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Identification and Analysis of an Asymmetrically Localized Determinant of

Cell Fate in Saccharomyces cerevisiae

Anita Sil

ABSTRACT

Asymmetric cell fate is a process fundamental to development.
Saccharomyces cerevisiae is a single-celled organism that exhibits asymmetric
determination of cell fate. Cell division yields a mother cell, which is
competent to transcribe the HO gene and switch mating type, and a daughter
cell, which is not. Thus, mother and daughter cells inherit a different
transcriptional potential. I have isolated a mutant that disrupts the normal
process of asymmetric cell fate in S. cerevisiae: mutant daughters transcribe
HO and switch mating type. This mutation defines the ASHI (Asymmetric
Synthesis of HO) gene. Deletion and overexpression of ASH1 cause reciprocal
cell-fate transformations: in ashlA strains, daughters switch mating type at
the same high frequency as mothers. Conversely, overexpression of ASH1
inhibits switching in mother cells. In wild-type cells, Ashlp function is
limited to daughter cells via the localization of Ashlp to the incipient
daughter nucleus of cells that have undergone nuclear division. Thus Ashlp
is a cell-fate determinant that is asymmetrically localized to the daughter
nucleus where it inhibits HO transcription. Analysis of the ASH1 gene
reveals that the 3' untranslated region (UTR) of the Ashl messenger RNA is
required for asymmetric localization of Ashlp. These data suggest that Ashl

RNA might be localized to the incipient daughter cell via its 3'UTR.
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Furthermore, the localization of Ashlp is perturbed in cells that lack Bud8p, a
protein that localizes to the distal pole of the daughter cell. I propose that
Bud8p is a component of a landmark required for asymmetric localization of

Ashl RNA to the distal pole of the daughter cell.
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CHAPTER ONE

INTRODUCTION



In 1961, Jacob and Monod wrote the following: "The fundamental
problem of chemical physiology and of embryology is to understand why
tissue cells do not all express, all the time, all the potentialities inherent in
their genome." Their cogent words allude to the tantalizing mystery of
asymmetric cell division: How does a cell divide to produce two genetically
identical cells with fundamentally different fates? Thirty-five years later, the
quest to understand the basis of asymmetric cell fate is still paramount.

During the development of a multicellular organism, a fertilized egg is
miraculously transformed into a creature composed of cells with a variety of
fates and functions; it is clear that asymmetric cell division is crucial for the
generation of such diversity. The grand orchestration of asymmetric cell
divisions that occurs during the development of multicellular organisms is
mirrored on a simpler scale during the lifetime of many unicellular
organisms. These systems provide an excellent opportunity to study the
mechanism of asymmetric cell fate.

For both multicellular and unicellular organisms, asymmetric cell fate
is a result of either "intrinsic" or "extrinsic" differences between sister cells
(reviewed in Herskowitz and Horvitz, 1992). An intrinsic difference between
sister cells is often generated in the pre-divisional mother cell that gives rise
to the sister cells. The partitioning of a cell fate determinant--a molecule that
is necessary and sufficient to direct cell fate--to one cell but not the other is the
classic example of an intrinsically different division. In contrast, an extrinsic
difference occurs when a cell divides to yield two equipotent sister cells that
later adopt distinct fates due to external influences such as cell-cell signalling.

I will focus mainly on examples of intrinsic asymmetric cell fate.



Intrinsic differences between sister cells often originate from the
innate polarity of the pre-divisional mother cell. For example, mRNAs that
localize to a particular region of an oocyte can act as determinants that
ultimately induce the fate of cells in the resultant :mbyro (reviewed in St
Johnston, 1995). The discrete localization or activation of determinants,
whether at the RNA or protein level, can be accomplished by multiple
means. What cellular elements can act as the basis of such polarity (see
Figure 1-1)? First, DNA strands are inherently asymmetric. The Watson and
Crick strands can be distinguished on the basis of nucleotide sequence, and
temporal regulation of a modification such as methylation allows an old
Watson strand to be distinguished from a new one. If, for example, the
mother cell contains a transcriptional activator that can bind only to the old
Watson strand, only one of two daughter cells will inherit a chromosome
competent to transcribe the gene in question. Second, the two centrosomes
are not equivalent. Since centrosome duplication is conservative, the pre-
divisional cell contains one old and one new centrosome. Attachment of a
cell-fate determinant to one or the other will result in segregation of such a
molecule to one of two sister cells. Third, asymmetry can be caused by the
process of cell growth itself. For example, a determinant might localize to a
particular region of the pre-divisional mother cell via attachment to a
molecular landmark. The landmark could be positioned in the predivisional
cell as a consequence of the directed secretion or membrane deposition that
occurs as the cell grows. Attachment of a determinant to such a landmark
will result in its partitioning to one of the two sister cells after cell division,
provided that the plane of cell division does not bisect the location of the

landmark. Alternatively, such landmarks can be remnants of previous sites
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Figure 1-1. Mechanisms of Localization of Cell-Fate Determinants. (A) A
chromosome is shown on the top line. The Watson strand is designated with
a W whereas the Crick strand is designated with a C. The red dot on the
Watson strand represents a covalent modification such as methylation. The
arrow indicates the process of DNA replication; the newly synthesized strands
are indicated by dotted lines. Because the covalent modification machinery is
temporally regulated, only one chromatid has a marked Watson strand. Each
chromatid will segregate to one of two daughter cells; only one daughter cell
will inherit the marked chromatid. (B) A cell is drawn on the left. The black
dot in the center of the cell represents the nucleus. The red dot is the "old"
centrosome. The second cell has undergone centrosome duplication to
generate a "new" centrosome, drawn as a blue dot. The yellow rectangle in
the third cell represents a determinant that localizes specifically to the "old"
centrosome. After cell division, one daughter inherits the determinant but
the other does not. (C) A round mother cell is shown on the left. The black
lines represent the actin cytoskeleton, which is oriented toward one point on
the cell surface. The red dot is a marker that is deposited at this spot as a
function of targetted secretion as the daughter cell grows. At a certain point
in the cell cycle, the cytoskeleton reorganizes toward the "neck” between the
mother and daughter cells. This reorientation allows molecules necessary for
cytokinesis to be targetted to the neck region. The pink oval in the last panel
indicates a landmark left at the site of cell division as a result of directed

secretion toward the neck of the pre-divisional cell.






of cell division. Finally, asymmetric positioning of the septum in the pre-
divisional cell results in two sister cells of different size; this inherent size
disparity can be exploited to generate cell fate differences.

Studies of the basis of asymmetric cell fate often progress in a stepwise
fashion. First, determinants of cell fate are identified. Once these molecules
are in hand, it is possible to study both how these determinants dictate cell
fate and how the pre-divisional cell brings about the segregation or activation
of such determinants in one of two sister cells. The ultimate goal is to
understand how the innate cellular polarity of the mother cell results in the
asymmetric distribution or activity of the determinant. Recently, researchers
in various systems have made distinct progress toward this goal. A review of
the advances in cell fate asymmetry sets the stage for understanding the
regulation of asymmetric cell division in the budding yeast Saccharomyces
cerevisiae, the focus of this thesis.

Bacillus subtilis

Spore formation in the bacterium Bacillus subtilis (reviewed in
Duncan et al., 1994; Jenal and Stephens, 1996) is a dramatic example of an
asymmetric cell division that is thought to be regulated by an asymmetrically
positioned cell septum. Vegetatively-growing B. subtilis cells choose a medial
site of division. When cells are deprived of nutrients, however, the septum
is placed at either of the two poles of the cell. This polar septation results in
the formation of a sporangium, a two-celled compartment composed of a
forespore and a mother cell (Figure 1-2). The forespore develops into the
mature spore whereas the mother cell, which is approximately four times the
size of the forespore, nurtures the forespore cell, engulfs it, and then is lysed

upon maturation of the spore.



Figure 1-2. Regulation of Sporangium Development in B. subtilis. A
vegetative B. subtilis cell is shown at the top of the diagram. This cell chooses
a medial site for septation. When these cells are deprived of nutrients, a
polar site is chosen instead. SpollE, designated as a green oval, localizes to
this polar site. The large mother cell compartment, shown on the left,
contains oF that is inactive because it is complexed with SpolIAB. In the
smaller forespore compartment on the right, SpollE dephosphorylates
SpolIAA, thereby allowing SpolIAA to bind SpollAB. oF is then free to

activate forespore-specific genes.
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The developmental program that is initiated during sporulation is
dependent on the activation of a cascade of compartment-specific ¢ factors.
The pivotal step in this cascade is activation of oF specifically in the forespore
but not in the mother cell. This activation of 6F, which occurs immediately
after polar septation, triggers mother-specific activation of 6E via signalling
between the forespore and the mother cell. Both 6F and oE specify
transcription of other compartment-specific ¢ factors that induce the
appropriate developmental program in each cell (reviewed in Stragier and
Losick, 1990; Losick and Stragier, 1992).

How might polar septation stimulate activation of oF only in the
smaller forespore cell? Inactive oF is distributed throughout both the pre-
divisional and post-divisional sporangium. Thus, asymmetric oF activity is
not accomplished by localization of the protein specifically to the forespore
compartment. Rather, inhibition of oF activity is relieved in the forespore
compartment but not in the mother cell. The activity of oF is controlled by
SpoIIAA and SpoIIAB (Alper et al., 1994; Min et al., 1993; Diederich et al,
1994). SpollAB is an anti-sigma factor that binds oF and renders it inactive. If
SpoIlAA binds SpolIAB, however, SpolIAB is effectively sequestered from
binding oF, leaving oF free to activate forespore-specific genes and signal the
mother cell to activate 6E. Thus, the activation of 6F in the forespore can be
achieved by sequestering SpolIAB in complexes with SpollAA rather than
with 6F. Two variables may influence the interaction between SpollAA and
SpollAB. First, SpolIAB is thought to bind adenosine nucleotides; the in
vitro affinity of SpolIAB for oF is enhanced in the presence of ATP whereas
the interaction between SpollAB and SpolIAA is favored in the presence of
ADP. Thus a lower ATP/ADP ratio in the forespore cell compared to the

9



mother cell could account for the differential ability of the two cells to
activate oF (Alper et al., 1994; Diederich et al, 1994). Second, SpolIAB has been
shown to be a serine protein kinase that can phosphorylate SpollAA. When
SpollAA is phosphorylated, its affinity for SpolIAB decreases, and SpolIAB is
free to bind and inactivate oF. Thus differential phosphorylation of SpollAA
in the forespore and mother cells could result in differential activation of oF.

A crucial connection has recently been made between positioning of
the polar septum and the phosphorylation state of SpollAA (Arigoni et al.,
1995 and Duncan et al, 1995). SpollE, an integral membrane protein
synthesized shortly before the asymmetric division of the sporangium, is
required for activation of 6F. SpollE localizes in a collar-like structure at the
polar sites where the sporulation septum forms. Mutations in SpolIE block
oF activation but not septum formation. Duncan et al. (1995) show that
SpollE is a serine phosphatase that specifically dephosphorylates SpollAA in
vitro. Localization of SpollE to a polar site could result in a higher effective
concentration of SpollE in the presumptive forespore cell due to the smaller
volume of the forespore compartment. Thus, SpollAA would be shunted
into its dephosphorylated form in the forespore compartment, resulting in
binding of SpollAA to SpolIAB and release of active oF. Thus the intrinsic
difference between the forespore and mother cells could be determined by the
polar site of cell division.

What cellular landmarks direct SpollE to the incipient polar site of cell
division? The pattern of SpollE localization in the pre-divisional
sporangium has been described by Arigoni et al. (1995). SpollE initially
localizes to a polar site at each end of the cell before septum formation has

occurred, thus suggesting the presence of an unknown molecular landmark
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at the poles of the cell. SpollE then concentrates at same site where the
sporulation septum forms; oF activity in these cells is present at low levels.
By the time G6F is maximally active in the forespore compartment, little or no
SpollIE remains at either pole. SpollE is likely to be following the localization
of FtsZ, a tubulin-like protein required for cell division both during growth
and during sporulation. FtsZ localizes to the medial septum in vegetative B.
subtilis cells. In sporulating cells, however, FtsZ concentrates at both poles of
the cell just prior to the formation of the polar septum (Levin and Losick,
1996). In cells that have formed an asymmetrically-positioned septum, FtsZ
disappears from the septum but remains temporarily at the pole distal to the
septum. This distal staining persists until 6F activation is complete.
Although FtsZ localization is independent of SpollE, it has recently been
shown that SpollE localization is dependent on FtsZ (Petra Levin, personal
communication). Thus, in order to understand asymmetric cell division of B.
subtilis, it is crucial to identify the molecules that direct FtsZ to polar sites.
Levin and Losick (1996) have shown that the Spo0A protein governs
the ability of FtsZ to recognize polar sites rather than the vegetative medial
site. Spo0A is necessary for sporulating cells to adopt the initial bipolar FtsZ
staining and to position the septum asymmetrically. Furthermore,
expression of a constitutively active Spo0A protein is sufficient to redirect
FtsZ to the poles of vegetative cells. It is unclear if Spo0A is masking the
medial site of cell division or activating latent sites at the poles. The polar
sites that are active in sporulating cells are clearly present in vegetative cells,
both because the constitutive Spo0A allele can activate their use in vegetative

cells, and because mutations in the min genes alleviate the inhibition of polar
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division sites in vegetative B. subtilis and E. coli cells (Adler et al, 1967; de
Boer et al, 1989, 1992; Labie et al, 1990).

The fact that polar landmarks are responsible for asymmetric septum
formation in sporulating cells seems incontrovertible. The nature of these
landmarks, however, remains elusive. They may be remnants of previous
cell divisions or may be positioned as a consequence of cell growth rather
than cell division. Elucidating their identity is an essential step to
understanding the underlying polarity of the pre-divisional sporangium that
governs cell-fate differences in B. subtilis.

Caulobacter crescentus

Cell division in Caulobacter crescentus (reviewed in Gober and
Marques, 1995; Marczynski and Shapiro, 1995; Jenal et al., 1995) generates two
distinct cells: a motile swarmer cell and a sessile stalked cell (Figure 1-3). The
swarmer cell is motile due to a single polar flagellum that emanates from the
swarmer pole; a chemosensory apparatus localized to the swarmer pole
allows the cell to respond to attractants and repellents in its environment.
The swarmer cell is incapable of replicating its DNA or undergoing cell
division until it differentiates into a stalked cell by ejecting the flagellum and
growing a stalk in its place. The stalked cell can divide to produce an
unlimited number of swarmer cells. As the stalked cell grows, it undergoes
DNA replication and generates an asymmetric pre-divisional cell. This pre-
divisional cell has a number of key asymmetric features. First, the two
chromosomes resulting from DNA replication display very different
sedimentation coefficients. The chromosome that segregates to the stalked
pole is slow-sedimenting and can replicate immediately after cell division.

The chromosome found at the incipient swarmer pole is fast-sedimenting

12



Figure 1-3. The Cell Cycle of C. crescentus. A motile swarmer cell is shown
on the left of the diagram. This cell is unable to divide or replicate its DNA.
Once this cell ejects its flagellum (curvy line) and grows a stalk (straight line)
in its place, it can begin DNA replication. A pre-divisional cell containing a
stalked pole and a swarmer pole is formed. This cell divides to yield a stalked

cell and a swarmer cell. The latter initiates a new cell cycle immediately.
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and cannot replicate until the swarmer cell differentiates into a stalked cell; at
this point, the chromosome undergoes a rapid transition to the slow-
sedimenting form. Second, flagellar components and proteins required for
chemosensory function are targetted specifically to the incipient swarmer
pole. Thus the predivisional cell divides to yield two asymmetric cells with
different nucleoid properties and very distinct morphological structures at
their poles.

The assembly of a flagellum specifically at the incipient swarmer pole is
attained at least in part by differential transcription of flagellar genes at the
two poles of the pre-divisional cell. (Differential transcription is also thought
to be important for activation of DNA replication specifically in the stalked
cell [reviewed in Gober and Marques, 1995]) Approximately 50 genes are
estimated to be required for flagellar biosynthesis (reviewed in Gober and
Marques, 1995; Marczynski and Shapiro, 1995). Transcription of these genes,
which are divided into several classes (II, III, and IV), is coordinated by an
elaborate regulatory hierarchy. Each promoter of a given class of genes shares
a similar sequence organization and a similar spatial and temporal activation
pattern. Class II genes encode early flagellar genes and are transcribed before
Class III genes. Class III and IV genes encode late flagellar genes and are
transcribed only at the swarmer pole after compartmentalization prevents
diffusion between the incipient swarmer and stalked sections of the pre-
divisional cell. Furthermore, the expression of all the genes in one class is
dependent on the expression of the genes in the preceding class. For example,
a mutation in any of a large number of class II genes results in the inability to
transcribe class III genes. Since products of class II genes are assembled at the

incipient swarmer pole, it is thought that the bacterial cell monitors the
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assembly of these gene products before transcription of later classes is initiated
(reviewed in Shapiro, 1995).

How are the flagellar gene products targetted to the incipient swarmer
pole? It is thought that early components of the flagellum, such as the FIiF
protein, might have an intrinsic affinity for a morphogenetic landmark
present at the incipient swarmer pole (Marczynski and Shapiro, 1995). Late
flagellar components might then sequentially self-assemble onto the structure
created by the early components in a manner analogous to bacteriophage
morphogenesis. The fact that late flagellar genes are transcribed only at the
swarmer pole of the pre-divisional cell limits flagellar proteins to the
swarmer cell: a mutant that allows transcription of late flagellar genes at both
the stalked and the swarmer poles results in accumulation of flagellin in the
both the stalked and the swarmer progeny (Wingrove et al., 1993).

This polar regulation of late flagellar genes is modulated by FIbD, a
transcription factor that activates late flagellar gene transcription (Wingrove
et al., 1993; Wingrove and Gober, 1994). Although FIbD protein is distributed
throughout the pre-divisional cell, its activity is limited to the swarmer
compartment. Phosphorylation of FIbD occurs concomitantly with
transcription of late flagellar genes. A constitutively active allele of FIbD that
no longer requires phosphorylation activates transcription in both the
swarmer and the stalked compartments of the pre-divisional cell. Thus, if
phosphorylation of FIbD is limited to the swarmer cell compartment of the
predivisional cell, activation of FIbD would be spatially constrained. Because
FIbD is activated late in the cell cycle, it is possible that the assembly of early
flagellar components could serve as a temporal and spatial landmark to

activate the protein that phosphorylates FIbD. Interestingly, active FIbD also
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serves as a repressor of early flagellar gene transcription at the swarmer pole
(Wingrove and Gober, 1994).

Wingrove and Gober (in press) have recently identified FIbE, a protein
kinase that is proposed to activate FIbD in the swarmer compartment.
Purified FIbE protein can phosphorylate FIbD in vitro. The peak of FIbE
kinase activity is coincident with the transcription of late flagellar genes.
Furthermore, FIbE kinase has been localized to two sites in the pre-divisional
cell (Figure 1-4): in the swarmer compartment at the medial site of cell
division and at the stalked pole. Wingrove and Gober (in press) propose that
a morphogenetic landmark at the site of cell division activates the FIbE kinase
specifically in the swarmer compartment but that the FIbE kinase localized to
the stalked pole might be sequestered in an inactive form. Alternatively,
since the swarmer compartment is smaller than the stalked compartment, the
higher effective concentration of FIbE in the swarmer compartment might
result in localized phosphorylation of FIbD. This second model is analogous
to the activation of SpollAA by SpollE in the forespore cell of B. subtilis.

As in B. subtilis, the key to the mystery of C. crescentus asymmetry may
lie at the poles of the pre-divisional cell. Jenal et al. (1995) give an excellent
discussion of Caulobacter polar development. The pre-divisional Caulobacter
cell has a stalked pole at one end and a swarmer pole at the other. When the
cell divides, it creates two new poles at the medial site of cell division (Figure
1-5). Thus cell division results in a cell with a stalked pole at one end and a
new pole at the other, and a second cell with a swarmer pole (marked by a
flagellum) at one end and a new pole at the other. Once the cell cycle is
reinitiated, each new pole goes on to become a swarmer pole. Since swarmer

cells differentiate into stalked cells by losing the flagellum and growing a stalk
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Figure 1-4. FIbE Localization in C. crescentus. An early pre-divisional cell
that has not yet assembled a flagellum at the incipient swarmer pole is
shown. FIbE localizes to two places in this cell: at the stalked pole, and in the
incipient swarmer cell adjacent to the site of cell division (Wingrove and

Gober, in press).
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Figure 1-5. Pole Differentiation in C. crescentus. This diagram is adapted
from Jenal et al. (1995). There is a defined progression of polar development
in C. crescentus. New poles (indicated by a rectangle) are formed at the site of
cell division; these poles always become swarmer poles (indicated with a black
dot) in the following cell cycle. The swarmer pole then becomes the stalked

pole (indicated with a triangle) in the next cell cycle.

20



New pole Swarmer pole Stalked pole

21



in its place, each swarmer pole subsequently becomes a stalked pole. Thus,
polar development always proceeds in a stereotyped fashion: new pole to
swarmer pole to stalked pole, with the latter representing the terminally
differentiated cell pole. How does differentiation of these poles relate to cell
asymmetry? There is likely to be a morphological marker at the incipient
swarmer pole that targets the assembly of flagellar proteins. Since this pole
develops from the new pole, a remnant laid down as a consequence of the
previous cell division (when the new pole is formed) could serve as a
landmark for targetting flagellar proteins in the next cell cycle. When a
swarmer cell ejects the flagellum and differentiates into a stalked cell, a
residual flagellar component at the pole could mark the location of the
incipient stalk. The identification of polar markers, such as the proteins that
bind and activate FIbE, will be instrumental to understanding the basis of
Caulobacter asymmetry. As in B. subtilis, the poles of the cells clearly
represent specialized structures involved in determination of cell fate.
Drosophila

The Drosophila Numb protein is a cell-fate determinant that is
segregated to one of two sister cells in the developing nervous system (Rhyu
et al., 1994). Numb is asymmetrically segregated during the division of
several different cell types including cells of the embryonic peripheral
nervous system (PNS), the central nervous system (CNS), and the adult PNS.
Loss of numb function and overexpression of numb have reciprocal
phenotypes, indicating that Numb is both necessary and sufficient for cell fate
determination (Rhyu et al., 1994).

Numb, a membrane protein, has been shown to localize during mitosis
of developing neuroblasts in the CNS (Knoblich et al., 1995), which
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delaminate from epithelial cells. In interphase and early prophase, Numb
protein is evenly distributed along the membrane. By late prophase, Numb
forms a crescent over the centrosome nearest the interior of the embryo (the
basal pole of the cell); all metaphase cells show the same tight crescent of
localized protein on one side of the pre-divisional cell. In telophase, Numb is
partitioned into the ganglion mother cell, the sister cell that forms toward the
interior of the embryo (Figure 1-6A). After mitosis is completed, Numb is
dispersed homogeneously along the membrane.

Since the Numb crescent always overlies one of the two centrosomes, it
was desirable to know if localization of Numb is coordinated in some way
with centrosome position. pebble mutant embryos are unable to undergo
cytokinesis; hence mitosis yields cells with two nuclei and four centrosomes.
The four centrosomes form two pairs of either closely associated or widely-
spaced centrosomes on opposite sides of the cell from each other. The Numb
protein again localizes in a crescent overlying the two centrosomes at the
basal pole (Knoblich et al., 1995). In cells where this pair of centrosomes is
widely separated, the Numb protein either concentrates in a single crescent
between the two centrosomes or in two individual crescents, each over one of
the two centrosomes (Figure 1-6B). Thus it seems likely that centrosome
positioning and Numb localization are coordinated in some fashion.
Interestingly, if the centrosomes are misoriented by treatment with colcemid,
Numb protein localization is unaffected (Knoblich et al., 1995). Furthermore,
centrosome position is independent of Numb localization. Thus it seems
likely that a cellular landmark positions both the centrosome and Numb

protein, but the location of each is independent of the other.
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Figure 1-6. Localization of Numb in Drosophila Neuroblasts. (A) A layer of
polarized epithelial cells is drawn in the top panel. The apical side of the
epithelium faces the outside of the embryo, whereas the basal side is internal
to the embryo. An oval neuroblast is shown delaminating from the
epithelial cells. In the next panel, a yellow crescent of Numb localizes on the
basal side of the neuroblast. The neuroblast divides to give rise to another
neuroblast and a ganglion mother cell (GMC), which forms on the basal side
of the dividing neuroblast cell. Numb is segregated into the GMC, and
becomes distributed around its periphery. (B) A cell from a pebble mutant,
which doesn't undergo cytokinesis. This cell has two pairs of centrosomes,
drawn as black dots. The nuclei are represented by solid blue circles. If the
centrosome pairs are close together, as drawn in the left cell, a single crescent
of Numb protein forms on the basal side of the cell. If the centrosome pairs
are far apart, as in the cell on the right, two crescents of Numb are formed on

the basal side.
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All pre-divisional cells that localize Numb protein are derived from
polarized epithelial cells, suggesting that the maintenance of previously
established epithelial polarity in the pre-divisional cell might underlie its
asymmetry (Knoblich et al., 1995). The Inscuteable protein has recently been
shown to be necessary both for Numb localization and for positioning the
division axis via the centrosome (Kraut et al., in press). The function of
Inscuteable with regards to the plane of division and to Numb localization
has been most closely examined in two types of cells, the neuroblast cells
described above and the cells of the procephalic neurogenic region (PNR) of
the ectoderm. Neuroblasts and cells in the PNR divide perpendicular to the
epithelial plane; thus the centrosomes of these cells are normally aligned
along the apical/basal axis of the epithelial plane with the Numb protein
crescent at the basal pole of the cell. In inscuteable mutants, the neuroblast
centrosomes are no longer positioned along the apical/basal axis. Instead, the
division plane is random with respect to the epithelial plane. Furthermore,
Numb protein is not properly localized in the majority of these cells. In some
cells, Numb is evenly distributed around the cell surface, whereas in others,
Numb forms a crescent, but the position of the crescent is random with
respect to the epithelial plane. There is no correlation between the position of
the centrosomes and the localization of Numb in these mutants. In the PNR,
wild-type cells initially position the spindle parallel to the epithelial plane
and then rotate it so that the centrosomes are aligned along the apical /basal
axis. In inscuteable mutants, the PNR spindles fail to rotate and remain
parallel to the epithelial plane. Numb protein is evenly distributed along the
membrane in these mutant cells and thus segregates to both daughter cells at
division.
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Kraut et al. (in press) show that Inscuteable protein localizes to the
apical side of both neuroblast and PNR cells, on the opposite side of the cell
from the Numb crescent. Inscuteable localizes in an apical crescent prior to
the appearance of the basal Numb crescent. This localization, which is not
dependent on Numb, persists through prophase and metaphase. By
anaphase, Inscuteable is delocalized. Interestingly, ectopic expression of
inscuteable is sufficient to reorient the spindle of cells that normally divide
parallel to the epithelial plane. Ectopic expression of Inscuteable in these cells
triggers localization of Inscuteable protein in an apical crescent and causes the
spindle to rotate such that cells divide perpendicular to the epithelial surface.
Ectopic Inscuteable expression is not sufficient, however, to localize Numb
asymmetrically. Thus Inscuteable is necessary and sufficient for reorientation
of the division plane, and is necessary but not sufficient for asymmetric
localization of Numb.

The localization of Inscuteable to the apical pole of the cell may be a
consequence of the apical/basal polarity of the epithelium (Kraut et al, in
press). Understanding how the polarity of the epithelium sets up the
asymmetry of the cells in question awaits the identification of molecules at
the apical pole that are required for Inscuteable localization. It is also unclear
how localization of Inscuteable at the apical pole of the cell orients the spindle
and localizes Numb to the basal pole of the cell. Inscuteable seems to be
required to position a landmark that influences Numb localization. Since the
pebble mutants, which cannot undergo cytokinesis (described above), often
display two Numb crescents at the basal pole, these cells seem to contain two
discrete basal landmarks for Numb localization. These data suggest that one

landmark is created per cell division cycle. Thus mutants that cannot
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undergo cytokinesis will contain two landmarks--one from the previous cell
cycle, when cytokinesis did not occur, and one from the current cell cycle.
Somehow the Inscuteable protein, in conjunction with the process of cell
division, positions a landmark that translates into cellular asymmetry.
Caenorhabditis elegans

Multiple asymmetric divisions occur during development of the
Caenorhabditis elegans embryo (reviewed in Priess, 1994). It is thought that
the asymmetry of the anterior/posterior (A/P) axis of the embryo is a result of
intrinsic A/P asymmetry of the egg. In order to differentially segregate
determinants that are laid down in a A/P gradient in the egg, embryonic cells
must divide parallel to the A/P axis. Left/right and dorsal/ventral
asymmetries, in contrast, are thought to arise extrinsically, from cell-cell
interactions. For example, in the very early embryonic divisions, cells that
result from divisions that are parallel to the A/P axis are intrinsically
different, whereas cells that result from divisions perpendicular to the A/P
axis are initially equivalent at birth but manifest different fates due to
interaction with a particular cell. Thus regulating the division plane is an
essential component of proper development.

The first division of the fertilized egg occurs along the A/P axis to
generate the anterior AB blastomere and the posterior P1 blastomere (Figure
1-7). AB and P1 differ both in terms of size and in terms of cell fate: only the
P1 cell can give rise to pharyngeal cells, muscle cells, and intestinal cells, for
example. Concomitant with this first cell cycle, P granules, cytoplasmic bodies
that are distributed uniformly throughout the egg, are localized to the
posterior pole and then partitioned into the P1 cell. In the second cell cycle,
AB and P1 undergo stereotyped divisions. In both the AB and P1 cells, the
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Figure 1-7. The First Embryonic Division of C. elegans. The top panel shows
an unfertilized C. elegans egg. P granules, indicated by black ovals, are
distributed evenly throughout the egg. After fertilization, the first division of
the embryo occurs along the anterior/posterior axis to generate an anterior
blastomere, AB, and a posterior blastomere, P1. The P granules are segregated

to the posterior of the P1 cell.
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spindle aligns perpendicular to the A/P axis. The P1 cell spindle, however,
then rotates an additional 900 so that it is parallel to the A/P axis. Thus, the
AB division generates two sister cells that are initially equipotent, whereas
the P1 division generates an anterior and a posterior cell that are inherently
asymmetric. The P granules again segregate to the posterior daughter.

The par genes are necessary for maintenance of A/P polarity in the
early embryo and for the spindle alignment events described above (Cheng et
al., 1995; Kemphues, 1989, Kemphues et al, 1988; Morton et al, 1992). In par
mutants, AB and P1 are the same size, P granules are mislocalized, and other
aspects of asymmetry and cell fate determination are perturbed. I will focus
specifically on the spindle orientation defects of par-2 and par-3 mutants in
the second embryonic cell cycle (Cheng et al., 1995). In par-2 mutants, the P1
spindle fails to rotate; thus both AB and P1 divide orthogonal to the A/P axis.
In par-3 mutants, both the AB and the P1 spindles rotate; thus both AB and P1
divide parallel to the A/P axis. Interestingly, in the par-2 par-3 double
mutant, both spindles rotate. These data suggest that PAR-3 functions to
prevent spindle rotation in the AB cell and that PAR-2 limits the function of
PAR-3 to the AB cell, thus allowing spindle rotation only in the P1 cell.
Etemad-Moghadam et al. (1995) have recently shown that PAR-3 protein
displays a distinct localization in the early embryo: it is concentrated at the
anterior pole of the fertilized egg. In the second cell cycle, PAR-3 is distributed
uniformly around the periphery of the AB cell in all two-cell embryos. In P1
cells that are in interphase, PAR-3 protein either is not observed, or the
staining is present only at the extreme anterior of the cell. In later two-cell
embryos, PAR-3 is concentrated at the anterior third of the P1 cell. In par-2
mutant embryos, however, PAR-3 stains the periphery of both AB and P1 at
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the two-cell stage. The fact that localization of PAR-3 is limited to the
periphery of wild-type AB cells and the anterior of wild-type P1 cells is
consistent with the idea that PAR-3 prevents spindle rotation in the AB cell
only. In the absence of PAR-2, however, PAR-3 is mislocalized over the
periphery of the P1 cell where it inappropriately inhibits spindle rotation.
The means by which PAR-3 prevents spindle rotation in the AB cell is
unclear. Etemad-Moghadam et al. (1995) postulate that PAR-3 acts to stabilize
the AB spindle, thereby preventing it from responding to a cortical site that
has been shown to be necessary for spindle rotation (Hyman, 1989; Hyman
and White, 1987). Furthermore, the intrinsic asymmetry of the egg that sets
up the anterior localization of PAR-3 protein is far from being understood. A
complete understanding of establishment of A/P polarity in the worm is
dependent on elucidating the mechanism of PAR-3 localization. PAR-2
protein is known to localize to the posterior periphery of the egg and to the
posterior periphery of the P1 cell (Boyd et al., in press). Hence, PAR-2 and
PAR-3 are essentially found at opposite poles of the cell, much like the
Inscuteable and Numb proteins in Drosophila. Interestingly, the localization
of PAR-2 and PAR-3 is interdependent (Etemad-Moghadam et al., 1995; Boyd
et al,, in press). Finally, the initial A/P polarity of the egg, which is likely to be
responsible for the graded distribution of PAR-2 and PAR-3, is established by
the sperm entry point, which defines the posterior pole of the cell. It is
possible that the process of fertilization places a landmark at the sperm entry
point. The cytoplasmic streaming that follows fertilization might then
establish the innate A /P polarity of the zygote with respect to this marked

posterior pole.
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Saccharomyces cerevisiae

The examples cited above illustrate how intrinsic cell fate differences
are traced back to the innate asymmetry of the pre-divisional cell. The goal of
this work is to identify determinants required for asymmetric cell fate in the
budding yeast S. cerevisiae and to then study how yeast cell polarity might
drive the localization of such determinants.

The regulation of mating-type switching in mother and daughter cells
of budding yeast is a classic example of asymmetric cell-fate determination. A
single genetic locus determines the mating type, either a or a, of haploid yeast
cells. Strains that undergo mating-type switching convert their mating type
from a to o and vice versa. Only cells that have budded previously (mother
cells) are able to switch their mating type; newly born yeast cells (daughter
cells) are not able to switch mating type (Hicks and Herskowitz, 1976;
Strathern and Herskowitz, 1979; Strathern et al., 1979). Each cell-division
cycle yields a mother cell and a newly-born daughter cell (Figure 1-8), thus
producing two cells with asymmetric switching capabilities (Figure 1-9). Once
the daughter cell has gone through one cell cycle, it becomes a mother cell
and gains the ability to switch mating type.

Molecular studies have shown that the ability to switch mating type
correlates with the ability to transcribe the HO gene (Nasmyth, 1983); HO
encodes an endonuclease that initiates replacement of the information at the
mating-type locus with information copied from one of two silent mating-
type cassettes (reviewed in Herskowitz, 1989; Herskowitz and Oshima, 1981).
HO transcription is limited to the late G1 phase of the cell cycle and is
repressed in a/a diploids. Significantly, HO transcription occurs only in

mother cells but never in daughters. Ectopic expression of HO in daughter
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Figure 1-8. The Yeast Cell Cycle. An unbudded mother cell (M) is drawn in
green at the top of the diagram. This cell grows a red bud, or daughter cell (D).
Once the newly born daughter cell forms a daughter of its own, it becomes a

mother cell.
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Figure 1-9 Lineage-Specific Regulation of Mating-Type Switching. A typical
lineage of switching yeast cells is shown. At each division, mother cells (in
green) are drawn to the left whereas daughter cells (in red) are drawn to the
right. Only the mother cell inherits the ability to transcribe HO and switch
mating type.

36



Mother Daughter
HO on / Rt

O HO off

/\ PN
/\ /\/\/\

37



cells is sufficient to induce mating-type switching (Jensen and Herskowitz,
1984; Nasmyth, 1987), confirming that the inability of wild-type daughters to
switch is due solely to their inability to transcribe HO. The exclusive
expression of HO in mother cells has been a provocative mystery for quite
some time. The objective of this work is to understand how a yeast cell
divides asymmetrically to produce a mother cell that can transcribe HO and a
daughter cell that cannot.

An analysis of the asymmetric regulation of HO transcription requires
an understanding of the HO promoter. A rudimentary dissection of the
upstream region of the HO gene reveals two promoter elements that
modulate control of HO transcription (Nasmyth, 1985a). The upstream
region, which is unusually large for S. cerevisiae, contains two regulatory
blocks, URS1 and URS2, each approximately 1 kilobase in length. Deletion of
URS?2 results in altered cell cycle expression of HO (Nasmyth, 1985a),
indicating that URS2 is necessary for the proper timing of transcription.
Deletion of URSI1 inactivates the promoter; however, replacement of URS1
with a 330 bp fragment containing the UAS of the GAL1-10 promoter results
in HO transcription that is galactose-dependent, cell-cycle regulated, and
haploid-specific. Interestingly, activation of this hybrid promoter is no longer
limited to mother cells (Nasmyth, 1987). These data indicate that URS2 is
necessary and sufficient for proper cell-cycle regulation of the HO promoter
whereas URS] is necessary for UAS activity and proper mother/daughter
specificity.

At least ten positive regulators (SWI1-10) of HO transcription have
been identified (Haber and Garvik, 1977; Stern et al., 1984; Breeden and

Nasmyth, 1987). Several lines of evidence implicate one of these proteins,
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Swi5p, in proper mother/daughter regulation. First, Swi5p, a Zn-finger
transcriptional activator, binds to two sites in URS], the region of the
promoter required for mother/daughter regulation (Tebb et al., 1993; Stillman
et al., 1988). Second, mutations that bypass the need for SwiSp-dependent
activation of HO transcription allow mating-type switching in both mother
and daughter cells (Nasmyth et al., 1987b; Sternberg et al., 1987; Breeden and
Mikesell, 1991; A.S. unpublished observations) Thus daughters contain all of
the machinery necessary to transcribe HO except functional Swi5. Third,
subtle perturbations in SWI5 transcriptional regulation are sufficient to alter
mother/daughter regulation (Nasmyth et al., 1987a; Lydall et al., 1991).
Specifically, although Swi5Sp is needed in G1 for HO transcription, it is
transcribed only during the S, G2, and M phases of the previous cell cycle
(Nasmyth et al., 1987a). Constitutive expression of SWI5 throughout G1,
however, is sufficient to cause daughters to switch (Nasmyth et al., 1987a;
Lydall et al., 1991). Finally, the instability of SwiSp is required to keep
daughter cells from transcribing HO (Tebb et al, 1993). SwiSp is cytoplasmic
until anaphase, when it enters mother and daughter nuclei (Nasmyth et al.,
1990). Once SwiSp enters the nucleus, it becomes unstable and is rapidly
degraded with a half-life of approximately ten minutes. Alleles of SWI5 that
encode a stabilized Swi5 protein allow daughter cells to switch mating type.
These data are consistent with SwiSp being limiting in wild-type daughter
cells in terms of amount or activity.

I propose two models to explain the mechanism of mother/daughter
regulation. Both models ascribe the inability of daughters to transcribe HO to
a lack of SwiSp activity, either at the right time or in the right place. The crux

of the timing model is that the length of G1 in mothers is shorter than the
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length of G1 in daughters. Daughter cells must linger in G1 until they have
attained the minimum size required for progression through the cell cycle;
mothers, on the other hand, have met this size requirement in prior cell
cycles and hence have a significantly shorter G1 than daughter cells. Swi5p
enters the nucleus in early G1 (Nasmyth et al., 1990), but HO is not transcribed
until late G1, when Swi4p and Swi6p, which act on consensus sequences
present in URS2, are activated (Breeden and Nasmyth, 1987; Nasmyth, 1985b;
Andrews and Herskowitz, 1989a, 1989b). Since Gl is significantly longer in
daughter cells and since SwiSp is unstable, it is possible that by the time Swi4p
and Swi6p are activated in late G1, daughter cells no longer contain active
SwiSp pro