. Membranes
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were incubated with a mouse anti-HA antibody (Berkeley Antibody Company) and probed with
HRP-conjugated anti-mouse IgG (Boehringer Mannheim). Proteins were visualized using a

chemiluminescent detection system (Amersham) and membranes were exposed to X-ray film.

Results

axl] Mutants Affect a-Factor Secretion

The original ste22-/ mutant displayed a defect in a-factor secretion and an a-specific

| mating defecmt (Fig. 18A). “Both defects were remedied by introduction of the cloned plasmid
containing AXL/ (Fig. 18B). As discussed in Chapter 3, AXL/ is identical to STE22. The

disrup‘?i(;] allele, ax/1::URA3, had phenotypes indistinguishable from those of the original

mutant, indicating that the ste22-/ mutation is a null allele (Fig. 18A). These mutants produced

residual amounts of a-factor, as can be seen in comparison to a strain deleted for both a-factor

structural genes. The mfalA mfa2A strain produced no a-factor and 1s completely sterile (Fig.

18A).

AXL1 Encodes a Pitrilysin Homologue

Axl1p shares sequence similarity to members of the pitrilysin family of endoproteases
whose archetypes are human insulin-degrading enzyme (hIDE), or insulysin (EC 3.4.24.56), and
E. coli protease III, or pitrilysin (EC 3.4.24.55) (Affholter et al., 1988; Rawlings and Barrt;,ll,
1991) - metalloproteases with a preference for small peptide substrates (Rawlings and Barrett, .
1991). Another member of the hIDE family, rat N-arginine dibasic convertase (NRDC), i:‘
proposed to function as a prohormone processing enzyme ('Pierotli et al.,, 1994). A highly

conserved domain is present in hIDE-like sequences that i1s likely to be important both for

proteolysis and for metal binding (Fig. 19).
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Figure 18. Mating and a-factor defects of ste22-1 (axl1) cells.

(A) Mating and a-factor assays were performed as described in Chapter 1, Materials and Methods.
In mating assays, white diploid colonies produced by successful rﬁatings appear against a dark
background. MATa cells were mated to the tester strain Y63 (M;A Ta lysl), while MATa cells
were mated to Y62 (MATa Iysl). In pheromone assays MATa cells were patched onto a lawn of
MATa cells cor{sisting of a strain (SY2014) that 1s hypersensitive to a-factor. Cells of the lawn
surrounding the patch arrest and fail to grow, leaving a clear zone. The 'size of the zone is
indicative of the amount of pheromone produced by cells within the patch. Assays were
performed using wild-type (SY2625), sre22-1 (Y49), mfal Amfa2A (Y115), and axll::URA3
(Y142) strains. The MATa equivalents to these Strains were Y83, Y278, Y195, and Y197,
respectively. (B) Mating and pheromone secretion in ste22-1 cells (Y49) transformed with empty

vector or with pAXL1 (p79).
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STE23 Codes for a Structural and Functional Homologuevof Axllp

“axl] null mutants were able to secrete residual levels of bioactive a-factor (Fig. 18A), and
extra copies of MFA2 and RAM | were able to partially rescue the mating and pheromone defects
in these mutants (Fig. 20A). These observations implied that S. cerevisiae contains a functional
homologue of Axllp. The chromosome XII sequencidg project has identified an ORF,
YLR389C, which we cail STE23, encoding a new member of the pitrilysin famuily (Fig. 19). To
assess the function of STE23, we created a ste23A::URA3 mutation. When introduced into a
wild-type AXL/ strain, the ste23A::URA3 mutation failed to perturb mating efficiency or secreted
a-factor activity (Fig. 20B). In contrast, experiments with the ax//::URAJ ste23A::URA3 double
mutant clearly showed that ste23A::URA3 accentuated both the mating and pheromone secretion
defects of axll::URA3 cells (Fig. 20B).” Moreover, extra copies of MFA2 and RAM! were
unable to alleviate the a-factor defect of the ax//A-:LEU?2 ste:23A: LEU2 double mutant, indicating

a complete block in the biosynthesis of this peptide pheromone (Fig. 20A).

AxlIp and Ste23p are Required for the Final Event in Pro-a-Factor Maturation

Because insulysin homologues can function as specific endoproteases, Axl1p and Ste23p

/ . : ~
may act as propheromgne processing enzymes. An ax// mutant' was tested for defects in carboxy-

tennina Caeolysis and was found to be unaffected (M. Ashby, personal communication).
To addrs possibility that Axl1p is involved in amino-terminal processing, a-factor peptides
were labeled with [35S]cysteine in a pulse-chase protocol, then immunoprecipitated from both
intracellular and extracellular fractions and subjected to SDS-PAGE. Three different intracellular
a-factor peptides were observed in cells containing a functional AXL/ gene (Fig. 21A). The
largest form, designated P1 , has been assign:;d to a propheromone molecule with a completely

modified carboxy-terminus, yet retains an unprocessed amino-terminal extension (Fig. 16 and

Fig. 21D) (Chen et al., 1997). The P2 propheromone is derived from P1 through proteolytic
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Figure 19. Alignment of Axllp and Ste23p with m‘embers of the pitrilysin family of
endope{plidases.

Somg representative proteins belonging to the pitrilysin subfamily of metallopeptidases (M16
family) were manually aligned using the MACDNASIS Pro v3.0 program. Yeast proteins are
denoted by Sc, Caenorhabditis elegans proteins by Ce, human by Hs, rat by Rn, and E. coli by
Ec. The aligned sequences are Axllp (Genbank accession no. D17787), Ste23p (Genbank
accession no. U19729), insulin-degrading enzyme (IDE; Genbank accession no. M21188), C.
elegans ORF C02G6.1 (Genbank accession no. U55372), C. elegans ORF C28F5.4 (Genbank
accession no. U23180), N-arginine dibasic convertase (NRDC; Swiss-Prot accession no.
P47245), protease Il (ptr. Genbank accession no. X06227), C. elegans ORF CO5DI11.1
(Genbank accession no. AF01642), yeast ORF YOL098c (EMBL accession no. Z74840), and
yeast ORF YDR430c (SGD ID no. S0002839). Numbers l:) the left and right of the alignments
show the positions from the start codon of the first and last residue in the indicated line of
sequence. Residues that are identical in at least five of the ten proteins have dots over them.
Residues that are conserved (where [=L=M=V, H='K=R. D=E, S=T, and F=Y) in at least five
proteins are indicated with cor;lmas over them. Residues that are identical in all ten of the proteins
are shown in bold print. The conserved putative active site residues are shown by asterisks.
Large gaps in the sequence of a protein is indicated by (X)n, where n is the number of residies
omitted from the alignment. The 90 amino acid gap in NRDC consists of an extremely acidic
domain inserted in the conserved region. The function of this domain is not known. CO5D11.1,
YOLO098c and YDR430c show greatest similarity to each other and little similarity, outside of the
core active site residues, to the other pitrilysin-like proteins. These three proteins possibly

constitute a distinct subgroup of the pitrilysin subfamily.
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" Figure 20. Ste23p is a functional as well as structural homologue of Axllp.

(A) Mating and a-factor assays of mutant ax//A::LEU2 (Y 173) transformed with empty vector,
pMFA2 (p82), or with pRAM (p25). The ax!IA::LEU2 ste23A:::LEU2 double mutant (Y231)
was also transformed with these plasmids and tested for mating and pheromone secretion. (B)
Mating and pheromone assays were done with the following strains: wild-type (SY2625),

axll::URA3 (Y142), ste23A::URA3 (Y221), and ax/l::URA3 ste23A::URA3 (Y220).
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Figure 21. axll.mutants accumulate an a-factor precursor that retains the amino-terminal
extension.

Cells were pulse-labelled with [33S]cysteine and label was chased with unlabelled methionine and
cysteine. At the times indicated (min.), cells were pelleted and extracellular a-factor from the
supernatant was immunoprecipitated with polyclonal antibodies against mature a-factor. Cells
were broken open and intracellular a-factor was similarly immunoprecipitated. a-factor-antibody
complexes were collected with protein A-sepharose beads, washed, and prepared for SDS-PAGE.
Equal amounts of protein from each sample were loaded onto SDS-polyacrylamide gels and
electrophoresed along with prestained marker protein us;d to fllow the progress of the samples.
Gels were treated with sodium salicylate, dried and exposed to x-ray film. (A) Three forms of a-
factor are seen in the intracellular fractions of wild-type (§Y2625) cells; P1. corresponding to pro-
a-factor that is fully modified at the carboxy terminus but retains an intact amino-terminal
extension, P2, in which the first seven amino acids have been removed, and the fully modified
mature (M) a-factor. Only mature pheromone 1s efficiently exported into the media and seen in the
secreted fractions. The ax//::URA3 mutant (Y 142) was simultaneously treated along with the
wild-type cells. (B) A longer exposure of the gel shown in (A). (C) Pulse-chase experiments
were per%ormed simultaneously on ste23A::URA3 (Y221) and ax!!::URA3 ste23A::URA3

(Y220) double mutant cells.
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™~
'*q\leavage within the amino-terminal domain of the precursor (Fig. 16 and Fig. 21D; see also Chen

et al., 1997). The species designated M corresponds to mature a-factor, which results from a
second cleavage event within the amino-terminal region of P2 (Fig. 16 and Fig. 21D; Chen et al.,
1997). Only ‘t:hc mature phero.mone 1s efficiently exported across the plasma membrane and
recovered from the extracellular fractiog. (Chenetal., 1997)..

In wx/l::URA3 cells, the P| propheromone was processed to the P2 form at a normal rate,
but the P2 intermediate was processed inefficiently and remained relatively stable for the duration
of the chase period (Fig. 21A). Longer exposure of the gels re\'f;alcd small amounts of mature a-
factor much lower than levels seen in AXL/ cells (Fig. 215). Consequently, ax//::URA3
mutants produced very httle a-tactor for export (F1g. 21A and B). ' '

Pulse-chase studies with sre23A:: URA3 cells indicated that the a-factor precursor was
processed normally (Fig. 21C): however, the axl/::URA3 ste23A::URA3 double mutant
accumulated the P2 propheromone intracellularly (Fig. 21C). and possibly processed the P2 form
less efficiently than axl//::URAZ cells since no mature species was evident even after long

exposures to film.
The Putative-Active Site of Axlip is Required for a-Factor Processing

Proteins of the pitrilvsin tamily contain a sequence motif, HXXEH(X),E with two
invariant histidine residues and a glutumule. and a downstream glutamate (Becker and Roth, 1992;
Hooper. 1994). These histidine residues of hIDE and protease [1I. have been implicated in metal
binding and proteolyvtic activity (Becker and Roth. 1993, Gehm et al., 1993 Perlman et al., 1993:
Perlman and Rosner. 1994). The first glutamate residue 1s also important for proteolysis
tPerlman etal., 1993). By site-specitic mutagenesis, we generated three variants of the HXXEH
sequence tound within Axllp that correspond to substitutions of the first histidine (ax//-H68A),
and the glutamate residue (ax//-E71A and ax//-E71D). Both the ax!/]/-H68A and ux!/-E71A
alleles tarled to restore pheromone production and mating to an ax// ste23 double mutant, whereas

the more conservative substitution assoctated with ax//-£7/D complemented these mutant
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Figure 22. The putative active site of Axllp 1s required for its proteolytic activity.

AXL] constructs were made in which the first histidine of the putative active site was replaced
with an alanine (ax//-H68A: p162). and in which the first glutamate was replaced with an alanine
taxll-E71A: pl6l) or wilﬁ an aspartate (axl//-E71D; pl63). An in-frame hemagglutinin (HA)
epitope was also inserted between amino acids 854 and 855 of AXL/ in these constructs, and also
in pl51. containing wild-type AXL/. (A) Mating and a-factor assays were performed on an
axl]A::LEU?2 ste23A::LEU2 strain (Y231) transformed with empty vector, AXL/ (pl51), axi]-
H68A (pl162). axl]-E71A (pl61). anc‘i axll-E71D (pl63). (B) Expression of the mutant proteins
was analyzed by probing Weilem blots of protein extracted from the same transformants, with a
monoclonal antibody against the HA epitope. Protein from Y231 cells transformed with a plasmid
carrying an untagged AXL/ (p129). indicated as AXL/ (no tag), was also analyzed as a negative

control.
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phenotypes (Fig. 22A). The loss of function associated with ax//-H68A and ax//-E71A was not

due to reduced product expression or stability, because epitope-tagged versions of the altered

- -

proteins were detected at steady-state levels that were identical to those of the wild-type protein

(Fig. 22B).
Discussion

Mutants in AXL/ displayed a-specific mating defects and reduced a-factor secretion.
Genes that were known to be involved in pro-a-factor processing or secretion failed to rescue the
phenotypes associated with the original ste22-1 isolate, suggesting that the defective gene was
unknown. The mutated gene, AXL/, encodes a homologue of the pitrilysin family of
endopeptidases.

The pitrilysin farriily consists of two groups of proteins, the pitrilysin subfamily, of
which Axllp is a member, and the mitochondrial processing peptidase (MPP) subfamily.
Members of the MPP subfamily include a- and B-MPP subunits from several organisms (Braun
and Schmitz, 1995). These enzymes reside on the matrix side of the innér mitochondrial
membrane and cleave the amino-terminal mitochondrial targeting sequence from imported proteins
(Braun and Schmitz, 1995). Only the B-MPP subunits retain the conserved HXXEH(X),E motf
and are presumed to be the catalytic subunit, while the a-subunit has lost one or more of the zinc-
binding residues and is proposed to have an essential function in presenting signal peptic\ijs to the
B subunit (Braun and Schmitz. 1995). The MPP subfamily also includes the core proteins of
cytochrome ¢ reductase which have no proteolytic function as subunits of this enzyme but are
necessary for its function (Braun and Schmitz, 1995). Interestingly, some of these proteins have
dual roles as core proteins and as MPP proteins (Braun and Schmitz, 1995). |

Why are the core proteins of the respiratory chain related to proteases? It is possible that
the mitochondrial proteins in the pitrilysin family ev?lved from endosymbionts which contained
pitrilysin-like endopeptidases. These endosymbionts were derived from non-sulphur purple

bacteria. in the case of mitochondria. Bacteria have no core protein subunits in cytochrome ¢
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reductase (Braun and Schmitz, 1995). It has been proposed by Braun and Schmitz (1995) that a
pitrilysin-like protease evolved into an ancestral! MPP by association with the cytochrome ¢
reductase complex in the mitochondrial progenitors. This new function for the protease evolved
as many of the mitochondrial genes moved to the nucleus and, therefore, required transport of
their products back into the organelle.

Subsequently, a gene duplication of the protease resulted in an a-MPP and B-MPP
protease heterodimer that was specific for imported proteins. 'Eve.ntually, one of lhzese proteases,
the a-MPP subunit, lost one or more of the zinc ligands of the HXXEH(X)n,E motif, and the
proteases became indispensible for cytochfome ¢ reductase activity. The B-MPP/core 1, a-
MPP/core 1l combination corresponds to the situation found in the mitochondria of higher plants
(Braun and Schmitz, 1995). Further gene duplications gave rise first to separate core Il and a-
MPP genes, the arrangement found in Neurospora, and then separate 3-MPP and core I genes,
resulting in a core I/core Il complex and a separate B-M‘PP/a—MPP’ﬁeterodimer in the matrix
(Braun and Schmitz, 1995). The mitochondria of S. cerevisiae and mammals have this last
arrangement of proteins (Braun andVSchmilz, 1995). In support of this theory, the pitrilysin and
MPP subfamilies were calculated to have diverged approximately 3500 million years ago, at about
the time of the eukaryote/eubacterium divergence (Rawlings and Barrett, l>9?5). In contrast, the
insulysin and pitrilysin \proleins are estimated to have diverged only 1400 million years ago,
" suggesting that the eukaryotic members of this subfamily are derived frém endosymbionts rather
than bacteria (Rawlings and Barrett, 1995). |

Another member of the pitrlysin family is the chloroplast processing enzyme (CPE) from
peas (Vander Vere et al., 1995). CPE cleaves the amino-terminal signal peptides of chloroplast
proteins as they enter the stroma (Vander Vere et al., 1995). This enzyme doesn’t appear to be a
member of either the pitrilysin or MPP subfamilies. It is most relaledA In sequence to bacterial
enzymes and seems to show an equal degree of relatedness to the two subfamilies (Vander Vere et
" al., 1995). Moreover, its localization in chloroplasts is distinct from the other pitrilysin-like

proteases. This protease serves a role in chloroplast function analogous to that of the MPP
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proteins in mitochondrial function. Presumably, this enzyme evolved from a pitrilysin-like
protease that was-present in the cyanobacternial precursor to chloroplasts. CPE may be the first
example of a family of chloroplast proteases. '

Members of the pitrilysin subfamily include the aforementioned proteases and some
others, including three yeast homologues in addition to Axl1p (Fig. 19). Of these yeast proteins,
the product of the gene we have named STE23 shows the most homology to Axl1p (31% identity
over 293 amino acids in the amino-terminus). The similarity in sequence between all of the
pitrilysin-related prbleins resides in the amiqo—lenmnal part of the protein with an additional small
region of homology at the carboxy terminus (Fig. 19). Cells deleted for STE23 had no a-factor or
mating defects but the ax!/ ste23 double mutants were completely sterile and produced less
pheromone than the ax// mutants. Thus, our findings are consistent with the possibility that
Ste23p is responsible for the residual propheromone processing displayed by ax// mutants.

The similarity of Axllp and Ste23p to endopeptidases suggested that they might be
required for proteolytic processing of a-factor. We found that ax// mutants were defective for the
final proteolytic step in pro-a-factor maturation. This step involves the removal of the amino-
terminal extension remaining after the first seven residues are cleaved (Fig. 16 and Fig. 21ID).
Only the mature form of a-factor 1s efficiently secreted by Ste6p. therefore, the failure to remove
the amino-terminal extension results in the accumulation of the P2 form of pro-a-factor within the
cell. Hence, the sterility of ax/] cells largely resulted from a defect in P2 propheromone
processing and reduced sécrelion of mature a-factor. The axl// ste23 double mutants also
accumulated the P2 precursor. indicating that the two enzymes functionally overlap, executing the
same step in pro-a-factor maturation. Ste23p is likely to have a lower affinity for pro-a-factor
than Axl1p since increasing the levels of pro-a-factor with extra copies of MFA/! or RAM I (which
15 likely mutated and catalyzes a rate-limiting step 1n SY2625) resulted in increased a-factor
secretion in ax// null mutants.

The pitrilysin proteases have a conserved motif, HXXEH, that is essential for proteolytic

acuvity (Fig. 19). {This motf is an inversion of the HEXXH motif found in the bacterial
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endopeptidase thermolysin and, like the thermolysin motif, is presumed to constitute the active site

vof the pitrilysins. In thermolysin, the two histidines and a downstream glutamate coordinate a
zinc ion in the active site, while the glutamate of the motif polarizes a water molecule with the aid
of the zinc ion (Roques. 1993).

Each molecule of pitrilysin or hIDE binds one molecule of zinc, but when any of the
conserved histidines or the downstream glutamate are replaced with other residues the protein can
no longer bind zinc and loses its proteolytic activity (Becker and Roth, 1993; Gehm et al., 1993;
Perlman et al., 1993; Perlman and Rosner, 1994). Changing the glutamate of the HXXEH motif
also preyvents proteolysis, but has no effect on zinc-binding (Gehm et al., 1993; Perlman et al.,
1993; Perlman and Rosner, 1994). In addition, it was shown that the mutant hIDE proteins were
~ still able to bind their substrate, insulin, i.:dicating that these conserved residues are not involved
in substrate recognition (Perlman et al., 1993). |

Mutants of Axllp in whiCH the conserved residues, histidine-68 or glutamate-71, were
replaced with alanine were unable to complement the mating and pheromone defects of ax// ste23
cells; however, the muiant AxlIp containing the conservative change of aspartate in place of
glutatmate-71 was able to function in pro-a-factor processing. These results show that the
conserved HXXEH motif of AxI1p is important for proteolysis and is consistent with thé proposal
that this mouf forms part of the péotease active site.

The physiological substrates of the pitrilysin-like proteins are unknown. In vivo, hIDE is
implicated in the degradauon of intracellular insulivn; however, the broad range of tissues in which
hIDE is present and substrates which can be cleaved by hIDE suggests that this protease has other
functions (Akiyama et al.. 1988: Rosner, [990: Fagan and Waxman, 1991; Muller et al., 1991).
For example. hIDE has a high affinity for and degrades atrial natriuretic peptide (ANP), a
hormone implicated in nitric oxide regulation of vasodilation (Muller et al., 1991). There is
evidence that hIDE might also degrade the signal sequence of peroxisomal proteins (Authier et al.,
1995). This latter function 1s consistent with localization of hIDE within peroxisomes (Authier et

al.. 1994; Kuo et al.. 1994). The human, rat and Drosophila 1DEs all contain a carboxy-terminal
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consensus sequence for peroxisomal targeting, A/S-K-L, suggesting that they may all have similar
functions in the cell. However, insulin does not enter peroxisomes and most of the cellular hIDE
is found in the cytoplasm (Al;jyama etal., 1988; Kuo et al., 1994). It has been proposed that the
insulin-degrading activity of hIDE requires only the cytoplasmic form and that the location of the
protease is regulated (Kuo et al., 1994). Accordingly, mutation of the.peroxisomal targeting
sequence of hIDE prevents peroxisomal localization but has no effect on insulin degradation (V.
Chesneau, R. Perlman, W. Li, G.-A. Keller and M. Rosner, personal communication). )

Another endopeptidase in the pitrilysin subfamily is rat N-arginine dibasic convertase
(NRDC). This protein 1s fo(und in high abundance in the testes, and has been shown to cleave
several hormone precursors (particularly somatostatin) at physiologically relevant sites - on the
amino-terminal side of an arginine that is part of a doublet of basic residues (Pierotti et al., 1994).
In addition, NRDC has a signal sequence for transport into the ER and. presumably, i1s a lumenal
protein since it has no transmembrane domain (Pierotti et al., 1994). These observauons suggest
that NRDC is a prohormone convertase in the secretory pathway.

Our findings imply that the proteolytic activity of Axl1p is required for the final step in a-
factor maturation. The genes encoding the CaaX-box protease, Rcelp, and the amino-terminal
protease that removes ;he first seven residues, Ste24p. have both recently been isolated
(Boyartchuk et al., 1997 Fujimura-Kamada et al., 1997). Molecular identities have now been
assigned to all of the enzymatic activities known to be involved in pro-a-factor processing (Fig.
23). Ste24p is a metalloprotease containing a thermolysin-like HEXXH(X),E active site motif
(Fujimura-Kamada et al., 1997). Interestingly, STE24 mutants accumulate the P1 form of pro-a-
factor. indicating that Axllp is unable to cleave pro-a-factor with a complete amino-terminal
extension (Fujimura-Kamada et al., 1997). It 1s puzzling why yeast evolved the necessity for two
sequential clips of the pro-a-factor amino-terminal extension. Ste24p is present in all cell types
(Fujimura-Kamada et al., 1997) and Axl1p is expressed in MATa and MATa cells (Fujita et al.,

1994 see Chapter 5) suggesting that these proteases are involved in other processes as well as a-

factor processing. Perhaps these proteins act together in the proteolysis of other substrates, and
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Figure 23. All of the proteins necessary for a-factor nlatura;ion and secretion are now known.

Until recently, none of the proteases involved in processing of the a-factor precursor had been
assigned to genes. However, it is now known that the CaaX-box protease is encoded by RCE/.
and amino-terminal processing is accomplished, sequentially, by the products of the STE2+ and
AXLI genes. .Each step of a-factor maturation requires completion of the previous step, with the
exception that Ste24p and Axllp can cleave unmethylated propheromone (although Ste6p is

unable to transport this form of a-factor).
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this sequential processing permits tighter regulation of these events. It is interesting that

pro;eolylic processing of mitochondrial targeting signals also occurs 1n two sequential steps,

catalyzed by MPP and mitochondnal intermediate peptidase (MIP) (Rawlings and Barrett, 1995).
Rcelp and Ste24p, as well as the carboxymethyltransferase, Ste14p, are predicted to be

membrane proteins and these proteins all process a farnesylated and membrane-bound form of

pro-a-factor to generate mature pheromone for secretion; therefore, we suggest that Axl1p may.

also localize to the cytoplasmic surface of membranes. To do so, Axl1p would likely need to
associate with a membrane protein since it has no apparent transmembrane or membrane targeting
domains. It 1s possible that Axllp associates with the a-factor transporter Ste6p. Complexes of
proteases and transporters for their substrates or products would permit direct exchange of the
moleéule and would increase the efficiency of transport. An extreme example of association
between a protease and transporter is found in a Dicrvostelium ABC lran&rter, tagB/tagC, which
contains serine protease domains (Shaulsky et al., 1995). This direct coupling of proteolysis and
transport probably confers a high degree of specificity on the protease and transporter so that both
domains récognize only proteins on which the other domain can act.

The processing and secretion of a-factor involves many highly conserved proteins that are
of biological significance. CaaX-box processing is of great interest to researchers studying signal
transduction and cancer. Farnesyltransferase inhibitors have been stﬁdied as potential
chemotherapeutic agents (Gibbs et al., 1994), and perhaps inhibitors of CaaX-box proteases will
follow suit. Moreover, secretion of a-factor may utilize mechanisms similar to other proteins,
such as interleykin-la (IL-1a), IL-1P, fibroblast growth factor-1 (FGF-1), and FGF-2, that are
sebcreted through a non-classical pathway (Howard et al., 1991; Kuchler and Thorner, 1992;
Rubartelli et al., 1992; Forough et al., 1993; Rubartelli et al., 1993; Higgins et al., 1994).
Finally, the role of Axllp in pro-a-factor maturation supports the notion that some insulinase

homologues, such as NRDC, function as eukaryotic propeptide convertases.
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CHAPTER 5
You Separate Him From His Mummy and Make Him Bud Off

Introduction

Budding in yeast requires highly polarized cell surface growth directed to the bud.
Growth is mediated by the actin cytoskeleton, which serves as tracks for vesicular*and organellar
movement (Mills et al., 1994; Welch et al., 1994; Govindan and Novick, 1995). In particular,
actin directs the movement of secretory vesicles carrying cargoes of plasma membrane and cell
wall consituents (Mills et al., 1994; Welch et al., 1994; Govindan and Novick, 1995). Mutations
in ACT! (encoding the only actin in yeast) and many genes whose products regulate or forin actin
structures often result in mislocalized actin structures and growth defects (Adams et al., 1989;
Amatruda et al., 1992; Liu and Bretscher, 1992; Adams et al., 1993; Amberg et al., 1995; Drees
et al., 1995; Govindan et al., 1995; Munn et al., 1995). Actin structures in yeast consist of long
bundles of filaments called “cables’ and short filaments of actin clustered in cortical patches
(Mulholland et al., 1994; Welch et al., 1994). Both of these structures are necessary for efficient
secretion and endocytosis (Liu and Bretscher, 1992; Cid et al., 1995). Actin structures are by no
means static and cortical patches are especially dynamic and display high rates of movement
(Doyle and Botstein, 1996; Waddle et al., 1996). This movement is thought to evenly distribute
the incorporali%f membrane and wall components (Doyle and Botstein, 1996; Waddle et al.,
1996). Despite the dynamic nature of patches, they and actin cables are constrained in their
localization to regions of cell growth in a cell-cycle regulated manner (Doyle and Botstein, 1996;
Waddle et al., 1996).

During the G)-S transition, actin patches and growth are restricted to a small area on the
surface of the mother cell at the presumptive bud site and continue to be polarized to the apex of

the growing bud throughout S phase (Adams and Pringle, 1984; Kilmartin and Adams, 1984;
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Ford and Pringle, 1991). Apical growth is promoted by the G cyclins Clnlp and Cln2p (Adams
and Pringle, 1984; Kilmartin and Adams, 1984; Ford and Pringle, 1991).

At M phase, actin structures are depolarized and growth becomes uniform in both cells in
what is termed "isotropic growth” (Adams and Pringle, 1984; Kilmartin and Adams, 1984; Ford
and Pringle, 1991; Lew and Reed, 1995). The apical-isotropic switch is mediated by the Clblp
and Clb2p cyclins (Adams and Pringle, 1984; Kilmartin and Adams, 1984; Ford and Pringle,
1991; Lew and Reed. 1995). This switch is delayed during starvation and pseudohyphal growth,
resulting in prolonged apiéal growth and elongated cells (Lew and Reed, 1995). Overexpression
of the Clnlp or Cln2p cyclins similarly leads to hyperpolarized cell growth. Accordingly, grr/
mutants, which accumulate Cln2p, are constitutively pseudohyphal (Barral et al.. 1995).
Pseudohyphal cells have a longer G2 phase, permitting growth of the bud until it reaches the same
size as the mother (Kron et al., 1994). In this manner pseudohyphal cells undergo synchronous
budding cycles since both daughter and mother cells can enter S phase immediately upon
cytokinesis (Kron et al., 1994).

During cytokinesis, growth is redirected to the mother-bud neck from both cells (Adams
and Pringle, 1984; Ford and Pringle, 1991; Kilmartin and Adams, 1984; Lew and Reed, 1995}-
This change 1s brought about through the destruction of Clblp and Clb2p resulting in inactivation
of Cdc28p (Lew and Reed, 1995). At this time, chitin is layed down in a ring around the mother-
bud neck on the mother cell and a layer is deposited in the primary septum separating the two cells
(Cid et al., 1995). Cell wall material is then layed down by the mother and daughter on both sides
of the primary septum and separation of the cells occurs by degradation of the chitin in the primary
septum (Cid et al., 1995). The mother bud retains a bud scar with the chitin ring, while the
daughter bud has a birth scar devoid of chitin (Cid et al., 1995). Upon separation, the mother cell
1s able to almost immediately commence another cycle of budding, but the smaller daughter cell
must first undergo further isotropic growth in G before becoming large enough to enter S phase

(Kron et al., 1994).
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Yeast cells do not bud in random locations ‘on the cell surface. Instead they have distiﬁ‘ct ‘
patterns of bud site selection that are determined by the cell type and nutritional state of the cells.
Haploid cells bud in an axial pattern, in which buds form at a site immediately adjacent to thelsite
of the last bud (Chant, 1996; Chant and Pringle, 1991). Diploid cells bud at one or the other pole(
of the long axis #n a bipolar pallgm (Chant and Pringle, 1991; Chant, 1996; Zahner et a!., l 996).,,
These patterns are not regulated by ploidy bL;[ are genelically determined (Chant and Pringle. -
1991; Chant, 1996). g "

. ‘Q . . .
Much progress has been made in recent years on determining how budding and bud site

selection are regulated. Many genes have been uncovered in screens for mutants that.bud in
abnormal patterns. Mutations in several genes lead to random bud‘ site selection bol-hvin diploids
and in haploids, indicating that thé two patlems'uiil{ze some common components. These genes,
referred to as general bud site selection genes, are RSR/ (also known as BUDI), BUDZ2, and

BUDS (Table 11; Chant et al., 1991; Chant and Herskowitz, 1991).

It turns out that these genes encode progeins of a small GTPase cycle. Rsrlp is a small

.

GTPase related to Ras-(liuggieri et al., 1992). Small GTPases act as molecular switches, and are
active or “on” when in the GTP-bound state and are “off” when the GTP is hydrolyzed to GDP
(Hall, 1992). Smull GTPases llmve a low intrinsic GTPase activity and require c_ofuétors called
GTPuse activating proterns (G?\Ps) to efficiently stimulate hydrolysis of GTP and effectively
inactivate the GTPase (Hall, 1993). Proteins called guanine nucleotide exchange factors (GEFs)
help exchange GDP bound to the GTPase for GTP, thus stimulating the GTPase . A third class
-of proteins, guanine nucleoti’dpe exchange inhibitors (GDIs), bind to the GDP-bound GTPdse and
prevents its activation and possibly also inhibits membrane localizaiion (Hall, 1993; Ridley,
1995). Bud2p is a GAP while BudSp is a GEF for Rsrlp (Chant et al., 1991; Chant and
Her'skqwitz, 1991; Chant and Stowers, 1995).
The function of Rsrlp in bud site selection requires cycling between its active GTP-bound
state and its inactive GDP-bound form. Mutants of either BUD2 &or BUDS have the same random-

budding phenotype as rsr/ mutants (Chant and Herskowitz, 1991). Furthermore. mutant
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versions of Rsrlp that are unable to hydvrolyze GTP (and are therefore constitutively active) or are
unable to exchange bound GDP for GTP (and remain tnactive) also lead to random bud site
selection (Chant and Pringle, 1991; Chant and Stowers, 1995).

Another set of genes 1s responsible for polarity establishment in yeast (Table 11).
Mutayons in CDC24, CDCH2, BEM[ and BEM3 prevent budding and cause musdirected growth
throughout the cell, resul[ing‘in large round cells (Adams et al., 1990: Chenevert et al., 1992;
Chenevert et al.. 1994: Peterson et al.. 1994; Zheng et al.. 1994). Despite the presence of a cell
cycle checkpoint that delays mitosis 1n the absence of bud formation. these mutants are unable to
build a bud so that most cells 1in a population are multinucleate (Lew and Reed. 1995). The
products of CDC24,. CDCH2. BEM ! and BEM3 are required to polarize the actin cytoskeleton
and. thus. restrict growth to defined regions of the cell surtace. Cdc24p. Cdc42p and Bem3Ap are
consituents of another small GTPase cycle. Cdc42p is a member of the Rho/Rac subfam}ly of
GTPases imphicated 1n regulation of the actin cytoskeleton in all organisms in which they h.uve
been studied (Hall, 1993). This protein 1s necessary tor actin polymerization in permeabilized
veast cells (Lret al.. 1995). Cde24p s the GEF and Bem3p 1s a GAP for Cdc42p (Chant and
Stowers, 1995). Again. cyching of the GTPase between the GTP-bound and GDP-bound states 1s
important for GTPase function. since null mutations of CDC24 or BEM 3 and activated mutants
of CDC42 all produce the same lethal polanty defect (Chant and Stowers, 1995).

Components of the general bud site selection GTPase cycle interact with the polarity
establishment proteins. RSR/{ was onginally 1solated as a multicopy suppressor of a temperature-
sensitive cde24 mutation (Bender and Pringle. 1989). Moreover. the GTP-bound form of Rsrlp
physically interacts with Cde24p in vivo and in virro (Zheng et al., 1994; Zheng et al., 1995);
however. Rsrlp-GTP does not stimulate the in virro GEF activity of Cdc24p for Cdc42p (Zheng
etal.. 1994: Zheng et al.. 1995). Both Rsrlp and Cdc24p localize throughout the surface of cells,
while Cded2p localizes 1o sites of polanzed growth (the incipient bud. the bud tip, and the bud
neck at c_\'lokm-esis) {Chant and Stowers. 1995). Bud2p apparently localizes to bud sites (cited in

Park et al.. 1997). while the cellular location of BudSp is not known at present. These data
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Table 11. Genes involved in budding.

Genes Gene Product Mutant Phenotypes
Septins

CD(C3.CDC10, 10 nm filament ring proteins Bipolar budding in haploids
CDCI1,CDCI2 GTP-binding domain Cytokinesis defects

Axial bud-site
selection genes
BUD3

BUD4

AXLI

AXL2

Genes affecting
axial budding
MYO!

HKR!

RGAI

TPM?2

General bud-site
selection genes
RSRI\BUDI)
BUD?

BUD>

Polarity
establishment
genes

CDC42

CDC2H

BEM |
BEM?

MYo?2

unknown
GTP-binding domain
a-factor protease

Type | membrane glycoprotein

Class II myosin

Type | membrane glycoprotein

GAP for Cdc42p
Tropomyosin

Ras-related protein
GAP for Rsrlp

GEF for Rsrlp

Rho/Rac GTPase

GEF for Cdc42p

Two SH3 domains

GAP for Rholp

Class V myosin

continued on next page

Bipolar budding in haploids

Bipolar budding in haploids

Overexpression causes bipolar
budding in haploids

Random budding in all cell types
Random budding in all cell types,
bud?2-21 allele randomizes budding in
diploids only

Random budding in all cell types,
Bud5-4 allele randomizes budding in
diploids only

Round, multinucleate cells that are
unable to bud. Overexpression
randomizes bud site selection
Round, myltinucleate cells that are
unable to bud, cdc24-3 and cdc-24-4
alleles bud randomly at permissive
temperature

Round, multinucleate cells that are
unable to bud

At restrictive temperature round,
multinucleate cells that are unable to bud
Random budding at permissive
temperature

Round, multinucleate cells that are
unable to bud.




Table 11 (cont’d).

Proteins involved in budding.

Genes

Gene Product Mutant Phenotypes

Bipolar bud-site
selection genes
ACT!
SPA2
RVSI61.RVS167

FENI. SURI

SEC3
SECY
SECY

BNII |
PEA2. BUDS.
BUD7
BUDS
BUDY

Adapted from Roemer et al. (1996)

Actin

Coiled-coil domain
Homologues, SH3 domain in
RVSI61

Homologues involved in
ergosterol biosynthesis,
mutations 1n either can suppress
RVSI16] and RVS]67 mutants
Required for secretion,
exocyst complex component
Required for secretion,

Rab GTPase

Required for secretion,

SNAP protein

Formin homologue

Unknown
Unknown Proximal budding
Unknown Distal budding

Random budding in diploids




suggest a model for selection of bud sites in which the bud site selection machinery interacts with
cellular cues to localize and possibly activate Cdc42p at the incipient bud site, resulting in
polarization of the actin cytoskeleton and cell growth. Since Rsrlp is present throughout cells it is
likely activated at the bud site, possibly through localization and/or activation of Bud2p and
BudSp. Rsrlp-GTP could then recruit Cdc24p which, in turn, could recruit or activate Cdc42p at
the bud site. Overexpression of either CDC42 or CDC24 leads to random bud site selection in all
cell types, as do null mutations in the general site selection genes (Bender and Pringle, 1989).
Thus, random bud site selection could be a result of delocalized Cdc42p, a consequence of both
situations. What cue(s) Cdc42p then uses to polarize growth is unknown. Mutations in BUD?2
have been demonstrated to be synthetically lethal with ¢/n/ ¢in2 double mutations (Chant, 1996).
This lethality may reflect a role for Gy cyclins in activation of Cdc42p at random sites during
random budding. Presumably. random bud site selection induced by overproduction of Cdc24p
or Cdc42p in cinl ¢In2 mutants would also be lethal. The Rho proteins (Rholp, Rho2p, Rho3p
and Rho4p) are required for maintenance of bud growth and are possibly downstream effectors
for Cdc42p (Cid et al., 1995). Rholp in particular has been shown to directly regulate both
Pkclp. a protein kinase required for bud growth and maintenance. and Fkslp, the catalytic
subunit of B(1.6)-glucan synthase (Nonaka et al., 1995: Drgonova et al., 1996; Qadota et al.,
1996).

The cortical cues that direct bud site selection are currently the subject of much interest.
The axial budding pattern suggests that the previous bud site is a template for building a new bud.
A group of proteins called septins, and associated proteins are components of this cytokinesis tag
(Chant. 1996 Longtine et al.. 1996). The septins, Cdc3p, Cdc10p, Cdcl lp and Cdcl2p, are the
initial axial cue and are assembled into a ring on the cell surface at the incipient bud site before bud
emergence (Chant, 1996: Longtine et al.. 1996). Bud growth is confined within the septin ring so
that this ring eventually circles the neck between mother and bud (Chant, 1996; Longtine et al.,
1996). Electron microscopy (EM) of sections through the bud neck reveals multiple rings

composed of 10 nm filaments that encircle the neck just below the plasma membrane (Longtine et
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al., 1996). Immunofluorescent, immunoEM, and studies with septin mutants indicate that these
filaments are likely composed of the septins (Longtine et al.. 1996). Moreover, Drosophila
homologues of the yeast septins are able to form filaments in vitro (Field et al., 1996). During
mitosis, the septin ring splits in two and is divided into the mother and daughter cells at
cytokinesis (Chant, 1996). These rings persist for most of G| and then disappear at late G about
the time that a new ring assembles immediately adjacent to the old ring at the next bud site (Chant,
1996).

G cyclins play an early role in establishing bud sites through the septins. c¢dc/2
mutations, like bud2 mutations, are lethal in’cin/ ¢/n2 mutants. Septin mutants also exhibit
synthetic lethality amongst themselves, indicating that they play a crucial role in budding
(Longtine et al., 1996). Temperature-sensitive mutations in septin genes result in loss of all four
septins from the bud neck and prevent cytokinesis leading to cell death at the restrictive
temperatures (Chant, 1996: Longtine et al., 1996). These defects implicate septins in cytokinests,
and septins from other organisms seem to play similar roles during cytokinesis. The Drosophila
homologue Pnut 1s required for cytokinesis and it and another homologue, Sepl, both localize to
cleavage turrows during normal cytokinesis and during cellularization of the syncitial blastoderm
(Neufeld and Rubin. 1994: Fares et al., 1995). Despite their filamentous structure. the yeast
septins are n0£ part of a contractile apparatus since the rings do not decrease in size at any time
(Longtine et al., 1996). )

The neck filaments could conceivably act as a framework for the cytokinesis apparatus.
They may do so by directing actin to the bud neck. since the repolarization of actin cable and
patches towards the neck at cytokinesis 1s perturbed in septin mutants (Longtine et al., 1996).
Unfortunately. 1t is not known if any of this actin serves a contractile function analogous to
cytokinesis in animal cells. Mutants in MYO/ (encoding the only conventional class Il myosin in
yeast) have defects in cytokinesis, but this phenotype can be attributed to defects in cell separation
since these mutants fail to deposit chitin in the primary septum in a manner similar to chs2 (chitin

synthase 1I) mutants (Longtine et al., 1996). Therefore. Myolp may be involved in delivery of
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secretory vesicles containing Chs2p to the bud neck. Al Bat_g\;gy actin and Myolp may,

indeed, form a contractile apparatus and the cell divigon that does occur along with aberrant

% : . s
- %&ptum structure may result from the accumulation of cell wall matenal directed to the mother bud

neck and consequent constriction of the neck (Longtine et al., 1996).

Since yeast (unlike animal cells) have a cell wall, it is possible that there is no need for
contractile actin in the bud neck and that cytokinesis is normally accomplished by directing cell
wall and plasma membrane deposition to the neck region as I just described. Therefore, the role
of the septins would be to serve as an initial target for this polariz°6d secretion. Consistent with
this interpretation, septin mutants have elongated buds due to hyperpolarization of actin to the bud
tip (Longtine et al., 1996). Moreover, buds normally have very little chitin in their walls until
cytokinesis occurs, but septin mutants mislocalize chitin diffusely throughout the lateral wall of
the bud (Longtine et al.. 1996). | These observalzi})ns indicate that the septin mutants do not
properly undergo the apical/isotropic switch in growlh or repolarize the actin cytoskeleton to the
bud neck.

- , .

In addition to cytokinesis defects, septin mutants have altered budding patterns. Haploid
mutants bud in the bipolar pattern instead of the normal axial pattern, but the budding pattern in
diploid cells is unaffected (Longtine et al.. 1996). Along with the persistence of neck filament
localization until just before the formation of a new septin ring and bud site right next to the old
site, this observation suggests that the neck filaments act as a template for the construction of a
new bud (Chant, 1996: Longtine et al., 1996). Further support for this “cytokinesis tag™ model
for axial budding comes from work on two more bud mutants, bud3 and bud4. Both of these
mutants are specifically defective for axial bud site selection and haploids bud in the bipolar
pattern (Chant et al., 1995: Sanders and Herskowitz, 1996). Both proteins also localize as single
rings to the m(;lher-bud neck during mitosis, split inl(; two rings during cytokinesis, and finally
disappear at the same time as do the neck filaments (Chant et al., 1995; Sanders and Herskgwilz,
1996). Moreover. localization of Bud3p and Bud4p is dependent on the septins (Chant et al.,

1995; Sanders and Herskowitz, 1996).



The septins, Bud3p and Bud4p act together as a cortical cue for the general bud site
complex. This cue is short lived, as indicated by several experimental observations. Treatment of
cells with low levels of pheromone results in the selection of bipolar bud sites (Chant et al., 1995;
Sanders and Herskowitz, 1996; Dorér et al,, 1997). Similarly, starving haploid cells choose
bipolar positions for budding aﬁd resume axial budding at one of the poles once nutrients are
reintroduced into the cultures (Cid et al., 1995). Both of these treatments lead to a delay in the
G -S transition of the cell cycle and the loss of Bud3p (and possibly also Bud4p) (Chant et al.,
1995; Sanders and Herskowitz, 1996). The existence of mutants that .specifically affect axial
budding indicates that axial site selection employs a different set of proteins than does bipolar site
selection. Furthermore, the bipolar cortical cue$ are present even in haploid cells but the axial
cues normally override these more persistent markers.

It seems that the bud neck filaments have a conserved role in cytokinesis and budding
yeast have evolved a mechanism for bud site selection based on this role. How this cytokinesis
tag interacts with the general bud site selection and polarity establishment proteins is still not
understood and remains the focus of much research. Also, all of the proteins I have discussed are
expressed in diploid as well as haploid cells (Chant et al., 1995: Longtine et al.. 1996; Sanders
and Herskowitz, 1996). The question remains of how haploids choose to use the axial bud site
components while diploid cells do not. Here I discuss the role of Axllp in determining the

haploid pattern of bud site selection.

Material and Methods

Strains, Media and Microbiological Techniques

Yeast strains used are listed in Table 12. The genetic techniques and media used are as
described in Rose et al. (1990) and Guthrie and Fink (1991). All strains were generated as
outlined in Chapter 4 using strains Y212 (MATa) and Y214 (MATa). Y212 was tranformed with

Msc [-cut pl53 to create Y234 (MATa ste23A-:LEU2). Y293 (MATa axl]A::LEU2) was made by
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Table 12. Strain List¥or Chapter S.

g’

~Strain Genotype Source

SY2625 MATa barlA his3::FUSI-HIS3 mfu2A::FUSI-lucZ C. Boone
ura3-1 leu2-3,-112 trpl-1 ade2-1 canl-100

W3031A MATa ura3-1 leu2-3.-112 his3-11,-15 trpl-1 ade2-1 J. Hersch
canl-100 /

W3031B MATo ura3-1 leu2-3.-112 his3-11,-15 trpl-1 ade2-1 J. Hersch
canl-100

Y179 MATa/MATa ura3-1/ura3-1 leu2-3,-112/leu2-3,-112 K. Blundell

’ his3-11,-15/his3-11,-15 trpl-1/trpl-1 ade2-1/ade2-1 -

canl-100/canl-100

Y212 MATa leu2 ura3 trp{ canl his4-519 G. Sprague

Y214 MATa lew2 ura3 trpl canl his4-519 N. Adames

Y175 MATa axllA::LEU2 leu2 ura3 trpl canl his4-519 K. Blundell

Y293 MATa axllA::LEU2 leu2 ura3 trpl canl his4-519 N. Adames

~ Y234 MATa ste23A::LEU2 leu2 ura3 trpl canl his4-519 C. Boone

Y272 MATa axllA::LEU2 ste23A::LEU2 leu2 ura3 trpl C. Boone
canl his4-519

Y274 MATa LYS2::lexAop-HIS3 URA3::lexAop-lucZ A. Bender
ade2 trpi leu2 GAL4 gal80

Y704 MATa LexA-LEU2 ura3::URA3-lexAop-LacZ K. Blundell

barAl his3 trpl ura3-52 leu2 GAL+

-



Table 13. Plasmid List for Chapter 5.

Plasmid Construction Source
pl20 AXLI-lacZ in pVTI105U (2u URA3) K. Blundell
pl5l AXLI-HA in YEp352 (2u URA3) C. Boone\
pl62 axl1(H68A)-HA in YEp352 (2u URA3) C. Boone
pl6l axll(E71A)-HA in YEp352 (2u URAS) C. Boone
pl63 axl1(E71D)-HA in YEp352 (2u URA3) C. Boone
pl53 ste23A::LEU2 in pUCI9 C. Boone
pll4 axllA::LEU2 in pUC19 K. Blundell
p479 BUDS in pPBTMI16NLS J. Brown
pl129 BNRI (297-789) in pJG4-5 S. Ritchie
pl063 AXLI in pGAD424 N. Adames
p681 AXLI(codons 1-416) in pGAD424 N. Adames

422 AXL](codons 378-1208) in pGAD424 N. Adames
pl064 AXL! in pEG202 N. Adames
p864 AXLI-HA in pEG202" N. Adames
p6!l AXLI(codons 1-206) in pEG202 N. Adames
p719 AXLI(codons 1-416) in pEG202 N. Adames
p898 AXLI(codons 378-1208) in pEG202 N. Adames




transforming Y214 with Sal I-cut pl14. Bud scars were stained for observation as described
(Pringle, 1991). Briefly, cells were grown overnight at 30° C so that the density reached an
0.D.gpo ~1.0 to ensure that most cells had budded multiple times.‘ Cells were washed once in
water and resuspended in an equal volume of water. 1 ml was removed and pelleted, resuspended
in 100 pl of calcofluor (1 mg/ml) and allowed te sit for S min. The cell suspension was washed in
water three times and allowed to sit for 30 min. The cells were washed once more, vortexed, and
observed for fluorescence using an Olympus model 2H microscope with an ultraviolet filter set.

The microcolony assay for bud site selection was used as described (Chant and
Herskowitz, 1991). In this assay, single cells are allowed to grow on solid media for
approximately two generations. At this time, microscopic analysis of microcolonies containing
four cells should reveal several different arrangements of cells.” Cells which are using the bipolar
pattern of budding will form either a line of four cells or a line of three cells with a bud branching
otf of the mother cell at one end. Cells which are using axial sites will produce clusters of four
cells. The parent strain used in the mutant search, SY2625, buds randomly. Therefore, to
examine bud site selection we constructed strains derived from strain EG123. These derivatives
were constructed using s(andard genetic or m9lecular methods. Gene deletions were confirmed
by PCR analysis. /

For two-hybrid experiments (Phizicky and Fields, 1995) DNA-binding domain fusion
constructs were cotransformed with activation domain fusion plasmids into either Y704 for

N

¥
pEG202 and pJG4-5 constructs, or into Y274 for pPBTM116- and pGAD424-derived plasmids.
Plasmids

Plasmids used in this chapter are listed in Table 13. The lucZ reporter construct, p120,
was constructed by inséning a 3.0 kb lacZ fragment at the Bam HI site of the genomic fragment of
AXL! in p79. This construct was then inserted into pVT 105 digested with Hind III-Xho I. To
construct two-hybrid' plasmids containing AXL/ fused with either the GAL4 transcriptional

activation domain or fused to the lexA DNA binding domain, a Bgl II site was introduced into the
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promoter just before the start codon by PCR of nucleotides 1-2713 using the primers 5'-
GTGGCGGGGCAGATCTTAGTTAAATGTC-CTTGAGAGAAGTA-3’ and
5'"CACCAATAGCGAATTCTGAG-3". The product was ligated into the Bgl 1I-EcoR 1 site of
pSP72 (Promega) containing the EcoR I-Xhol carboxy-terminal fragment of AXL/ either from
p79 (no HA tag) or from p151 (HA-tagged).

The Bgl I1I-Xhol fragment encoding the entire AXL/ ORF was then cloned into the BamH
[-Xhol site of pGAD424 (Chien et al., 1991) in which the Pst I site was replaced with Xho I to
create pl063 (no tag), or cloned into the BamH I-Xho I site of pEG202 (Phizicky and Fields.
1995) to create pl064 (no tag) or p864 (tagged). Two fragments encoding amino-terminal
portions of AXL] were also introduced into these vectors. A 1.2-kb Bgl II-SnaB [ fragment
encoding amino acids 1-416 was inserted in the BamH I-Pst [ sites of pPGAD424 and pEG202 to
create p681 and p719, respectively. A 0.6-kb Bgl II-Not I fragment-(the Not I replaced the Sst
site) encoding residues 1-206 was inserted into the BamH I-Not I sites of pEG202 to make p611.
The carboxy-terminal halt of AXL) was cloned into the EcoR I-Xho I site of pGAD424 (p422)
and pEG202 (p898) as a 2.8-kb EcoR I-Xho I fragment. Constructs coAnlaining full length Axllp
were tested for their ability to complement the a-factor defect of ax// mutants. The other
constructs were sequenced to ensure that the fusion proteins were in-frame. pBTMII6NLS
(Chien et al., 1991) containing the DNA-binding domain fusion with BudSp (p479) was a gift
from J. Brown. The BNR/ fusion with the GAL+ activation domain (pl129) was obtained by S.

Ritchie from a two hybrid library in pJG4-5 (Gyuris et al., 1993).
B-Galactosidase Assays

To assay induction of lacZ from the AXL/.promoter, cells carrying p120 were grown to
0.D.gpo ~0.5 in synthetic medium lacking uracil and harvested for B-galactosidase assays as
described previously (Hagen et al., 1991). Assays were also performed to measure
transcriptional induction in two hybrid experiments (Phizicky and Fields. 1995). These were

done in tnplicate and the data shown are the averages of three independent experiments.
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Results

AXL! Expression is Haploid-specific

Haploid MATa and MATa cells, as well as diploid cells containing p120 were examined
for expression of lacZ from the AXL! promoter. Haploid cells were also exposed to pheromone
to test for p\Qeromone-inducibility of AXL!. The results are shown in Table 14. AXL/ promoter

activity was restricted to haploid cells and was ~2-fold inducible by pheromone in both haploid

cell types.
The Proteolvtic Active Site is Not Required for Axial Budding

Fujita et al. (1994) previously reported the isolation of AXL/ as a gene involved in axial
budding. We deleted AXL/ in the EG123 background and confirmed the defect in axial budding
(Fig. 24A). The AXL/ active site mutants were tested for their ability to rescue the axial budding
defect of ax// mutants. Surprisingly, all of the active site mutants (including those on a CEN
plasmid; data not shown) were competent for axial btd-site selection despite the finding that the
axl1(H68A) and ax![(E71A) rﬁulanls were defective for proteolysis of a-factor (Fig. 24B; and

Chapter 4).
Axllp Interacts with Bud5p and Bnrlp in Two Hyvbrid Assays

To determine what proteins Axllp interacts with to effect axial budding, [ tested a series of
two hybrid fusion proteins against fusions of AxI1p to either the activation domain of Gal4p or the
DNA-binding domain of /exA. Since Axlfp 1s involved in bud site selection, I tested for
interactions with proteins known to affect budding. I found that AxI1p interacted with full length
BudSp., the GEF for Rsrlp (Table 15). This interaction was strongest with full length Ax11p but

both the carboxy- and amino-terminal halves weakly interacted.

131



Table 14. Cell type and pheromone-inducible expression of AXL/.

lacZ expression*

Pheromoned

Strain4

MATa - 158 +0.8
MATa - 104 +0.5
MATa/a - 06+04
MATa + 405+ 1.3
MATa + 20.1 + 0.8

a  Co-isogenic strains W3031A (MATa), W3031B (MATo), and Y179 (MATa/MATo) carrying
p120 (AXLI-lucZ)

b Cells were grown to 0.D.ggp ~0.5 and then exposed to pheromone or an equal volume of
liquid medium. Pheromone induction was achieved by the addition of a-factor (100 ng/ml
final volume) to MATa cells or a-factor (1pg/ml final volume) to MATa cells for one hour.

¢ [-galactosidase activity was determined as described previously (Hagen et al., 1991). Values
shown are in Miller units with standard deviations. The results shown are the averages of

three independent experiments performed in triplicate.



Figure 24. Proteolytic activity of Axllp 1s not required for axial bud site selection.

(A) Bud scar staining patterns of haplotd wild-type (Y212) and ax// A LEU2 (Y 175) cells. Cells
were stained with calcofluor white and observed under uv light to visualize bud scars which are
preterentially stained due to their high chitin content. (B) Maung and microcolony budding assays
were performed on ax// A LEU2 s1e233::LEU2 (Y272) cells transtormed with vector, AXL/
(pl15D). axll-H68A (p162). axl]-E71A (pl61). axlI-E71D (pl63). Microcolonies containing
tour celis were scored as axial, bipolar or random according to the pattern of cells 1n the colony.
Axial budding gives rise to tour cells clustered together so that they are all 1n contact with each
other. Bipolar budding produces four cells arranged linearly or three cells in a row with one cell
branched out. Randomly budding cells produces none of these arrangements. 600 colonies were
scored in three independent trials and the results were expressed as percentages of the total

number of scored colonies.




A Wild-Typé axl14::LEU2

B Bud site selection (%)
Mating a-factor  Axial Bipolar Random

Vector 35 62 3

ax/1-E71A %2 7 1




Table 15. Bud5p and'Bnrlp interact with Axilp.

DNA-binding Activation-domain lacZ expressiont
domain fusion® fusionb (Miller units)
Bud5p ] vector 0.3+00
BudSp Axllp 120+ 0.9
BudSp AxlIp(1-416) 1.2+0.2
BudSp Axl1p(378-1208) 20+ 0.1
Axllp vector 0.1+00
Axllp Bnrlp(297-789) 0.1 +0.1
Axllp-HA vector ) 0.1+00
Axllp-HA Bnrlp(297-789) 209 + 1.4
Axilp(1-206) vector 0.1+00
Axllp(1-206) Bnrlp(297-789) 8.1 + 2.1
Axllp(l-416) vector 0.1+00
Axllp(1-416) Bnrlp(297-789) 0.1+00
Axllp(378-1208) vector 0.1 +0.1
Axl1p(378-1208) Bnrlp(297-789) 0.1+0.0

a  The vector carrying BUDS was pBTMI116 NLS. AXL/ was carried by pEG202. The
plasmids used for DNA-binding domain fusions were p479 (BudSp). p1064 (Axllp), p864
(Axllp-HA), p611 [AxIlp(1-206)]. p719 [AxlIp(]1-4 1\6)], and p898 [Ax11p(378-1208)].

b For BudSp. the vector control was pGAD424. The control for Axllp was pJG4-5. The
plasmids used for activation-domain fusions were pl063 (AxIlp), p681 [AxIlp(1-416)], p422
[AxIIp(378-1208)]. and p1129 {Bnrlp}297-789)].

¢ Assays were done as described 1n Matenals and Methods using Y274 for the DNA-binding

- domain-BudSp fusions and Y704 for DNA-binding domain-Axl1p fusions. Values shown are
with standard deviations. The results shown are the averages of two independent experiments

pertormed in tnplicate.
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A protein that causes an axial budding defect when depleted from cells, Bnrlp, also
interacts with Axllp in the two-hybnd sys(ém (Table 15). Bnrlp is a member of the formin
family of proteins implicated in cytokinesis, cell polarity and limb formation and will be discussed
further in the next chapter (Imamura et al., 1997). The construct I used contains a fragment of
BNR | that encodes most of the amino terminus up to and including part of a conserved sequence
called the formin homology domain | (FH1). In this case, Bnrlp interacted strongly with the first
206 amino acids of Axllp (Table 15). Surprisingly, Bnrlp also interacted strongly with the HA-
tagged version of Axllp but not with untagged Axllp. No interactions were seen with any other

fragments of Axll1p. |
Discussion

We had cloned AXL/ as a pro-a-factor protease involved in processing this pheromone
precursor. but Fujita et al. (1994) hud cloned this gene by ;'inue of 1ts role in axial bud site
selection. Like bud3 and bud+ cells. ax/] mutants specifically disrupt the axial budding pattern
but have no eftect on bipolar budding (Fujita et al.. 1994). Ectopic expression of AXL/ in
diploid cells causes the mAJorlt} of these cells to bud axially (Fujita et al., 1994). Furthermore,
AXL]/ 1s expressed only in haploid cells (Fujita et al., 1994). Hence, Axllp appears to be the
major determinant for axial budding since 1t 1s the only protein known to affect axial budding that
t~ huploid-specitic.

[ similarly found that AXL/ was expressed only in haploid cells and was slightly more
abundant 1n MATa cells. Moreover. AXL/ 1s pheromone-inducible and has two potential
upstream regulatory sequences known as pheromone response elements (PREs).  Thus,
expression of Axllp comrelates well with a function in haploid bud site selection and an additional
role 1n a-tactor maturation. Whether AXL/ is the sole haploid-specific determinant for axial
budding 1~ debatable since expression in diploids was unable to completely convert bipolar

budding to the axial pattern (Fujita et al.. 1994). I have similarly been unable to convert diploids
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to a completely axial pattern using a number of constructs in which AXL/ expression is driven by
several different promoters of different strengths (data not shown). Perhaps Axl1p is not the sole
determinant for axial budding and ectopic expression in diploids of another haploid-specific gene
is required. Alternatively, the level of expression of this protein may be crucial for proper
function. This seems unlikely since overexpression in axl!l haploids still re-scues the bud site
defect of these cells (Fig. 24B and data not shown). Another possibility is that a diploid-specific
protein strengthens the bias for polar budding or weakens the axial sites. This protein would be a
bipolar equivalent of Axllp. Therefore, to completely convert the bipolar pattern to the axial
pattern one might have to do so in a mutant background.

Fujita et al. (1994) suggest that, by token of its homology to proteases, Axllp may
process and activate a protein required for axial budding. or may inactivate a repressor of axial
budding. Consistent with the latter possibility, they have cloned a gene, RAX/, that when
mutated suppresses the ax// budding defect (cited in Fujita et al., 1994). They suggest that this
gene Is a substrate for Axllp (they claim it shows some homology to insulin) and 1s a repressor of
axial budding (Fujita et al., 1994). However, we have shown that the proteolytic active site of’
Axllp 1s dipensible for this protein’s function in axial bud site selection. When one of the zinc
binding residues of Axllp or the conserved glutamate in the presumed active site are mutated, the
protein is unable to process a-factor, but these same proteins rescued the budding defect of ax//
mutants to wild-type levels. The rax/ mutation may have a non-specific effecl.;.o{:jlv_diploid budding
and could weaken the bipolar signals to the point where the dominant signal for’bud site selection
remains the axial sites even in ax// mutants. For example, one mutant, bud?7, disrupts bipolar
budding and many of these diploids have long chains of bud scars reminiscent of axial budding
(Zahner et al., 1996). Intniguingly. bud3 bud7 haploid double mutants bud in a pattern very much
like axial budding. forming chains or clusters of bud scars (Zahner et al., 1996). It is possible
that ax!/ bud7 cells would behave similarly, opening the possibility-that RAX/ lfunclions in a

stmilar manner to BUD7 and may, in fact be identcal to BUD?7.
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The observation that Axl1p interacts with BudSp in two hybrid experiments suggests that
Axllp may function in bud site selection by localizing or activating BudSp at axial sites. This
would, in turn, locally activate the general bud site selection GTPase, Rsrlp, which would
subsequently activate the polarity establishment proteins to promote polarized growth to this
region on the cell’s surface. Axllp is unlikely to proteolytically cleave Bud5p since no cases have
ever been reported of zymogen forms of GEFs or GAPs. Moreover. BudSp does not appear to be
proteolytically processed (J. Brown, personal communication).

Some mutant alleles of BUDS and BUD2 have been found to deter bipolar budding, but
have no effect on axial budding (Zahner et al., 1996). These mutations presumably affect the
interaction of BudSp with components specific to bipolar budding. It is likely that mutations of
these genes will be found that specifically affect axial budding. Such a set of mutants will be
useful for determining how proteins interact with BudSp and whether the interactions are specific
for a budding pattern. Presumably, Axl1p would only interact with the mutants that affect bipolar
budding.

Axllp was also found to interact with the formin, Bnrlp. which has some role in axial site
selection. This interaction was mediated through the amino-terminus of Axllp which included all
of the zinc ligands of the active site. Bnrlp is a large protein (Mr ~157 kD) and 1s unlikely to
serve as a substrate for a protease that specifically cleaves a peptide 26 residues long and\is a
member of a family of endopeptidases that are specific for short peptides. The observation that
I*iA-tagged full length AxIlp interacted with Bnrlp, whereas the untagged version did not, is
difficult to explain. 1 have observed that the tagged protein does not rescue the a-factor and
budding defects of ax// mutants as well as the untagged protein (data not shown). Possibly, the
tagged protein has a slightly different conformation from wild-type. The tag is inserted just before
a conserved region at the carboxy-terminus. This conserved domain contains several hydrophobic
residues including a tyrosine (see Fig. 19). Several pitrilysin homologues have a preference for
cleavlr}g at tyrosine residues that are followed by hydrophobic amino acids (including AxI1p and
Ste23p). This region could act as a pseudosubstrate for the active site and thereby regulate the

-
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enzyme's activity in a manner akin to the regulatory domains of many kinases. Insertion of an
HA tag before this region could conceivably perturb its interaction with the active sit% and unmask
the amino-terminal region of the protein, thus permitting interaction with Bnrlp when only the
isolated amino-terminus would otherwise interact. -

Apparently, Axllp also interacts with AxI2p (’Bulep; J. Chant, personal
communication), although [ was unable to detect an interaction with full length AxI2p fused to the
GAL4 activation domain (a gift from J. Brown). Bnrlp was also found to interact with Fuslp
and with Bud2p (S. Ritchie, personal communication) and may act as a scaffolding protein
bringing together Axl1p. Fuslp, BudSp and Bud2p to regulate Rsrlp and polarize growth to the
vicinity of this complex. In this context, it is of note that bnr/ null haploid cells are not only
defective in axial site selection, but are also unable to choose bipolar sites which are normally the
default pathway (Imamura et al.. 1997). As a result, the haploids bud randomly: however,
diploid cells are unaffected. This differentiates BNR/ from the general bud-site selection genes
which randomize budding in all cell types, and from axial bud-site selection genes, which use
default bi;;olar sites. Therefore, bnrl mutants must somehow prevent Rsrlp from functioning,
but in a haploid-specific mannier.

I should point out that protein-protein interactions seen In two-hybrid assays can be
artificial 1n nature since the proteins are not in their native environments. For example, fusing
proteins can alter their native conformations. Also, the proteins are overproduced and targeted to
the nucleus where they often would not normally be found. These manipulations could lead to
spurious interactions between proteins that would not normally even be present in the same region
of the cell. or could artificially heighten interactions that would normally be too weak to be of
physiological significance. This said, two-hybrid assays have the advantage over in vitro binding
assays of presumably occuring under more physiological conditions. However, protein-protein
interactions are not generally accepted as having been nigorously tested unless boih in vivo and in

vitro assays are performed. Therefore, it is imperative to show that purified Axl1p and BudSp or
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Bnrlp bind in a tube. The genetic data linking these proteins together in the axial budding
pathway clearly suggests that these proteins do. in fact, interact in a meaningful way.

AXL2 hag recently been cloned as a dosage suppressor (i.e., it can suppress the defect
when it is highly expressed) of synthetic lethality between spa2 and cdcl0 (the septin), and
independently as a protein that is required for axial but not bipolar budding (Halme et al., 1996:
Roemer et al., 1996). AxI2p is a type I transmembrane protein that first appears at the
presumptive bud site as a patch and mostly remains at the neck as the bud grows out (Halme et
al., 1996; Roemer et al.. 1996). Its localization does not depend to a great extent on Bud3p, nor
does Bud3p’s localization depend on AxI2p (Halme et al., 1996; Roemer et al., 1996). Because
of its topology and role in polarized growth, this protein has been proposed to function
analogously to integrins, the extracellular matrix receptors of animals. Interestingly, mutation of
HKRI. atype I membrane protein of unknown function, results in reduced B(1.3)-glucan content
in the cell wall and a defect in axial budding. Similarly, myo! mutants. which are defective in
delivering chitin to the bud neck, also have an axial budding defect and haploids bud at bipolar
sites (Cid et al., 1995).

[t seems that axial budding is a cyclical process involving the assembly of septins and
associated bud-site selection proteins which direct the axial bud-site selection proteins, the polarity
establishment proteins. and finally the actin cytoskeleton and polarized growth to the new bud site
(Fig. 25). Proper assembly of the neck filaments depends on the Cdc42p-regulated kinases
Ste20p and Cladp 1n what appears to be a positive reinforcement loop (Cvrckova et al., 1995).
Surprisingly. certain rga/ mutants have an axial budding defect (Stevenson et al., 1995), which
suggests that proper regulation of Cdc42p through GTP binding and hydrolysis 1s important for
this process. Repolarization of the actin cytoskeleton and secretion to the bud neck region during
mitosis and cytokinesis is also dependent on the septins. This permits insertion of new membrane
between mother and daughter. and secretion of cell wall constituents and enzymes reguired for cell
separation to the septum. Thus the septins are responsible for the first and last steps in bud

formation.
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Secretion at the septum appears to be essential for axial budding. Perhaps a cell wall
constituent acts as an extracellular marker for the next round of budding. This constituent may be
B(1,3)-glucan. Another likely candidate is chitin since it is localized at high concentrations at the
bud scar, is covalently linked to the cell wall through B(1,3)-glucan, and is delocalized in myol
mutants and absent from the primary septum (Cid et al., 1995). I would prefiict that if chitin 1s
such an extracellular marker, chs3 and possibly chs5 mutants which are respionsible for the bulk
of chitin in cells. including the bud scar ring, should also be defective for axial bud site seleetion.
A potential receptor for the cell wall marker is AxI2p; however, no interaction betweer AxI2p and
chitin has been revealed as yet (J. Chant, personal communication).

The previous observations along with the two-hybrid interactions [ have Obs;rved,
suggest the following model for axial bud site selecti(;n (Fig. 25). Following cytokinesis, a
complex of the neck filaments with Bud3p, Bud4p, and Ax12p direct Axllp and Bnrlp to a region
adjacent to the most recent bud site. Components of the cell wall, such as chitin, which are
enriched at the bud scar may aid in targeting AxI2p to this region. Axllp and Bnrlp (which
associates with Fuslp-and Bud2p in two hybrid assays; S. Ritchie, unpublished observations) act
together to recruit BudSp and Bud2p to this region and locally activate Rsrlp. The Rsrlp GTPase
then interacts with the polarity extablishment p_roteins; Cdc24p and Cdc42p (and possibly also
Rgalp) to localize the GTPase activity of Cdc42p. Cdc42p could then activate Ste20p and Cladp
possibly resulting in the polymefization of septins and the stabilization of a new ring of neck
filaments at a site adjacent to the previous ring. The complex of Ste20p/Cladp with Bemlp could
also promote actin polymerization since Bem1p interacts with actin in whole cell extracts (Leeuw
et al., 1995) and p21-activated kinase (PAK) proteins (including Ste20p and Clad4p) are able to
phophorylate myosin [ heavy chain and presumably facilitate the formation of filamentous actin
structures (Wu et al., 1996). Moreover, Cdc42p could recruit and/or activate proteins, such as
Bnilp. which are involved in polarizing the actin cytoskeleton. In the case of Bnilp, this 1s
probably accomplished through its inleractian with profilin and Myo3p which could help

polymerize actin and move along actin filaments, respectively (see Chapter 6).
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Figure 25. A model for axial bud site selection.

The prevalent theory for axial bud site selection proposes a “cytokinesis tag” in which remnants of
the previous bud site direct cell growth to an adjacent region of the cell surface. The remnants are
thought to consist of the septin ring which is required for cytokinesis. Several proteins, Bud3p.
Bud4p and Ax12p, associate with the neck filaments prior to cell separation and act as cortical cues
or tags directing the general bud site selection proteins, Bud2p, Bud5p and Rsrlp. to this regioh.
| propose that Axl1p and Bnrlp mediate the interaction between the cortical cue proteins and the
general bud site selection complex. The general bud site selection proteins, in turn, direct the
activity of the polarity establishment proteins, Cdc24p and Cdc42p, to this site. Consequently,
the Cdc42p GTPase activates or localizes proteins, such as Ste20p and Cla4p, involved in the
assembly or maintenance of a new septin ring adjacent to the old one. Cdc42p also polarizes the
actin cytoskeleton and secretory vesicles for cell surface growth to the new bud site. It does this
through proteins such as Bemlp and Bnilp which interact with and organize actin filaments.

Farlp might inhibit the association of Bemlp with the bud site selection complex.
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Clearly, uncovering the signals responsible for activating the Rsrlp, Cdc42p, and the Rho
proteins have implications for other GTPase signajing cascades. For example, Rho/Réc GTPases
in mammtg‘lian cells are regulated by and, in turn, regulate integrins (Hildebrand et al., 1996).
These GTPases also regulate transcription and the cell cycle through Cdc42p and the Ste20p
homologue, PAK (Baérodia et al., 1995; Coso et al., 1995; Hill et al., 1995; Minden et al., 1995;
Polverino e: al., 1995 Zhang et al., 1995; Brown et al., 1996: Crespo et al., 1996. Teramoto et .
al., 1996; Atfi et al., 1997; Clark et al., 1997). Perhaps. yeast proteins will help to reveal other

functions for GTPases of the Rho family and new proteins with which they interact.
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CHAPTER 6

Formin’ a Connection

Introduction

Rho-like GTPases interact with and organize the actin cytoskeleton in all cells in which
they have been studied (Hall, 1994; Ridley, 1995). The type of actin structure produced depends
on the extracellular signal and the GTPases activated (Hall, 1994; Chant and Stowers, 1995;
Ridley, 1995). Moreover, GTPases are known to activate MAP Kkinase cascades, leading to
transcriptional regulation of specific genes (Coso et al., 1995; Davis, 1995; Hill et al., 1995:
Minden et al.. 1995; Frost et al., 1996 Lim et al., 1996). How these GTPases are regulated and
how they regulate actin and transcription are important questions with wide-ranging implications.

In yeast, Ste20p 1s the first characterized member of the p21 activated lzinase (PAK) famuly
of protein kinases. PAKSs all contain a conserved domain involved in binding to and regulation by
the Rho-related proteins Cdc42 and Rac (Burbelo et al., 1995). Ste20p is required for activation
of the MAP kinase cascade of the pheromone response pathway (Leberer et al., 1992; Wu et al.,
1995). Interestingly, temperature sensitive mutants of the yeast Cde42p and Cdc24p lead to a
pheromone signaling defect (Simon et al., 1995; Zhao et al.. 1995). Mutations in the gene RGA/
encoding a GAP for Cdc42p cause constitutive signaling (Stevenson et al., 1995). In addition,
Cdc24p physically associates with the GB subunit (Zhao et al., 1995). These observations
suggest a model in which Gy associates with Cdc24p and locally activates Cdc42p which in turn
activates Ste20p and the MAPK cascade. Similarly, in mammalian cells Rho proteins promote
transcription through activation of MAP kinase pathways. For example, Rac and Cdc42Hs
activate c-jun through a kinase cascade ténninating with the ¢-jun N-terminal kinase (JNK) MAP
kinase (Bagrodia et al., 1995: Zhang et al., 1995; Brown et al,, 1996; Teramoto et al., 1996; Atfi
et al., 1997). This activaﬁon is mediated through a Ste20p homologue hPAK| (Brc;zvn et al.,

1996).
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These observations indicate that Cdc42p is involved in Ste20p activation of the pheromone.
response pathway. However, a Ste20p mutant in which the conserved Cdc42p-binding motif has
been removed functions normally in vitro and in cells, suggesting that Cdc42p regulation of
Ste20p is not necessary for pheromone signaling (Peter et al., 1996; Leberer et al., 1997a; Leberer
et al.. 1997b). Therefore, it appears that Ste20p activation of the MAPK pathway is independent
of Cdc42p, and this GTPase has some indirect effect on signaling. Moreover, overexpression of
Cdc42p can boost mating in cells deleted for STE20 (Leberer et al., 1997b). This effect may be
mediated by one of the other Ste20p homologs; Cla4p or Skmlp. In fact, a mutant version of
Skmlp, in which the regululofy amino-terminus 1s deleted, is able to suppress the signaling defect
of ste20 cells (Martin et al., 1997). On the other hand, the interaction between Cdc42p and
Ste20p is paramount for the processes of cytokinesis and filamentous growth (Mosch et al.,
1996). of which the latter utilizes some of the components of the pheromone response pathway
(Liu et al., 1993: Roberts and Fink, 1994). |

In mammalian cells, Rho proteins promote the formation of several actin-based cellular
structures and behaviours. Cdc42Hs induces finger-like extensions of the plasma membrane,
called filopodia, that are filled with bundles of long actin filaments (Nobes and Hall, 1995). Rac
activation results in the formation and extension of thin sheets of plasma membrane, known as
lamellipodia, which are dragged back to the center of the cell over the top surface in a process
called ruffling (Nobes and Hall, 1995; Westwick et al., 1997). Rho controls the formation of
stress fibers -- loﬁg actin fibers anchoring cells to their substrate via integrins (Nobes and Hall,
1995). Yeast cells have a set of five Rho-related GTPases that organize the actin cytoskeleton and
coordinate cell surface growth. Cdc42p localizes to growth sites (Zirr};m et al., 1993) and 1s
required for polarized morphogenesis during both budding and malingj‘\(Chanl. 1996). Yet;sl
Cdc42p, like its mammalia;l counterpart, regulates actin assembly (Li et al., 1995), but little is
known about its targets in this regulation. In this chapter I examine the roles of two genes in

polarized growth. One of these genes, BNII was previously characterized based on synthetic
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lethality of a bni/ mutant with a temperature sensitive cdc/2 mutant (H. Fares and J.R. Pringle,

unpublished data). The other gene. SFU/. encodes a novel protein of unknown function.

Materials and Methods

“

Strains, Media und Microbiological Techniques

Strains used are listed in Table 16. Media and genetic techniques were performed as
described in Rose et al. (1990) and Gulhr‘e and Fink (1991). Strains were constructed using
standard molecular and genetic techniques. Y285 15 a spore progeny of a MATa segregant of Y37
crossed to SY2585. YS87 was made by tranformation into SY2625 of p321 cut with Hind 111 and
Xho 1. Y483 was similarly made using SY2585. Y425 was made by transforming Not I-
digested pl1036 (sst24::LEL2) into Y483, Strain Y822 was produced by transtorming into Y483
Sma l-cut p317 to switch the marker from URA3 to LEU2. The homozygous
bnil -:URA3/bnil.:URA3 mutant. Y1164, was produced by crossing Y859 and Y858 Y837 was
made by transforming into SY2625 p1055 cut with Hind II1-Sst 1 to make this bud6.:URA3
strain. Y845 was simularly made using Y83,

Y881 15 a spore progeny frorﬁ a ;‘ross between SY2585 and a MATa segregant of Y1093,
Bam HI-Sal I-cut p793 was transformed into Y1 to create the sful::URA3 strain Y892, Y961
was similarly made using strain SY2585. Y961 was transformed with Not I-cut p1036 to make

Y1010.
Plasmids

Plasmids used in this chapter are listed in Table 17. The bmil::URA3 construct, p321,
was made by inserting the U'RA3 gene into an 8.5-kb Bam HI-Not I fragment of BNI/ carried on
pBKS+. This truncates the gene before the region coding for the FH1 domain at amino acid

1229. A Bam HI site was introduced 1nto BN// in-frame and just before the start codon by PCR

amplification of BN/I with pnimers (5'-TGGATCCGCGAAATGTTGAAGAATCTAGGCTCC-
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Table 16. Strain List for Chapter 6.

Strain Genotype Source

SY2625 MATa barl A his3::FUSI-HIS3 mfu2A::FUSI-lucZ C. Boone
ura3-1leu2-3,-112 trpl-1 ade2-1 canl-100

SY2585 MAToa BAR! his3::FUSI-HIS3 mfa2A::FUSI-lucZ C. Boone
wura3-1leu2-3,-112 trpl-1 ade2-1 canl-100

Yl MATa barl A LEU2 his3::FUSI-HIS3 mfu2A::FUSI-luacZ N. Adames

| wura3-1leu2-3,-112 trpl-1 ade2-1 canl-100
N

Y¥3 MATa barl A his3: . FUSI-HIS3 mfu2A::FUSI-lucZ N. Adames
ura3d-1lew2-3.-112 trpl-1 ade2-1 canl-100

Y213 MATa/MATa leu2 Nleu2 ura3/ura3 trpl/trpl N. Adames
canl/canl his4$-519/his4-519

Y62 MATa Ivs! . Herskowitz

Y63 MATa Ivs] I. Herskowitz

Y37 MATa bnil-10 barl 3 his3::FUSI-HIS3 N. Adames
mpa2 X2 FUSI-lacZ ura3-Few2-3.-112 trpl-1
ade2-1 canl-100

Y285 MATa bnil-10 BARI his3:.FUSI-HIS3 N. Adames
mfu2 o FUST-lacZ wura3-1 leu2-3,-112 trpl-1
ade2-1 canl-100

Y587 MATa bnil .- URA3 barl A::LEU2 his3.:FUSI-HIS3 K. Blundell
mfa2 X FUSI-lacZ ura3-1 leu2-3,-112 trpl-1
ade2-1 canl-100

Y483 . MATa bnil::URA3 BAR! his3::FUSI-HIS3 K. Blundell
mfa2 A FUST-lacZ ura3-1 lew2-3.-112 trpl-1
ade2-1 canl-100

Al

Y425 MATa bnil::URA3 sst2 A LEU2 his3::FUSI-HIS3 C. Boone
mfal A FUST-lacZ ura3-1 lew2-3.-112 1rpl-1
ade2-1 canl-100

Y839 MATa bnil .. URA3 trpl-499 lew2-Albarl-1 metl-] N. Valtz
ade2-101 ura3-32

Y 8353 MATa bnid .- URA3 trpl-1399 leu2-Albarl-1 metl-1] N. Valtz
ade2-101 ura3-32

Y1164 MATa/MATa bnil ::URA3/bnil::URA3 trpl-399/trpl1-499 N. Adames

lew2-AMleul-Albarl-1/barl-1 metl-1/metl-1
ade2-101/ade2-101/ura3-52
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Table 16 (cont’d). Strain List for Chapter 6.

Strain Genotype Source
Y822 MATa BAR! bnil::LEU2 his3:.FUSI-HIS3 K. Blundell
mfa2 A FUSI-lacZ ura3-1 leu2-3,-112 trpl-1
ade2-1 canl-100
Y837 MATa bud6::LEU2 barl A his3::FUSI-HIS3 K. Blundell
mfa2 A FUSI-lacZ ura3-1 lew2-3,-112 trpl-1
ade2-1 canl-100
Y&45 MATa bud6. - LEU2 barl A his3: . FUSI-HIS3 K. Blundell
mfa2 A FUSI-lacZ ura3-1leu2-3,-112 trpl-1
ade2-1 canl-100
Y1093 MATa spul-1barl A his3::FUSI-HIS3 mfu2A::FUS!-lucZ N. Adames
wura3-1leu2-3,-112 trpl-1 ade2-1 canl-100
Y881 MATa sful-1 BARI his3::FUSI-HIS3 mfu2A.:FUSI-lucZ N. Adames
wura3-1lew2-3,-112 trpl-1 ade2-1 canl-100
Y892 MATa sful -URAS burl A LEU2 his3::FUSI-HIS3 G. Poje
' mfa2 A FUSI-lacZ ura3-1lew2-3.-112 trpl-1
ade2-1 canl-100
Y961 MATa sful :URA3 BARI his3::FUSI-HIS3 G. Poje
mpal A FUST-lucZ wura3-1lew2-3,-112 rpl-1
ade2-1 canl-100
Y1010 MATa spul .- URAZ3 sst2 A :LEU2 his3::FUSI-HIS3 G. Poje

"

mfa2 A FUSH-lacZ wra3-1 lew2-3.-112 trpl-1
ade2-1 canl-100
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Table 17. Plasmid List for Chapter 6.

7@&7111,(1-4 - ‘Construction Source

pl24 cloned genomuc fragment containing N. Adames
BNI1 in pRS316 (CEN ARS URA3)

p321 BNII::URA3 in pPBKS+ S. Kim

p3l7 URA3 1o LEU2 switcher plasmid F. Cross

p527 , - GALI-3XHA (CEN ARS URAJ3) C. Boone

pol5 GALI-3XHA-BNII (CEN ARS URA3)" K. Blundell

blOZO GALI-3XHA-BNIIAFHI (CEN ARS.URA3) K. Blundell

T p8l7 GALI-3XHA-BNI1AC(cofons 1-1214) C. Boone
L (CEN ARS URA3)

plO25 GALI-3XHA-BNIIAN(codons 1215-1953) K. Blundell
(CEN ARS URA3)

pl037 GALI-3XHA-BNIIANAFH [(codons 1215- K. Blundell
1953) (CEN ARS URA3)

pb66 cloned genomic fragment containing G. Poje
SFU! 1in pRS316 (CEN ARS URAJ)

p793 stul . :URA3 1n pBKS+ ; G. Poje

pl306 sst24LELU2 in unknown vectot S. Givan

pl0O35 bud6::LEL2 \n pBKS+ K. Blundell




¥

3" and 5"-AGCGGCCGCTTAAGTGGCCATTTTCCTTGTAGCCAGTTTCGTAGAAAGTAA-
ACC-3") incorporating a Bam HI site and an Mscl site, resp;ec;vely. fhe product was cloned into
p224 cut(with Bam HI and Msc I to make p182. p915 was constructed by inserting a Bam HI-
Not I fragment containing the enure BN// ORF into p527. p1020 was made by deleting a 110 bp
Bg! I fragment from p915. p827 was made by cloning a Bam HI-Eco47 11l fragment of BNI/
into p527. To create pl025, a Bam HI linker was introduced into p182 at the Eco47 Il site and a
Bum HI-Not I fragment from this plasmid was inserted into p527. pl1037 was made by deleting
the FH1-encoding Bgl 11 fragment of p1025. p793 was made by inserting URA3 at the Bgl I site
within SFUI (p666). This truncates the protein at amino acid 63. p1055 was constructed by
inserting a Hind I11-Sst [ fragment of BUD6 into pBKS+ and inserting URAZ into the Sna BI

site. truncating the product at its ninth amino acid.
Clonming und Physical Mupping

Y37 and Y1093 were cloned as described for Other strains in Chapter 2. One
complementing clone was obtained for each strain. Physical mapping of BN/ was performed as

described tor AXL/ in Chapter 3.

Results

sjol mutants are Defective in Apical Growth

We called the mutant gene in Y37 $JO/ (Shmooless Joe) due to its marked shmoo defect
tFig. 26A0. Few cells were able to shmoo and those that did formed very broad and short
~shmoos. Many of\he cells exposed to pheromone were enlarged and round. These observations
imply that $JO/ s required for normal apical growth for morphogenesis during mating. The
mutant alvo had a mild separation or cytokinesis defect as evidenced by multiply budded cells (see
Chapter 1. Fig. 6). Vegetauve cells also appeared to be more rounded than usual and the bud

wdrs were quite heterogeneous in size with many of the scars being much larger than normal (Fig.
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28A and B). Apparently, $JO! is also required for normal morphogenesis during bud growth

' and for cytokinesis.
SJOI Maps to Chromosome X1V L and is Identical to BNI I

The plamid complementing Y37 was restriction mapped and found to have an thsert of ~8
kb. No subclones.were obtained which were able to rescue the mating defect of Y37. A Hind III
fragment from this clone mapped to the overlapping clones APM5770 (ATCC 70609) and
~APM6425 (ATCC 70712). These clones are located on the left arm of chromosome XIV between
met2 and rad50. Sequ‘encing of the ends of the clone revealed that the clone contained a single
open reading frame encoding BNfI'. a gene that was previously 1solated based on synthetic
lethality between c¢dc¢/2 and bni/ mutations (H. Fares and J.R. Pringle, unpublished
observations). This gene 1s 5862 bp 1n length and the product 1s 1953 amino acids long. The
open reading frame 1s YNL27 ¢ (PIR accession number S48523).

A strain carrying a disruptioﬁ of the BNII gene displays all of the phenotypes that are
assoctated with sjo (Fig. 26A and Fig. 28A). Furthermore. sjo was closely linked to
bnil::URA3. BNII did not, however, rescue the ts growth defect ;n Y37. and the bnil::URA3
strain did not display temperature-sensitive growth inhibition (Fig. 26C) suggesting that this

growth defect was due to a second mutation in Y37 that was not lost duning bgikcrosses.
BNII Encodes a Formin Homologue and Has Another Homologue in Yeast

Bnilp shows similanty to a family of proteins called the formins, named after the
tounding member. mouse limb deformiry locus (Zeller et al., 1989: Vogt et al.. 1993). The
formins include the Drosophila genes diaphanous (Castrillon and Wasserman, 1994) and
cappuccino (Emmons et al.. 1995). the Aspergillus nidulans gene figA (sepA; Marhoul and
Adams. 1995). the Schizosaccharomyces pombe genes fusl (Petersen et al., 1995) and c¢dc!2
(Chang et al., 1997). and mammalian p140mDia (Watanabe et al., 1997). These proteins have

roles in cytokinesis, the establishment of cell polarity, and vertebrate limb formation. Formins
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share two regions of homology, designated FHI1 and FH2. The FH| domain (amino acids 1230
to 1330 in Bnilp) consists of proline-rich sequences and the FH2 domain (amino acids 1516-

1616 in Bnilp) is characterized by a consensus sequence of ~100 amino acids.
bnil is Synthetically Sterile with bar! and sst2

A BNII mutant was also isolated in ax;olher mutant screen performed in our laboratory (T.
Favero, unpublished results). The basis of this screen was to find mutations that showed
synthetic sterility with ssr2. The mating defect of bni/ mutants is exacerbated by mutations in
either barl or sst2 (F}i'g. 26B). BAR!I SST2 strains barely had any mating defect. The severity of
the mating defect corresponded to the degree of sensitivity of cells to pheromone since ssr2
mutants are the most sensitive to pheromone and show the strongest mating defect (Fig. 26B).

We also obtained BAR/ as a mulTiJcopy suppressor of bnil-10 (data not shown).

Overexpression of BNIIAN is Toxic to Cells

Expression of Bnilp lacking its amino terminus, Bnilp(1215-1953), leads to cell death
(Evangelista et al., 1997). Cells expressing this protein are large, round and multinucleate
(Evangelista et al., 1997). O\'erexpressior; of wild-type¥rotein has no discernible effect on
growth or ce\ll morphology (Fig. 27; Evangelistaet al., 1997). The lethality of Bl}VHAN Is seen at
all temperatures (Fig. 27). Cells expressing the other half of the protein, Bnilp(1-1214), had a
very mild cold-sensitive growth defect (Fig. 27). Expression of this protein in bni/ mutant cells
enhanced this growth defect (data not shown).

Toxiciry of BNIIAN Requires the FHI Domain

The toxicity of Bniip( 1215-1953) s abrogated by removal of the FHI domain (Fig. 27).

Interestingly. overexpression of the full length protein missing this domain results in a mild cold-

3
sensitive growth defect similar to that seen with Bnilp(1-1214) (Fig. 27).
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Figure 26. sjo/ is allelic to bni/ and Vdisplays most of the same phenotypes as bni/ mutants.

(A) To test if BNII rescues the mutant phenotypes of sjo/, mating assays, pheromone spot assays
(PSA). and mating projection (shmoo) assays were done with Y37 (sjo/ mutant) transformed
with vector (top panels) or with a plasmid bearing BNII. pBNII (p224), obtained by
complementation of the mating defect of Y37 with a yeast genomuc library (middle panel of PSA
and shmoo assays). Mating assays were also performed on wild-type cells (SY2625), Y37 cells
and bnil.:URA3 cells (bottom panel). The bnil.: U;QAJ strain (YS87) was examined for its ability
to signal and form shmoos (bottom panels) in comparison to the sjo/ strain. (B) Mating
comparisons were made between the following strains: wild-type (SY2625). bnil BARI (Y285),
bnil barl (Y37), bnil::URA3 BARI (Y483). bnil::URA3 barl (Y587). and bnil::URA3 ss12
(Y425). () Growth 327; C of a wild-type strain (SY2625). Y37 (bnil mutant), and a
bril::URA3 mutant (Y587) streaked ontgrich media (left panel). Wild-type cells (SY2625)

transtormed with vector. and Y37 cells transformed with vector or with pBNI/ (p224) were

grown at 37" C on svnthetic medium lacking uracil (right panel).
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Figure 27. Overproduction of mutant forms of BNI! is toxic to cells.

Wild-type cells (SY2625) were transformed with the following BNI1 constructs: vector (p527),
pGALI-BNII (p915: full length protein), pGALI-BNIIAFH! (p1020; in which the conserved
polyproline-containing FHI domain is removed), pGALI-BNI1AC (p817; which consists of
amino-terminal portion of fhe‘prolein up to the FHI domain), pGALI-BNH AN (p1025; in which
the amino terminus is deleted up to the FHI domain), pGALI-BNIIANAFH! (p1037; in which
the amino terminus and FH1 domains are removed). Expression of these constructs is driven by
the galactose-inducible GAL) promoter. Transformants were grown at the indicated temperatures
on synthetic medium lacking uracil with either glucose (left panels) or galactose (right panels) as

the carbon source.
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Figure 28. BN/] mutant budding phenotypes and BUD6 mutant mating defect.

(A) The presumed bnil mutant, Y37, and bnil::URA3 cells (Y587) both produce bud necks that
can be abnormally wide. as can be seen by calcofluor staining of bud scars. (B) Staining of bud
scars shows that wild-type BNII/BNII diploids (Y213) bud at the two poles of the cell but
bL;dding 1s randomized in bnil/bnil homozygous diploids (Y1164). (C) Mating of MATa
bud6::LEU?2 cells (Y837) to an a-tester strain (Y63) was compared to a MATa wild-type strain
(SY2625) (left panel). Mating to an a-tester strain (Y62) was also assayed in the co-isogenic
strains of the opposite mating type: MATa wild-type (Y83) and bud6::LEU2 (Y845) (right

panel).
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SFU! Encodes a Novel Prolein

The single clone rescuing the mating defect of Y1063 was obtained and the ends of the
insert were sequenced. Several ORFs were found to reside on the genomic fragment. Subclones
that complememéd the mating defect of Y1063 all contained the ORF YDRO27¢ (Genbank
accession no. $50934) which we have called SFU! (Shmoo and Fusion defective). This gene
encodes a novel protein that shows some homology (22.5% identity and 54.9% similarity over
102 amino acids) to the yeast gene SSO/ (Genbank accession no. P32867), encoding-a synlaxin:
related gene involved in exocytosis. SFUI also shares some'seqUence similarity (19% identity
and 47% similarity over 92 amino acids) with a human protein, the 3-7 »g;ne product (@enbank-
accession no. D64159). which 1s differentially expressed in functionally distinct subclones of a

leukemic cell line.
SFUIs Re;quiredf()r Growth and Pheromone-tnduced Morphogenesis

The phenotypes associa&ed with Y1093 were all rescued by SFU/, including the G arrest
(Fig. 29A). shmoo (Fig. 29A). and growth defects (Fig. 29C). Also, the sﬁd::URA.?_h%Lilanl had
all of the same defects as Y1093, including lemperalur'e-sensit'ive and cold-sé'riggflive.-growlh
defects (Fig. 29). Some of the defects of sful::URA3 cells were slightly 'more ;evere‘ than in

Y 1093, suggesting that Y1093 contains a slightly leaky allele of sful.

sful is Svnthetic Sterile with sst2

Like bnil-10, sful-1 shows synthetic sterility with bar/ and sst2. Again the mating defect

was more pronounced in the more sensjtive sst2 strain (Fig. 29B).
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Figure 29 Mutant phenotypes of sjfitl‘mu[un[,\.

(A) Totestit SEU! rexcues‘[he mutant phenotypes of‘YlO‘)_@. mating assayvs. pheromone spot
assavs (PSA), and mu[nng‘pra))ecuon (shmoo) assays were done with Y1093 trunstormed with
vector (top panels) or with a plasmid bearing SFU /. pSFU T (p666). obtained by
complementation of the maung defect of Y1093 with a veast genonue hbrany (nuddle panel of
PSA and shmoo us.\u):\). Maung assays were also performed on wild-type cells (SY2625).
Y 1093 cells and sful/ A URA3 cells (Y892: bottom panel). Y892 was examined for its abthty to
signal and form shmoos (bottom panels) in.comparison to lﬁe Y1093, (B) Maung comparisons
were made between (He tollowing strains: wald-type (SY2625), sful BAR! (Y881, sful barl
(Y1092, sful A URAS BAR! (Y961, stul A URA3 burl (\'892'\‘ andsful A URAZ 5312 (Y 1010y,
(CyGrqwlh at 37 C of a wild-type strain (SY2625), Y 1093 (stul mutant), and a sful A URAS
mutant ( Y892} streaked onto rich media tleft panel). Wild-type cells (SY2625) transformed with
vector. and Y1093 cells transtformed with vector or with pSFU ! (p666) were grown at 37 C on

%

syvnthetic medium facking uractl inght panel).
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Discussion

The BNII (Bud Neck [nteracting) gene was onginally 1solated as a protein interacting
genetically with COC/2 (H. Fares and J R. Pringle, unpublished data). The cell separation or
cytokinesis defect 1y consistent with the notion that Bnilp interacts with the septins and aids in this
process. Mordover, bnil mutants often have large necks that produce large bud scars (Fig. 28).
Other formins such as sepA, cdcl2, and diaphanous are also implicated 1n cytokinests and may
stmilarly interact with septins (Castrillon and Wasserman, 1994: Chang et al.. 1997; Marhoul and
Adams, 1995).

During normal projection formation cells not only polanze growth to the up.ot the mating
projection but also concentrate components necessary for cell fusion, such as Fus2p. to this
region ot the cell surfuce (Ehon et al.. 1995). Chemotropic growth of both p;mnérs results 1n
contact at the shmoo tups where the fusion machinery is at its greatest concentration.  In the
absence of a gradient of pheromone, due to high levels of exggenous pheromone or due to
mutations 1n negative regulators of the pheromone response pathway such as bar/ or ss12, cells:

\
utilize the previous bud site us a site for projectron formation (Chenevert. 1994 Dorer et al., 1997;
Valtz et al., 1995). Obviously, 1f the manng partner 1s not 1n this direction the cells will be unable
to mate It by chance the cells do polanze inthe same general direction as their partners then they
will be able 1o mate at a reduced efficiency since they are less likely to make contact directly at the
shmoo tips. However.af these cells also have a fusign defect. then they will not have enough of
the c;:ll fuston components in the drea of contact {o enable thc; cells to fuse.

A set of mutants. spal. fus!. fus2. fus3. pea2. rvsl61. chsS and axtl. all show synthetic
stenlity wath 5512 and are defective in default maung (T, Favero. unpublished results: Dorer et al.,
19971 These mutants abso all have cell fusion défecl._x (Doreretal., 1997). The svnthetic sterility

of the aal/. rus/l and rus2 mutants i~ hikely due to their ympontance in cell fusion (Brnizzio et al.,

1996, Cid et al. 1995, Dorer et al.. 1997). The defects in default mating of n's/6/ and chsS5 are
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possibly due to their involvement in vesicular traffic (1.e., they may transport components
necessary for cell fu;iom. while the defects in pea2. spa2. bnil and sful are likely due to the role
of these proteins in polanzing cells and directing secretory vesicles to the shmoo up.
Overproduction of Fuslp. Fus2p or a-factor 1s able to suppress the mating defects of many of
these mutants (T Favero und C. Boone. unpublished observations) including bnil (data not
shown). This suggests that the mating defects of these mutations are the result of delocalized
tusion proteins and that overexpression of these proteins raises their concentration to a level at
which they are able to carmy out their function, even when the matng projections are misaligned.

BNTI was also found 1n a screen for mutants that could not bud 1n the bipolar pattern
1 Zahner et dl 19‘6) Homozy gous bni//bni] mutants bud randomly (Fig. 28B). bnil mutants
were also found to be unable to undergo filamentous growth under starvauon conditions, although
these mutants could sull invade agar (Mosch and Fink. 1997). We also found that bni/ mutants
were not able to hyperpolarize growth under the influence ot overexpressed Clnlp (M.
Evangelista, K. Blundell. CJ. Chow, N. Adames, C. Boone, unpublished results).

These defects 1n polanized growth point to a role for Bnmlp in coordinating the actin
ovioskeleton. bnil cells fail o polanize cortical actuin patches and form shmoos. and
overproduction of BN// AN results 1n the formation of aberrant actin structures over the entire
surtace of cells which become enlarged and round (Evangelista et al.. 1997). Amazingly, an
amino-terminally trundated Anil mutation was recovered In a screen for proteins that are lethal
when overexpressed tAkada et al . 19971 GTP-bound but dot GDP-bound Cdc42p. Rholp.
RhoZp. Rholp and Rhodp all interuct with a region in the amino termunus of Brulp -- a region that

Yo
i~ absent in BN//AN (Kohno et al.. 1996: Evangelista et al.. 1997). Therefore. it appears that
Bnilp v an immediate target of all of the Rho-related proteins regﬂlutmg polarized growth 1n
veast  The mammalian formin pl40mDia also interacts with a GTP-bound Rho protein and
wolocalizes with actin structures 1n membrane ruffles and phagocyuic vesicles 1n @ Rho-dependent
manner (Watanabe et al . 19971 Tt seems likely that Rho proteins interact with all of the formin

homologues to regulate the actn cytoskeleton



What are the downstream effectors for the formins? Cappuccino was found to interact
with profilin and mutants in the genes for these proteins have very similar phenotypes (Manseau et
al.. 1996). We found that excess profilin and tropomyosin suppress the growth defect of
overexpressed BNI{AN, and profilin phlysically interacts with Bnilp at the proline-rich FHI
domain (Evangelista et al.. 1997). Profilin binds to actin monomers and possibly catalyzes the
addition ot ATP-actin to the barbed ends of actin filaments (Haarer and Brown, 1990). §. pombe
Cdc12p (Chang et al., 1997) and p140mDia (Watanabe et al.. 1997) have since been shown to
also bind profilin.

Actin was also shown to bind to the FHI1 domain of Bnilp, and an actin allele that
displays phenotypes similar to those of bnuf 15 lethal in combination with bni/ (Evangelista et al.,
1997). The interaction between actn and Bnilp is likely through profilin rather than a direct
interaction. Furthermore, Bud6p interacts with the carboxy terminus of Bnilp and itself interacts

-~

with actin (Evangelista et al., 1997). bud6 mutants also share many of the phenotypes of bnil

- e

mutants. including cytokinesis defects, random budding in diploids. a shmoo defect and a mating
detect (Fig. 28C; Amberg et al.. 1997 Zahner et al.. 1996: Evangelista et al., 1997). Moreover,
Bud6p und Bnilp colocalize to regions of cell surface growth during budding and projection
tormation Evangelista et al.. 1997). Budép 15 also known to interact with actin (Amberg et al..
1997 |

This set of Interactions shows that Bnilp 1s likely a mediator of actin filament assembly
controlled by the Rho-related proteins during vegetauve growth and mating projection formation.
The toxicuity of Bnilpi1215-1953) 15 possibly due to deregulated activity of this protein. The
appedrance of acun in these cells suggests that deregulated Bnilp(1215-1953) results in the
axsembly of actin structures over the entire cell instead of at polanzed sites of growth.

How Bnilp is regulated remains to be determuned. Several possibilities exist. The amino
termunus of Bnilp may serve 1o localize the protein or may regulate its activity or both. The
observation that Bnilp s concentrated at sites of active growth implies ’Ihal Cdc42p or other

proteins lovalize 1t to these regions. Overproduction of wild-type protein did not produce an
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!
obvious phenotype in cells. This could mean that the target for Bnilp localization is not saturated

even when Bnilp is highly expressed. Deletion of the amino terminus could result in
delocalization of Bnilp and/us activity, resulting in the accumulation of actin over the entire cell.

Alternatively, a high abundance of Bnilp could saturate its target and cause the
accumulation of delocalized Bnilp. This would not result in the accumulation of delocalized actin
tf the amino terminus regulates Bnilp acitivity. Deletion of this region could constitutively
Qcm'ale Bnilp, and overexpression of this protein could saturate the targeting patch and also result
in delocalized. activated Bnilp.

Only localizationt studies using these proteins will resolve the question of what role the
amino terminus has 1n Bnilp acuvity. In either case, we should observe delocalization, of
Bnilpt1215-1953), but in the former situation wild-type protein should remain concentrated at the
regions of cell surface expansion, implying that the amino terminus is at least required for proper
localization. In the latter situation Bnilp should be present over the entire cell, suggesting that the
amino terminus 1s at least required for Bnilp regulation. In either case though, the amino
terminus could be necessary for both localization and regulation. Since Cdc42p interacts with the
amino [ermm'us of Bnilp. this protein 1s an obvious candidate for the localizing or regulating
actuivity, but other proteins may also be necessary.

Not surprisingly. the toxic effect of Bnilp(1215-1953) 1s mediated by the FH1 domain
since growth was norn;al in cells carrying the Bnilp(1215-1953)AFH1 protein. Therefore, as
suggested by actin localization. the lethality of Bnilp(1215-1953) 1s due to its activity on actin
through profilin. The FH1 domain of EBnilp also interacts with the SH3 domains of Myo3p and
© MyoSp.veast's two class [ myosins (1. Pot. M. Evangelista and C. Boone. unpﬁblished results).
These myosins are involved in the transport of vesicles along actin filaments in the direction of the
barbed ends. The interactfon of Bnilp with myosins involved in vesicular traffic, and with
profilin suggests that Bnilp may facilitate actin polymerization by moving along the growing
filament. and could also be involved 1n vesicular traffic. Al[éma[ively, Bnilp may anchor

filaments at the plasma membrane and facilitate polymenzation by providing actin monomers to
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the barbed (plus end) of ﬁlamemous actin through its interaction with profilin and by pushing the
growing filament away from the anchor site to permit lhe‘introduction of new actin monomers in a
ratchet-like mechanism. \

Overexpression of either the amino terminus or full length Bnilp missing the FH1 domain
led to cold-sensitive growth defects. A single copy of BN/IAFHI was unable 1o rescue the
defects of a bnil mutant (Evangelista et al.. 1997), again supporting the conclusion that this
domain is crucial to the protein's main function. Cold-sensitivity is a hallmark of defects in
polymers such as microfilaments and microtubules. Perhaps these proteins interact with Cdc42p
or other proteins that regulate the cytoskeleton, and when overproduced out compete other
proteins (including wild-tvpe Bnilp) for binding 10 Cdc42p. Since these proteins do not have the
FH!1 domain they could sequester Cdc42p into unproductive complexes, leading to perturbed
regulation of growth. The growth defect caused by these proteins 1s only slightly more severe
when they are expressed in bni/ cells (data not shown), indicating, as one would expect, that
other proteins involved in cell growth are also regulated by Cdc42p.

The precise role of profilin, and hence Bnilp, in actin organization has yet to be
determined. In a permeabilized cell assay Cdc42p was found to be essential for actin
polymerization (L1 et al.. 1995). This same assay could be used to determune if Bnilp is likewise
involved in actin polymenzation. Recently. another protein, Beelp (Las17p). was shown to be
involved in actin organization and depletion of this protein reduced actin polymerization in this
same assay (L1 1997y, This protein i1s a homologue of the human Wiskott-Aldrich Syndrome
protein {WASP; Symons et al.. 19961, and a neuronal homologue (N-WASP: Miki et al., 1996)
which are effectors for human Cdc42 and regulate actin (Miki et al., 1996: Symons et al., 1996).
Although Beelp lacks the conserved Cdc42 binding domain of WASP and other proteins (as does
Bnilp). 1t 15 probable that Cdc42p does bind to and regulate Beelp. The severity. of the
polymenzation defect of bee/ mutants was not as great as seen in cdc42 mutants, suggesting that
other proteins regulated by Cdc42p also polymenze actin. Hence., Bnilp could be one of several

Cdcd2p effectors. each responsible for maintaining specific actin structures.
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Recently, another yeast formin, Bnrlp, was shown to be involved in reéulating actin.
bni{ bnrl double mutants are large, round, and multinucleated cells with delocalized cortical actin
patches (Imamura et al., 1997). Like Bniilp. Bnrlp interacts with ProﬁTin and Rhodp (and
possiBly also other Rho-related proteins). Therefore, 1t appears that these two protéins are
functionally redundant, -accounting for the mild vegetative defects seen in bnil cells.
Surprisingly, in direct opposition to bni/ mutants which randomize budding in diploids, bnr/
mutants randomize budding only in haploids (Imamura‘et al., 1997). This defect 1s unique since
all mutations that affect bud site selection have either a bipolar defect leading to random budding
(bipolar bud site selection genes), an axial defect leading to bipolar budding (axial bud site
~selection genes). or randomize budding in all cells (general bud site selection genes). A possible
explanation for this behaviour was offered in the previous chapter.

The involvement of Sfulp in polanty establishment should turn out to be equally
intriquing. Cells mutated in SFU'/ show many of the same characteristics as spa2, peal énd bnil
mutants. Al have projection formation defects, are syﬁthetlcally sterile with ssz2, and are
defective 1n default mating. However, unlike these other mutants. sfu/ mutants have growth
defects. suggesting that Sfulp has a prominent role in vegetative growth.” sful bnil cells are
sicker than sfu/l cells. and sful 15 syntheucally lethal with chs3 (chiun synthase I, a protein
dependant on CHS5 for acuvity). Thus, Stulp 1s Likély to be involved in many of the same
processes as these other proteins. but seems to have some unique functions not shared by the
other proteins. This is further indicated by the severity of the G| arrest defect in sful cells (Fig.
28) and the finding that these cells have a signaling defect (G. Poje and C. Boone, u'npublished
results). Two hybnd expenments indicate that Sfulp interacts with Fus2p and Stel 1p and weakly
with Fuslp «G. Poje an'd C. Boone. unpublished results). The interaction with Stellp is
consistent with the mutants having a signaling defect while the interaction with Fus2p is consistent
with a role 1n cell fusion during mating. In fact. sful cells appear to have a fusion defect (G.
Poje. M. Moreau and C. Boone. unpublished results), as do spa2. pea2. and bni! mutants (Dorer

etal . 1997y Further studies on Sfulp should provide\exciling results.
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Figure 30. Model for protein-protein interactions during mating projection formation.

Throughthe heterotrimeric G-protein encoded by GPAI, STE4 and STE 18, pheromone receptors
activadte (activatons are shown by arrows) the MAP kinase module consisting of Ste20p (PAK),
SteSp. Stellp (MAPKK kinase),. Ste7p (MAPK kinase), and Fus3p/ Ksslp (MAP kinases).
This signaling module 1s shown shaded. Not only do the receptors initiate the signaling cascade
leading to activauon of transc;iptlon (lhrough Stel2p) and G, arrest (through Farlp), but they
also 1impart spatial information to this process, thus restricting signaling to the region of the cell
experiencing the highest concentrations of pheromone. The polarity establishment proteins,
Cdc24p and Cdc42p. and proteins that regulate the cytoskeleton. such as B‘ni Ip, are recruited by
this signaling complex. Furthermore. proteins involved in a-factor secretion, such as Ste6p and
possibly AxIlp. and proteins required foriell fusion, such as Fus|p and Fus2p, are also recruited
to this region. The outcome of all this 1s that the machinery for projection growth and cell fusioh

are concentrated at the same region of the cell surface, thus facilitating efficient conjugation.
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These results suggest the following model for mating projection formation (Fig. 30). The
Gy subunits interact with and activate SteSp and Cdc24p, which in turn activate Ste20p and the .
MAP kinase cascade descnibed in Fig. 2. The .polarity establishment proteins Cdc24p and Cdc42p
also interact with Bem1p and Bnilp to.promote polarization of the actin cytoskeleton to the region
of highest pheromone concentration. The MAPKK kinase Stel1p also interacts with Sfulp in
two-hybrid assays. This interaction possible affects pheromone signaling. Sfoulp also intiracts
with Fus2p which may be part of a complex with Fuslp, Bnrlp and Axl1p, thus directing both a-
factor maturation (and likely secretion) and the fusion machinery to th,e site of polarized growth.
Together. these interactions promote growth of a mating projection and concentrate a-factor
secretion and the cell fusion proteins needed to successfully undergo cell fusion. Farlp might
promote the interaction of Bem1p with these proteins and redirect cell polarity to the region of the

cell expenencing the highest concentration of pheromone.
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CONCLUSION
Rho Rho Rho Your Bud

The set of mutants | obtained in my screen covered a wide array of defects in the
conjugation process. Those that have projection formation defects have and will ljk.ely prove to be
very interesting. Many of the mutants are defective in forming mating projections and many have
cell fusion defects (the ram/ | bnil, and sful mutants). My screen may be predisposed to finding
this type of mutant because of the bar/ and ram/ mutations in the parental strain. The bar/
perturbs chemotropic growth of the maling.projeclion, and the very leaky ram/ allele in the strain
would exacerbate the mating defect due to bar! and logelf;er make the cell fusion process less
etficient. The find that Bnilp 1s an effector of Cdc42p is exciting because Bnilp 1s one of very
few connections known between the Rho-related GTPases and ‘the actin cytoskeleton. How
Bnilp activity is regulated by Cdc42p and the other Rho proteins, and how Bnilp regulates the
actin cytoskeleton are the next big questions to answer.

[t 1s clear lhzzl Rho proteins regulate the actin cytoskeleton and lranscriplionJ in diverse
-experimental systems. It is also becoming evident that abnormal interactions between Rho
proteins and their effectors are implicated in a number of diseases. including WAS (Derry et al.,
1994), Aarskog-Scott syndrome (Olson et al.. 1996), AIDS (Lu et al.. 1996), and cancer
(Michiels et al.. 1995). Hence there is a great deal of impetus to resolve the functions of these
GTPases and [he: proteins they regulate and by which they are regulated. ~The yeast system
provides a means to study these proteins with a high degree of efficacy. S. cerevisiae has five
such GTPases. all involved in the regulation of polarizeciI growth, and at least one of which
regulates transcription through a MAP kinase cascade. Uncovering proteins that are required for
polarized growth will help resolve the question of how Rho-related GTPases function. The
functions of Rho2. Rho3. and Rho4 in budding are completely unknown at present, but perhaps

some of the mutants | obtained affect proteins that interact with these GTPases. In any case, there



is still much to discover with respect to the functions of Rho proteins during polarized cell surface

growth.
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