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In response to external environmental stimuli and intrinsic
developmental cues, yeast cells reset their gene expression
programs and change phenotype. These switches in cellular
state require the dismantling of an initial regulatory program,
in addition to the induction of different sets of genes to
specify the new cell phenotype. Recent experiments examining
the role of protein degradation in these transitions have
highlighted the importance of inactivating previously

utilized regulators and have led to advances in our
understanding of how cells change from one phenotypic
state to another.
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Abbreviations

HO the homothallism gene, which encodes the HO
endonuclease

MAPK mitogen-activated protein kinase
MAT locus mating-type locus

SCF Skp1/Cullin/F-box protein complex
Ub Ubiquitin

Introduction

The differentiation of eukaryotic cells into distinct cell
types requires changes in gene transcription as well as
alterations in cell-cycle progression. Recently, it has
become clear that proteolytic mechanisms play an equally
important role in promoting the switches between dis-
tinct cellular states that underlie cell differentiation.
Although the yeast Saccharomyces cerevisiae is a simple
single-celled organism, yeast cells undergo several dif-
ferent cell-state transitions that serve as paradigms for
more complex conversions in higher eukaryotes [1-3].
Thus, studies in yeast have provided several funda-
mental insights into the basic molecular mechanisms of

development and differentiation that are common to all
eukaryotes.

Here, we review recent progress in characterizing some
of the different phenotypic transitions that occur during
the yeast life-cycle, focusing on the role of ubiquitin
(Ub)-dependent protein degradation in the control of
these cellular switches.

Transition between mating types

Yeast cells normally exist as one of three distinct cell
types: two mating-competent haploid variants (a and o)
and a non-mating a/a diploid, formed by the fusion of the
two different kinds of haploid cells. Haploids of one
mating-type sense and respond to cells of the opposite
mating-type through the action of cell-specific peptide
pheromones and pheromone receptors. For example, a
cells secrete a specific pheromone, called ‘a-factor’, that
engages the a-factor receptor (Ste3), which is expressed
exclusively on the surface of a cells; the opposite is true in
a cells, which produce a-factor that binds to a receptor
(Ste2) that is found only in a cells (Figure 1a). These
specific pheromone-receptor interactions result in the
activation of a common intracellular signaling cascade
that leads to an array of cellular responses, including
cell-cycle arrest, polarized growth towards the mating
partner, and upregulation of genes involved in cell adhe-
sion and fusion [4].

These different mating phenotypes (and their underlying
cell type-specific gene expression programs) are ulti-
mately controlled by the master regulatory transcription
factors that are encoded at the mating-type (MAT) locus
[5]. In a cells, the al activator turns on the a-specific
genes (such as the a-factor receptor gene S7TE3 and the
MFal and MFaZ? genes encoding a-factor), and o2
represses the transcription of a-specific genes (such as
the a-factor receptor gene STEZ and the a-factor-encod-
ing genes MFA1 and MFAZ2) [6,7]. Because the al and a2
transcriptional regulators are normally only present in o
cells, a-specific genes are transcribed exclusively in a
cells and a-specific genes are expressed only in a cells
(Figure 1a).

Interestingly, in most strains found in the wild [strains
that carry the HO allele (‘homothallic’ strains)], the mat-
ing phenotype of haploids is unstable and cells can switch
back and forth between the alternative a and a states
[8,9]. This phenotypic change, termed mating-type
switching, is initiated by a gene conversion event at

www.sciencedirect.com

Current Opinion in Microbiology 2004, 7:647-654



648 Growth and development

Figure 1
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Mating-type determination and switching in Saccharomyces cerevisiae. (a) The two haploid mating-types are distinguished by the allele
present at the MAT locus, which encodes a set of transcription factors (a1, a2, and a1) that regulate the expression of small sets of genes
involved in mating. MATw cells express the a-factor receptor Ste3 and secrete the a-factor pheromone that is encoded by the MFa1

and MFa2 genes. This mating pheromone engages the Ste2 a-factor receptor expressed specifically on the surface of MATa cells.

The a cells also produce a-factor, which is the product of the MFA1 and MFA2 genes. (b) Mating-type switching results in two pairs of
closely apposed cells of opposite cell-type. Switching occurs only in the large mother cell, which does not express the repressor Ash1,
just before bud emergence. Mother cells and her descendants are along the left-hand side.

the MAT locus, in which DNA encoding « information is
replaced with a information or vice versa. This genetic
swap is triggered by the HO endonuclease, which delivers
a double strand break at the active MAT locus that is
subsequently repaired with sequences copied from tran-
scriptionally silent donor sites found elsewhere on the
same chromosome [10,11]. Owing to the complex tran-
scriptional regulation of the HO gene, mating-type
switching occurs only in certain cells of a mitotic lineage
and only at particular stages of the cell cycle. Specifically,
the larger of the two mitotic progeny of the asymmetric
yeast-cell division, the so-called ‘mother’ cell, changes
MAT information just before entering S phase, thereby
producing two cells with the same new mating-type.
The smaller daughter cell cannot normally switch and
therefore divides into two cells with the same mating
phenotype as the daughter (Figure 1b) [12]. This mother—
daughter asymmetry, with respect to changing cell-type,
is a result of the daughter cell-specific accumulation
of the Ashl transcription factor, which functions as a
repressor that blocks expression of HO and thereby inhi-
bits the mating-type gene exchange [13,14].

Inactivation of these various cell-type regulators and
switching components is also crucial for effective mat-
ing-type switching. The genetic change of mating infor-
mation at the MAT locus is tightly coupled to a phenotypic
switch in cell type, which is apparent within a single
division cycle. Therefore, the previous cell-type deter-

minants must be inactivated somehow because their
persistent activity would disrupt the acquisition of the
new cellular state. Furthermore, mating-type gene
switching occurs during a small temporal window and
generates a new MAT allele product that is itself a sub-
strate for HO endonuclease-mediated cleavage. This
implies that once HO gene transcription is initiated,
the activity of the MA7-specific endonuclease is quickly
inactivated. Finally, the daughter cells that were not
capable of switching because of Ashl repressor accumu-
lation become switching-competent mother cells at their
next cell division, requiring the inactivation of Ashl
during this single cell-cycle. In all of these cases, proteo-
lysis has been shown to be the mechanism of inactivation
of the different regulators, as will be seen in the following
sections.

Mat transcription factor degradation

Proteolysis of the three Mat transcription factors occurs
by Ub-mediated targeting to the 26S proteasome for
degradation [15-17] (Figure 2). All of these proteins
are rapidly degraded iz vivo; the a2 repressor, for exam-
ple, has a half-life of ~5 min and is targeted for ubiqui-
tination by two distinct pathways [18,19] (Table 1). The
rapid degradation of a2 by the Ub system is essential for
cells to switch effectively from the o to the a mating
phenotype, despite the fact that strains with stabilized
a2 can undergo the gene conversion process at MAT in
a completely normal fashion [20°]. This phenotypic
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Figure 2
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The ubiquitin (Ub)-proteasome pathway for protein degradation. Before it can be conjugated to other proteins, the small polypeptide

Ub must be activated by the Ub-activating enzyme E1, generating an E1~Ub intermediate. Activated Ub is then transferred to one of several
different Ub-conjugating enzymes (E2), which, in concert with a Ub—protein ligase (E3), catalyzes the formation of a multi-ubiquitin chain on the
substrate. These ubiquitinated substrates are targeted to the 26S proteasome for degradation. Substrate degradation is accompanied by the
regeneration of free Ub. The multi-ubiquitin chain on a substrate can also be disassembled by Ub-specific processing proteases (Ubp),

sparing the substrate from degradation.

switching defect occurs because the persistence of the a2
protein after a MAT genetic exchange causes two differ-
ent failures in the cell type-specific gene expression
program of the new differentiated state. First, a-specific
gene expression is blocked because a2-containing tran-
scriptional repression complexes are not removed. Sec-
ond, genes required for mating are repressed because of
the inappropriate formation of another «2-containing
regulatory complex. These miscues lead to the ectopic
repression of two different sets of genes, both of which
need to be expressed for the genetically switched cells to
achieve the a-cell phenotype [20°]. It is worth noting that
homologous mating-type regulatory proteins are pro-
duced in the related pathogenic yeast Candida albicans,
where they are important for mating and virulence [21]. It
would be interesting to determine if the regulation of the

Table 1

E2/E3 enzyme requirements for the Ub-dependent degradation
of substrates involved in mating-type switching.

Substrate E2 E3

a2 Ubc6, Ubc?7, Doa10
Ubc4, Ubch ?

Ste2 Ubc1, Ubc4, Ubc5 Rsp5

Ste3 Ubc4, Ubch ?

HO Rad6, Cdc34 SCFYf!

Ash1 ? SCFCde

stability of these factors plays a role in mating, phenotypic
switching and/or pathogenesis.

Pheromone receptor degradation

Similar to the master regulators of mating-type encoded
by MAT, other cellular factors that specify cell-type must
be inactivated if cells are to adopt a new differentiated
state after a switch at the MAT locus. The pheromone
receptors are a primary determinant of mating specificity
because they specifically recognize ligands secreted by
cells of the opposite mating-type. If the pheromone
receptors remained at the cell-surface following mat-
ing-type switching, two different responses could occur:
co-expression of both pheromone receptors in the same
cell would lead to receptor interference that inhibits all
pheromone signaling, whereas co-expression of a cognate
pheromone receptor—-mating pheromone pair in the same
cell would cause an autocrine-type response [22-24].
Both of these actions are inappropriate for mating-
competent haploid cells. For cells to undergo an effective
a-to-a switch in mating phenotype, for example, the Ste3
a-factor receptor must be removed from the cell surface
and replaced with its counterpart, the Ste2 «a-factor
receptor. Elimination of the receptors, like that of a2
and the other Mat regulators, occurs in a Ub-dependent
manner [25,26] (Table 1). However, instead of targeting
these factors to the 26S proteasome for destruction, Ub
functions in an alternative way, as a signaling molecule
that promotes the internalization and trafficking of these
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cell-surface proteins to the vacuole for degradation by
vacuolar proteases [27].

HO endonuclease degradation

The Ub—proteasome pathway also destroys the HO endo-
nuclease, the enzyme that starts the mating-type switch-
ing process. HO is targeted for ubiquitination by a Skp1/
Cullin/F-box (SCF)-type E3 Ub—protein ligase [28°,29]
(Table 1). The F-box subunits of SCF complexes recruit
specific substrates for ubiquitin addition. Before recruit-
ment by F-box factors, targeted proteins are usually
modified post-translationally. Often, this modification is
phosphorylation. Indeed, the degradation of HO requires
the function of two different protein kinases, Mec1 and
Chk1 [28°]. Interestingly, these kinases, as well as another
protein (Rad9) required for HO proteolysis, are key
mediators of a cellular surveillance mechanism known
as the DNA-damage checkpoint response. These obser-
vations suggest that the endonuclease activity of HO is
monitored and directly coupled to its degradation; as soon
as the double strand break at MAT (created by HO) is
detected by the DNA-damage checkpoint proteins, HO
is rapidly destroyed. This tight link between the function
of HO, which is synthesized only in a narrow window of
the G cell-cycle phase, and its turnover might serve to
protect the newly switched MAT allele from re-cleavage
and to ensure that mating-type switching occurs only once
per generation, providing a tidy explanation for why both
progeny of a switched cell always have the same new
mating phenotype [12].

Ash1 degradation

Much like the destruction of HO, rapid degradation of the
switching repressor Ash1 allows the activity of the protein
to persist for only a short period of time. In wild-type cells,
the Ash1 protein is not found in mother cells, but instead
localizes to daughter-cell nuclei to inhibit the transcrip-
tion of HO. Ashl is present in daughter cells only for a
brief window and soon after the cell-cycle stage in which
it is synthesized, the Ashl protein is rapidly destroyed
[13,14]. An SCF-type E3 Ub-protein ligase complex
containing the F-box protein Cdc4 (SCF““*) appears
to target Ashl for Ub-dependent degradation (Q Liu
and M Tyers, unpublished) (Table 1). All known sub-
strates of SCFYI* are targeted in a phosphorylation-
dependent manner; Ashl is no exception — turnover
of this repressor requires the cyclin-dependent kinase
Pho85 and Ashl is directly phosphorylated by Pho85.
Strains lacking this kinase no longer exhibit asymmetric
localization of Ash1 and the protein is found not only in
daughter cells but also in mother cells, where it ectopi-
cally inhibits HO-mediated mating-type switching. In
pho85 mutants, the Ashl protein is initially localized to
daughter-cell nuclei, but it fails to disappear as these
daughter cells proceed through their division cycle and
mature into mother cells [30°]. This persistence of Ashl
activity impairs the ability of cells to shed their switching-

incompetent daughter cell phenotype after becoming a
mother cell.

Transition to pseudohyphal growth

Beyond its role in promoting transitions between mating-
types, regulated proteolysis is also required for the control
of other differentiation events in yeast. For example, in
response to nitrogen starvation, yeast cells change their
pattern of growth and form filamentous pseudohyphal
colonies that are able to forage for nutrients (Figure 3a).
Nitrogen-limiting conditions activate a complex signal-
transduction pathway that promotes a coordinated
response involving cell elongation, lengthening of the
G,/M phase of the cell cycle, a switch in budding pattern
and persistent mother—daughter cell adhesion, as well as
invasion of the growth substrate [31,32]. Of the many
gene products that are implicated in the switch to pseu-
dohyphal growth are proteolytic factors, in particular,
components of the E3 Ub—protein ligase SCFY™.

Mutations in genes encoding the SCF cullin Cdc53 and
the F-box protein Grrl lead to enhanced filamentous
growth [33,34], suggesting that the degradation of one
or more SCF®™ substrates normally inhibits the switch
to the pseudohyphal growth state. Several targets of
SCF®™_mediated proteolysis have been identified, but
it remains unclear whether the destruction of any of these
factors mediates the change to filamentous growth. For
example, Grrl targets the G; cyclins Clnl and Cln2 for
SCF-dependent degradation [35,36] and although these
two cyclins are required for pseudohyphal development
[37], the hyperfilamentous phenotype of g7/ mutants is
not altered by the inactivation of CLN/ and CLNZ [38].
Similarly, the degradation of the cell-polarity factor Gic2
requires SCFY™ [39], but a role for Gic2 in pseudohyphal
differentiation has not been reported.

The yeast Forkhead transcription factors Fkh1 and Fkh2
are also important negative regulators of the transition to a
pseudohyphal state: cells lacking both Fkh1 and Fkh2 are
constitutively filamentous [40-42]. The Fkh proteins
form a transcription factor complex with the Ndd1 co-
activator. This complex is required for the expression of
the mitotic cyclin gene CLBZ and a group of co-regulated
genes, called the CLBZ cluster [40—44]. Loss of Fkh-
Ndd1 activity alters cell-cycle progression, causing the
accumulation of cells in G,/M, much like ¢/b-deficient
strains. As mentioned previously, pseudohyphal differ-
entiation is associated with such a G,/M delay; accord-
ingly, the filamentous morphology of f#hIA fkh2A
mutants is suppressed by the overexpression of CLB2
[40]. Given that many transcriptional regulators are tar-
gets of rapid proteolysis, it is tempting to speculate
that the Fkh transcription factors are also inactivated
by Ub-dependent protein degradation, and that the pro-
teolytic downregulation of these key regulators controls
the switch from vegetative to pseudohyphal growth.

Current Opinion in Microbiology 2004, 7:647-654
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Figure 3
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(a) Pseudohyphal differentiation in response to nitrogen limitation. The growth pattern of yeast cells changes under nitrogen-limiting conditions.
The oval, yeast form of cells divides asymmetrically and exhibits bi-polar budding that switches to an elongated pseudohyphal pattern of
growth, which is characterized by synchronous, unipolar budding and persistent mother-daughter adhesion. This results in the formation of
filamentous chains of cells (pseudohyphae). (b) The MAPK signaling pathway involved in filamentous growth. Degradation of the components
Ste11, Ste7 and Ste12 (indicated by X’) occurs in a phosphorylation-dependent manner by the indicated enzymes.

Interestingly, pseudohyphal differentiation requires many
of the same elements of the MAPK signaling cascade
that operates during the mating pheromone-response of
haploid cells [45,46] (Figure 3b). Two Kinases in this
signaling module that are shared by these pathways, Ste7
and Stell, appear to be ubiquitinated and destroyed in
response to mating pheromone stimulation [47,48,49°]
(Figure 3b). Degradation of these signaling proteins
serves to limit their activity: upon removal of the
upstream stimulus, the signaling pathway quickly returns
to its basal, non-stimulated state. Perhaps a similar pro-
teolytic mechanism operates as cells switch back from the
filamentous pattern to a yeast form of growth, enabling
the rapid resumption of normal vegetative growth after
starvation signals are removed. Another component that is

shared by the mating pheromone-response and pseudo-
hyphal growth pathways is the transcription factor Ste12,
which functions downstream of the MAPK cascade to
regulate both pheromone-inducible and filamentous
response genes. 'The activity of this transcription factor
is also dependent upon the cyclin-dependent kinase
Srb10, which directly phosphorylates Ste12 and promotes
its degradation (Figure 3b). Under the nitrogen-limiting
conditions that promote pseudohyphal growth, the Srb10
protein itself appears to be degraded, leading to an
increase in the Stel12-dependent transcription of filamen-
tous response genes that presumably reflects the stabili-
zation of Ste12 [50°]. Although the precise mechanisms of
these proteolytic events remain to be determined, mod-
ulation of the stability of both Ste12 and Srb10 appears to
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play a key role in the transition between vegetative and
pseudohyphal states of growth.

Transition to quiescence

As yeast cultures are grown to saturation and carbon
sources are depleted from the growth medium, cells stop
proliferating and become quiescent. During this switch to
the quiescent state, a coordinated downregulation in the
synthesis of many proteins occurs, due to a global shut-
down in the transcription of genes encoding ribosomal
proteins and RNA [3]. However, examination of the
phenotypes of mutants lacking vacuolar-resident pro-
teases or components of the Ub-proteasome pathway
indicates that proteolysis is also a necessary element of
this cell-state transition.

Cells lacking either of the main vacuolar proteases,
Pep4 or Prbl, cannot maintain viability when grown into
stationary phase [51], a phenotype similar to #d:4, ubcl or
ubc5 mutants, which bear defects in genes encoding
polyubiquitin or different E2 Ub-conjugating enzymes,
respectively [52-54]. Furthermore, during the growth
into stationary phase of cells lacking Doa4, Ub is
depleted; this is closely followed by cell death [55].
Doa4 is a deubiquitinating enzyme that recycles ubiqui-
tin from ubiquitinated proteins. Thus, robust protein
degradation by both the vacuole and the proteasome
appears to be essential to maintain the viability of cells
as they progress into a quiescent state.

Although proteolysis is necessary for entry into quies-
cence, prolonged starvation leads to a decrease in Ub-
dependent protein degradation [56°]. This reduction in
activity correlates with the disassembly of 26S protea-
somes into their substituent components, the 20S cata-
lytic and 19S regulatory particles. Although no significant
change in the expression levels of individual proteasomal
proteins was observed, a time-dependent decrease in
26S proteasome levels, accompanied by a corresponding
increase in 208 catalytic particles occurred during incuba-
tions in stationary phase. Interestingly, an ‘open channel’
proteasomal mutant, which lacks the N-terminal tails of
particular subunits that function to block the channel
leading into the catalytic chamber, does not survive
extended quiescence and exhibits delayed outgrowth
from stationary phase [56°]. Because this mutant exhibits
increased basal proteasomal activity that persists abnor-
mally during stationary phase, it was suggested that this
sustained degradation eventually targets proteins that are
essential for cell viability.

Conclusions

Clearly, selective proteolysis of key regulatory proteins is
an effective and commonly used strategy for inactivating
a regulatory apparatus during cell-state changes, whether
programmed by developmental cues or engendered by
environmental stimuli. However, in many of the exam-

ples where protein degradation has been implicated in
these transitions, the specific proteolytic substrates are
not yet known. Furthermore, the mechanistic reasons
why these factors need to be degraded for cells to make
successful phenotypic switches are only just becoming
clear. An array of experimental methods, from single-cell
assays to large-scale proteomic analyses, can be exploited
with yeast, so rapid progress in addressing these questions
should be made in the coming years. The results will also
undoubtedly continue to inform and guide studies on the
dynamics of cell differentiation in metazoans.
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