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Abstract

Yeast cells sense the amount and quality of external nutrients through
multiple interconnected signaling networks, which allow them to ad-
just their metabolism, transcriptional profile and developmental pro-
gram to adapt readily and appropriately to changing nutritional states.
We present our current understanding of the nutritional sensing net-
works yeast cells rely on for perceiving the nutritional landscape, with
particular emphasis on those sensitive to carbon and nitrogen sources.
We describe the means by which these networks inform the cell’s deci-
sion among the different developmental programs available to them—
growth, quiescence, filamentous development, or meiosis/sporulation.
We conclude that the highly interconnected signaling networks pro-
vide the cell with a highly nuanced view of the environment and that
the cell can interpret that information through a sophisticated calculus
to achieve optimum responses to any nutritional condition.
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INTRODUCTION

Saccharomyces, like other unicellular microor-
ganisms, has evolved to make optimum use of
accessible nutrients and to adapt to nutritional
deficiencies in a manner that maximizes sur-
vival. These behaviors require that yeast cells
have the ability to assess the amount and nature
of available nutrients and to modify their tran-
scriptional, metabolic, and developmental pro-
grams in response to that assessment. This re-
view focuses predominantly on how yeast cells
assess the availability of various nutrients—
primarily carbon and nitrogen sources—and
how cells respond to that assessment. Partic-
ularly, we emphasize the means by which yeast
cells coordinate their transcriptional and de-
velopmental program to optimize their growth
and survival not only to the quantity and qual-
ity of the carbon and nitrogen sources but also
in the amounts of each relative to the other.
Previous reviews on carbon catabolite repres-
sion (123, 238, 249), nitrogen regulation (52,
53, 166) and general amino acid control (105)
in Saccharomyces and nutrient sensing in fungi
in general (10) provide a valuable backdrop to
this article.

NUTRIENT SENSING

Glucose Signaling

Yeast cells obtain energy through fermentation
of sugars—glucose, fructose, sucrose, galactose,
melibiose, maltose, etc., or through oxidation of
avariety of fermentation products, such as glyc-
erol, ethanol, and lactate (122). Yeast cells fer-
ment glucose or fructose in preference to other
mono-, di-, and trisaccharides, even for those
di- or trisaccharides, such as sucrose, raffinose,
and trehalose, that can be converted directly
into glucose or fructose. Moreover, yeast cells
prefer any fermentable carbon source to any
carbon source that has to be metabolized by
oxidation. This hierarchical arrangement is es-
tablished by allosteric regulation of various key
enzymes in such metabolic processes as glycol-
ysis and gluconeogenesis and by an extensive
transcriptional regulatory network. Moreover,
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since yeast readily ferment glucose, both to ex-
tract energy rapidly and to generate precursors
for all anabolic processes, the availability of glu-
cose presents an opportunity for increased mass
accumulation, which is realized by increased ri-
bosome production.

Reflecting these opportunities and prefer-
ences, addition of glucose to cells growing on
a nonfermentable carbon source results in a
rapid change in the pattern of protein phos-
phorylation as well as a massive restructuring of
the transcriptional state of the genome. More
than 40% of the genes in yeast alter their ex-
pression by more than twofold within minutes
following addition of glucose to cells grow-
ing on glycerol (281). These transcriptional
changes involve increased expression of genes
involved in ribosome biogenesis and repression
of genes required for oxidative phosphoryla-
tion and other mitochondrial functions and of
genes required for initial metabolism of sugars
other than glucose and fructose. The inverse
changes in gene expression and metabolism oc-
cur upon depletion of glucose growing in batch
culture (55). Cells growing in the presence of
glucose metabolize it solely by fermentation to
ethanol and then, at the diauxic shift, convert
their metabolic process to consume the ethanol
by oxidative phosphorylation. These transcrip-
tional and metabolic changes attendant on the
transition to or from glucose are mediated by
several complex regulatory networks that orga-
nize interconnected and overlapping processes.
The nature of these individual networks and
their relative contributions to the overall glu-
cose regulatory process are discussed below.

The Ras/Protein Kinase A Network

Components of the network. Protein kinase
A (PKA) plays critical roles in growth, in re-
sponse of cells to glucose and in coupling cell
cycle progression to mass accumulation. As in
all eukaryotes, yeast protein kinase A comprises
a heterotetramer composed of two catalytic
subunits and two regulatory subunits. Three
closely related genes, TPKI, TPK2, and TPK3,
redundantly encode the catalytic subunits, with
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Figure 1

G-protein based glucose signaling. Glucose signaling mediated by the small G-proteins Ras and Gpa2 funnels through protein kinase A
(PKA) to induce ribosome biogenesis and suppress the general stress response controlled by Msn2/Msn4 and Rim15. The kinases Sch9
and Yakl function in parallel to PKA, the former reinforcing the PKA response and the latter antagonizing it. Dashed lines represent

regulatory interactions, which may not be direct and in some cases are only surmised. See text for details.

each gene product capable of phosphorylating
distinct but somewhat overlapping sets of target
proteins (217). Some of the well-characterized
substrates for these kinase subunits include pro-
teins involved in metabolism of the storage
carbohydrates, enzymes in glycolysis and glu-
coneogenesis, and transcription factors regulat-
ing stress response, ribosomal biogenesis, and
carbohydrate metabolism (28, 217). Thus, PKA
serves as a central regulator of the metabolic
and transcriptional status of the yeast cell
(Figure 1).

The PKA regulatory subunit is encoded by
BCY1. This subunit acts as a pseudo substrate
for the catalytic subunits to bind and restrict
their activity. Cyclic AMP (cAMP) binding to

Bcyl1 alleviates this inhibitory activity, releasing
the catalytic subunits to perform their essen-
tial functions in the cell. eyl mutants exhibit a
number of phenotypes resulting from the unfet-
tered activity of the catalytic subunit, including
heat shock sensitivity, sensitivity to nutritional
deprivation, and failure to arrest in G1 in re-
sponse to starvation (265). These phenotypes
derive in part from an inability to mounta stress
response but also from a lack of stored nutri-
ents needed to weather adverse conditions or
to complete a cell cycle upon starvation (169).

A balance between cAMP synthesis cat-
alyzed by adenylyl cyclase, encoded by CYRI,
and cAMP degradation catalyzed by phos-
phodiesterases, encoded by PDEI and PDE2,
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establishes the level of cAMP in the cell
(Figure 1). The small GTP-binding proteins,
Rasl and Ras2, stimulate adenylyl cyclase
through direct interaction with the enzyme.
Ras1 and Ras2 cycle between a GTP-bound and
a GDP-bound state and can stimulate adeny-
Iyl cyclase only in the GTP-bound state. The
level of Ras-GTP in the cell results from a bal-
ance between GTP loading and GTP hydrol-
ysis, the former catalyzed by the guanine nu-
cleotide exchange factor, Cdc25, and the latter
catalyzed by the intrinsic GTPase activity of
Ras, which can be dramatically stimulated by
redundant GTPase activating proteins (GAPs),
Iral and Ira2. Glucose addition to starved cells
results in a rapid but transient increase in in-
tracellular cAMP through a process dependent
on Ras. The rapid increase in cAMP produc-
tion matches the increase in glucose-stimulated
Ras-GTP levels in the cell and the subsequent
decrease in cAMP levels likely results from
feedback inhibition of synthesis and perhaps
stimulation of PDE activity. Despite the clear
effect of glucose on Ras activation and subse-
quent cAMP production and PKA activation,
the means by which glucose increases Ras-GTP
levels in the cell remains elusive, although not
from lack of effort. Nonetheless, we know that
Ras is required to maintain an essential basal
level of cAMP and PKA activity in the cell
and that addition of glucose stimulates Ras to
produce a transient burst and subsequent long-
term increase in PKA activity.

Transcriptional effects of the Ras/PKA
pathway. The Ras/PKA network plays the pri-
mary role in the cell’s response to glucose.
Recent studies have shown that induction of
an activated allele of RAS2 (RAS2V') in yeast
cells growing in glycerol medium leads to the
identical qualitative and quantitative changes
in expression of 90% of all the genes whose
expressions are altered by addition of glucose
to wild-type cells (281). Moreover, all the Ras-
induced changes in gene expression depend en-
tirely on PKA, indicating that Ras affects tran-
scription in response to glucose solely through
modulation of PKA. Ras activation results in in-
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duction of genes that are involved in ribosomal
protein synthesis, ribosome biogenesis, and gly-
colysis and repression of genes thatare involved
in stress response, in gluconeogenesis, and in
metabolism of storage carbohydrates. Signifi-
cantly, this study showed that a large fraction
of the genes that are induced by glucose in a
Ras2-dependent manner are involved in ribo-
some production. Thus, glucose stimulation of
expression of genes involved in mass accumula-
tion is mediated through Ras. This is discussed
in more detail in subsequent sections.

Yak1

Yakl is a protein kinase that works in parallel to
the Ras/PKA pathway but inhibits rather than
stimulates cell growth (Figure 1). Y4KI was
identified as a gene whose deletion suppressed
complete loss of function of the Ras/PKA path-
way (86). Yakl can be phosphorylated in vitro
by bovine PKA (87). However, Yakl may not
be an in vivo substrate of PKA because Yakl is
still phosphorylated in vivo in a tpklA tpk2A
tpk3A strain. Moreover, in vitro incubation
with bovine PKA does not inhibit Yakl kinase
activity. Rather, glucose likely regulates Yakl
localization rather than its activity and does so
through a PKA independent route (184). Sev-
eral targets of Yakl have been identified. Beyl
is phosphorylated and restricted to the cyto-
plasm in a Yakl-dependent manner upon glu-
cose starvation (95, 287), although the phe-
notypic consequence of this is unclear. Yakl
also directly phosphorylates Pop2 (aka Cafl),
a member of the Ccr4-Cafl-Not deadenyla-
tion complex that likely controls the stability
and/or translation of a wide variety of mRNAs
involved in stress response and use of alter-
nate carbon sources (184). Pop2 is necessary for
glucose derepression, growth at high tempera-
ture, sporulation, and establishment of reserve
carbohydrates (40). Preventing Yakl-induced
phosphorylation of Pop2 results in failure to ar-
restin G1 at the end of postdiauxic growth prior
to entering stationary phase. Msil, isolated as
a multicopy suppressor of 7721 A and identified
as a member of the CAK chromatin deposition
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complex, also appears to function downstream
of, oratleastin parallel with, Yak1. Msil overex-
pression suppresses the heat shock sensitivity of
yaklA (214), and msil A suppresses the growth
inhibitory effects of Yakl overexpression. Yakl
also regulates the localization of Msil. Msil ac-
cumulates in the nucleus during growth on a
nonfermentable carbon source such as glycerol,
and this accumulation increases upon deletion
of YAKI.

In sum, Yakl appears to function in par-
allel to PKA in response to glucose but with
the opposite effect: PKA suppresses the stress
response and stimulates growth whereas Yakl
stimulates the stress response and inhibits
growth. Yakl may accomplish these functions
by inhibiting PKA—via Beyl1 relocalization, for
instance—by stabilizing or promoting trans-
lation of growth-inhibitory, stationary-phase-
inducing mRNAs, by regulating the ill-defined
activity of Msil, or by some combination of
these. Finally, the means by which glucose al-
ters Yakl localization is not clear but appears to
be independent of the PKA pathway, suggest-
ing that a separate glucose-responsive pathway
impinges on Yakl function. Thus, Yak repre-
sents an additional, but poorly defined, channel
in the glucose regulatory network.

The Gprl/Gpa2 Circuit

Gprl and Gpa2 define a nutrient-sensing path-
way that works in parallel with Ras to activate
PKA (Figure 1). Gpa2 is a small GTP-binding
protein that is homologous to the mammalian
Ga subunit of the heterotrimeric G proteins
(191). GPRI encodes a seven-transmembrane
receptor that is homologous to G protein—
coupled receptors and that physically interacts
with Gpa2 (138, 293). By homology to other
GPCR signaling systems, these observations
suggest that Gpa2 functions as the Ga subunit
coupling ligand activation of Gprl to an in-
ternal cellular response. 7252A is synthetically
lethal with gpriA as well as gpa2A, a pheno-
type that is suppressed by deletion of PDE2
(140, 293). Moreover, diploids homozygous for
gprlA or for gpa2 A are defective in initiating

pseudohyphal growth (140, 261). This defectin
gpr1 A/gpr1 A and gpa2A/gpa2 A strains can be
suppressed by feeding exogenous cAMP. These
phenotypes are consistent with the model that
Gprl and Gpa2 activate PKA, perhaps through
activation of adenylate cyclase (191, 229). Con-
sistent with a role for Gpa2 in adenylyl cy-
clase activation, Cyrl binds to bacterially pu-
rified Gpa2 loaded with GTPyS but not with
GDP (208). Moreover, recent microarray data
showed that induction of GPA2¥%L resulted in
expression changes in the same sets of genes as
did induction of an activated allele of RAS2.
All of the transcriptional changes attendant
on induction of the activated GPA2 allele de-
pended completely on PKA (281). However,
this study also showed that the magnitude of
Gpa2-dependent gene expression changes was
much weaker than that seen using an acti-
vated allele of RAS2. These observations pro-
vide strong evidence that Ras2 plays the major
role in mediating glucose-induced gene expres-
sion changes while Gpa2 plays a more auxiliary
role in the glucose response, and both do so
solely through modulation of PKA.

To date, we do not know how Gprl senses
nutrients. No direct binding of glucose or any
other ligand to Gprl has been demonstrated.
Rather, indirect evidence implicates various
sugars as Gprl ligands, with sucrose apparently
binding more tightly than glucose (155). At face
value, this would suggest that the physiologi-
cal ligand for Gprl could be sucrose, which is
a less favored nutrient for yeast than glucose.
This observation is at odds with the apparent
role of Gprl in mediating a glucose response.
Moreover, deletion of GPRI from wild-type
strains does not affect in any measurable way
the changes in transcription following glucose
addition, whereas induction of a dominant neg-
ative RAS?2 allele essentially eliminates almost
all of the glucose response (281). Thus, what-
ever role the Gprl/Gpa2 network might play
in glucose signaling, it mediates only a negligi-
ble part of the rapid glucose-induced transcrip-
tional restructuring.

Like mammalian heterotrimeric G proteins,
yeast Gpa2 functions in conjunction with 3 and
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v subunits. Although a recent report suggests
that ASCI encodes the P subunit (300a),
substantial evidence posits Gpbl/Krh2 and
Gpb2/Krhl in this role, with Gpgl serving as
v subunit (13, 102). Unlike mammalian Gpy
subunits, Gpbl and Gpb2 do not have WD40
repeats but instead contain seven kelch repeat
domains that, like WD40 repeats, fold into
a 3 propeller structure and mediate protein-
protein interactions. gpbI A gpb2 A cells exhibit
a hyperactive PKA phenotype: heat shock
sensitivity in stationary phase and reduced
sporulation efficiency. In addition, such cells
have elevated FLOI1 expression and show
increased haploid invasive and diploid pseudo-
hyphal growth (see below). These observations
suggest that Gpbl and Gpb2 are negative
regulators of PKA. gpglA mutants display
phenotypes opposite to those of gpbI A gpb2 A
cells, a unusual result since Gp and Gy subunits
normally function as a complex. This result
suggests that Gpgl functions independently as
an activator of the PKA network. Harashima
et al. (101) recently showed that Gpb1/Gpb2
bind to and stabilize Iral and Ira2, the Ras-
GAP proteins. Thus, the Gpa2/Gpb/Gpg
heterotrimer appears to be able to modulate
the Ras/PKA network in at least two opposing
modes—direct activation of adenylyl cyclase
by Gpa2 and inhibition of Ras activity by
increasing Ras-GAP levels. These two oppos-
ing modes function on different time scales,
consistent with an initial Gpa2-dependent
stimulation followed by longer-term Gpb-
dependent attenuation/habituation. In sum,
most of the mutants defective in components
of the Gprl/Gpa2 network affect long-term
developmental programs in response to glucose
but not short-term response patterns. Thus,
this system may serve as an overlay on the
Ras/PKA network designed to effect long-term
responses to glucose availability.

The Sch9 Pathway

Sch9 is an AGC family kinase and the closest
yeast homolog to the mammalian prosurvival
Akt/PKB as well as to the TOR-regulated S6
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kinase. SCHY was initially identified as a mul-
ticopy suppressor of cdc25-1, and at high copy
it can also suppress lethality caused by ¢yrIA,
rasl A ras2 A, and tpk1 A tpk2 A tpk3 A mutations
(264). Selective inhibition of an ATP analog-
sensitive allele of SCHY (sch9*) in cells growing
in glucose media inhibits expression of genes in-
volved in ribosome biogenesis, whereas overex-
pression of SCHY from a GALI promoter leads
to induction of essentially the same set of genes
as does expression of RAS2V!Y from the GAL10
promoter (125). In particular, SCH9 overex-
pression induces ribosome biogenesis genes
and represses genes involved in carboxylic acid
metabolism. Thus, the ability of Sch9 to sup-
press mutations in the Ras/PKA pathway likely
results from the fact that Sch9 regulates a sim-
ilar set of functions as does Ras/PKA.

Recent biochemical studies of Sch9 place it
in both nutrient- and stress-sensing networks.
The nutrient-responsive TORCI kinase di-
rectly phosphorylates Sch9 at multiple sites at
its C-terminal domain, and phosphorylation of
these sites is required for Sch9 kinase activ-
ity (273). Moreover, strains with Sch9 carrying
phosphomimetic substitutions at these sites ex-
hibit significant resistance to repression of the
ribosome biogenesis genes in response to ra-
pamycin treatment (273). Glucose also affects
Sch9 function, both by increasing the level of
Sch9 in the cell and by inducing phosphoryla-
tion of Sch9, although the kinase(s) and phos-
phatase(s) responsible for the phosphorylation
levels of these glucose-dependent sites is not
known (125, 273). Accordingly, the means by
which glucose availability is coupled to Sch9
phosphorylation is unknown. While inactiva-
tion of Sch9 in cells growing in rich medium
diminishes expression of ribosome biogenesis
genes, inactivation of Sch9 does not measurably
diminish the massive transcriptional changes
that occur following glucose addition to glyc-
erol grown cells. In sum, Sch9 acts in par-
allel to the Ras/PKA pathway but seems to
serve as a minor conduit for glucose-mediated
changes in transcription. However, Sch9 does
seem to play a significant role in connecting
TOR-dependent nutrient sensing to ribosome
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biogenesis. Moreover, as noted below, Sch9
plays a major role in coupling cell size to cell
division.

The Snfl Network

The Snfl network is essential for growth on less
preferred fermentable carbon sources such as
sucrose, galactose, and maltose and for growth
on nonfermentable carbon sources such as glyc-
erol and ethanol. Besides its requirement for
growth in the absence of glucose, the Snfl com-
plex affects a number of cellular processes, in-

cluding aging, meiosis, glycogen accumulation,
growth on inositol, and pseudohyphal growth
9, 109, 144, 253) (Figure 2).

The yeast Snfl protein kinase complex is ho-
mologous to mammalian AMP-activated pro-
tein kinase (AMPK). Like its mammalian coun-
terpart, the yeast Snfl protein kinase complex
is a heterotrimer composed of the Snfl cat-
alytic subunit, the y-like Snf4 regulatory sub-
unit, and one of three B-subunit, encoded by
GALS3, SIP1,and SIP2. Snf4 binds to Snfl and,
during growth in the absence of glucose, alle-
viates the autoinhibition of the Snfl catalytic
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Figure 2

The interlocking Snf and Rgt glucose signaling networks. Glucose regulates genes involved in carboxylic acid metabolism and fatty acid
{3-oxidation by inhibiting the Snfl kinase and regulates the hexose transporter and hexokinase genes by inactivating the Rgtl
co-repressors Mth1 and Std1. These two networks are interconnected at various points, including Snfl activation of the Rgtl repressor
and indirect induction of the Mth1 corepressors and, inversely, Rgtl represses hexokinase 2, which serves as a corepressor of the

Snfl-regulated Migl repressor. These pathways are also influenced by glucose-regulated PKA at the points indicated.
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domain by the C-terminal regulatory domain.
Deletion of either SNF1 or SNF# results in in-
ability to grow on carbon sources other than
glucose, referred to as a sucrose nonfermenting
(Snf™) phenotype. Only deletion of all three 3-
subunits yields a Snf~ phenotype, suggesting
that the B-subunits are redundant for growth
on alternative carbon sources.

Regulation of Snfl activity. The Snfl com-
plex is activated by growth in the absence of
glucose. In mammalian cells, AMPK maintains
cellular energy homeostasis when the energy
level is low both by stimulating glucose up-
take and lipid oxidation and by inhibiting ATP-
consuming processes (163). The complex is ac-
tivated by increases in the cellular AMP:ATP
ratio by direct allosteric activation of the y-
subunit by AMP (267). The homology between
the yeast Snfl complex and the mammalian
AMPK complex suggests that, like the mam-
malian system, yeast Snfl would also be acti-
vated by AMP. However, studies to date have
failed to reveal any activation of Snfl by AMP
(179, 288, 289). Rather, glucose depletion acti-
vates the Snfl complex by promoting phospho-
rylation of T210 in the activation loop of Snfl
by any one of three Snfl kinases, encoded by
SAK1 (for Snfl Activating Kinase, previously
Pakl), ELM]I, and TOS3 (108, 193) (Figure 2).
These three kinases are redundant in their
Snfl-activating capacity. Even though e/mz] mu-
tants have distinct phenotypes in cell cycle
progression, septin localization, and cytokine-
sis and SAKI deletion mutants have defects in
glycogen accumulation, all three upstream ki-
nases must be deleted for cells to display a Snf~
phenotype (103, 108, 176, 256, 257). However,
Sakl plays the primary role in mediating Snfl
functions. Deleting SAK1 leads to the greatest
decrease in Snfl kinase activity and Sakl plays
the major role in activation of Snfl-Gal83. In
cells lacking Sak1 activity, Gal83 complexes re-
main in the cytoplasm upon depletion of glu-
cose (103). Furthermore, sak1 or gal§3 mutants
exhibit diminished accumulation of glycogen
to the same extent as do snfI mutants. Tos3
and Elm1 have more variable ability to acti-
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vate the Snfl complex depending upon the car-
bon stress (176). Deletion of ELM]I reduces the
catalytic activity of the Snfl complex but not
as effectively as SAKI deletion. On the other
hand, deletion of TOS3 has very little effect
on Snfl catalytic activity. Tos3 has a more ac-
tive role during long-term growth in glycerol-
ethanol media (131). Deletion of TOS3 reduces
the growth rate, Snfl catalytic activity, and ex-
pression from a carbon source response element
(CSRE) reporter only during long-term growth
on glycerol-ethanol. Tos3 is also phosphory-
lated in a Snfl-dependent manner.

The type 1 protein phosphatase, comprising
the Glc7 catalytic subunit and the Regl regu-
latory subunit, counteracts Snfl/4’ activation
by the upstream kinases. Regl interacts with
the kinase domain of activated Snfl and di-
rects Glc7 to the kinase activation loop of Snfl,
resulting in the dephosphorylation and inacti-
vation of Snfl (269). Active Snfl phosphory-
lates and inhibits Reg1-Glc7, providing a posi-
tive feedback loop during transition to an active
form. Regl expression, localization, and inter-
action with Glc7 do not appear to be regulated
by carbon source, but the activity of the Regl-
Glc7 complex might be regulated by posttrans-
lational phosphorylation of Reg1, since Regl is
phosphorylated in a carbon source-dependent
manner. The fact that isolated kinase domain
of Snfl can confer glucose regulation of gene
expression in a reg] A mutant suggests that glu-
cose regulates Snfl through a pathway indepen-
dent of Regl (165). However, glucose can reg-
ulate Snfl activity even in a sakI A elml A tos3 A
carrying either of the mammalian AMPK ki-
nases, LKB1 or CaMKKe, suggesting that glu-
cose impinges on Snfl through a process inde-
pendent of its upstream kinases (108a). Thus,
Glc7/Regl phosphatase may provide a second
route for glucose regulation of Snfl.

Glucose also regulates the Snfl complex in
part through a B-subunit-dependent redistri-
bution of its subcellular location. All the Snfl
complexes, regardless of B-subunit, reside in
the cytoplasm during growth in glucose media.
Upon shift to media lacking glucose, Gal83-
containing complexes relocalize to the nucleus,
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Sipl-containing complexes relocalize to the
vacuole, and Sip2-containing complexes remain
in the cytoplasm. This difference in localiza-
tion suggests that the subunits are not entirely
overlapping in function (277). In the absence of
Gal83, Snfl distributes relatively uniformly be-
tween nucleus and cytoplasm in a pattern that
is essentially unaffected by carbon source (277).
This suggests that the glucose regulates local-
ization of Gal83-containing complexes at least
in part by promoting nuclear export. Moreover,
glucose has to be phosphorylated in order to
stimulate nuclear export, because glucose addi-
tion to hxkl A hxk2A glkl A cells fails to induce
relocalization of Gal83-containing complexes
from the cytoplasm to the nucleus. However,
metabolism of glucose is not required: Addition
of 2-deoxyglucose, a glucose analog that is
phosphorylated but not metabolized, suffices
to localize Gal83-containing complexes to the
cytoplasm, whereas 6-deoxyglucose, which
cannot be phosphorylated, cannot induce
cytoplasmic localization of Gal83-containing
complexes. Thus, glucose restricts nuclear
localization of the Snfl kinase complex by
promoting export of Gal83 from the nucleus,
although the mechanism connecting glucose
to nuclear export is unknown.

Relocalization of Snfl in complex with Sip1
to the vacuole depends on a putative myris-
toylation site (MGNSPS) on the N termi-
nus of SIPI (104). Mutation of the conserved
glycine residue in the consensus sequence pre-
vents localization of Sipl to the vacuole in
the absence of glucose. However, unlike in the
case of Gal83-containing complexes, addition
of 2-deoxyglucose does not induce Sipl com-
plexes to relocalize to the cytoplasm, suggest-
ing that Sipl might be responding to a sig-
nal other than glucose phosphorylation. Rather,
cytoplasmic localization of Sipl complexes in
glucose media requires the activity of PKA:
Sipl fails to localize to the cytoplasm upon
glucose addition to tpkI A tpk2A tpk3A strain
and, conversely, deletion of BCYT prevents the
vacuolar localization of Sipl-containing com-
plexes in glycerol-ethanol media. The func-
tion of Sipl and the significance of the vac-

uolar localization of Sipl-Snf complexes are
unknown.

In sum, glucose regulation of the Snfl ki-
nase complex does not derive from changes in
the AMP:ATP ratios attendant on metabolism
of glucose but rather is achieved through phos-
phorylation of the Snfl catalytic domain, either
by regulation of three redundant upstream ki-
nases or the Regl/Glc7 phosphatase or both.
Moreover, glucose depletion redistributes the
Snfl kinase complexes from the cytoplasm to
the vacuole and the nucleus, where it can effect
subsequent metabolic and transcriptional alter-
ations. While glucose modulates phosphoryla-
tion of Snfl to regulate its activity, the means
by which glucose suppresses Snfl activation
through modulation of its kinases and/or phos-
phatases remains elusive, as does the means by
which glucose induces redistribution of Snfl
complexes in the cell.

Downstream effects of the Snfl complex.
Snfl regulates the expression of genes involved
in use of alternate carbon sources through a va-
riety of transcription factors (Figure 2). Genes
required for metabolism of alternative carbon
sources, such sucrose, galactose, and maltose,
respond to Snfl through the activity of the
Migl transcription repressor. Migl is a C,H,
zinc finger protein that binds to a GC-rich con-
sensus sequence [reviewed in (249)]. In cells
grown in the absence of glucose, Snfl phospho-
rylates Migl to inhibit Migl’s repressor activ-
ity. In the presence of glucose, Migl becomes
dephosphorylated and localizes to the nucleus,
repressing the expression of target genes such as
SUC?2. Recent evidence suggests that Mig1 acts
as a repressor in association with Hxk2, one of
the two yeast hexokinases (3, 4). Gel retardation
analysis shows that Hxk2 forms a complex with
a SUC2 DNA-Migl complex, suggesting that
Hxk2 interacts with Migl as part of the repres-
sor complex on the SUC2 promoter. Moreover,
Hxk?2 interacts specifically through the S311
residue of Migl, mutation to a nonphospho-
rylatable form of which results in constitutive
localization of Migl to the nucleus and consti-
tutive inhibition of SUC?2 expression.
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The Adrl transcription factor activates
expression of genes involved in ethanol
metabolism and B-oxidation of fatty acids. Mi-
croarray studies comparing the expression of
wild-type cells to adrl cells showed that dele-
tion of ADRI reduced the expression of ca.
100 genes in low glucose media (299). This
study showed that, besides regulating nonfer-
mentable carbon metabolism and fatty acid
oxidation, Adrl affected expression of genes
in other functions, such as amino acid trans-
port and metabolism, meiosis, and sporulation.
However, since only 30 genes are bound by
Adr1 in cells grown in glucose-free media, al-
tered regulation of most genes in an #drl mu-
tant may well be the consequence of secondary
regulatory or metabolic effects (260).

Adr1 is negatively regulated by PKA in glu-
cose growing cells and activated in a Snfl-
dependent manner in cells growing in the ab-
sence of glucose [reviewed in (249)]. The exact
mechanism of Adr1 suppression by PKA or ac-
tivation by Snfl is not well understood. Adrl
is also under negative regulation of Regl, as
deletion of REGI increases the protein level of
Adrl and leads to induction of Adrl-regulated
genes, such as ADH?2 (63). Moreover, the yeast
14-3-3 proteins, Bmh1 and Bmh?2, likely actin a
pathway parallel to Reg1 to inhibitexpression of
Adr1-regulated genes: Expression of ADH2 un-
der repressed conditions is increased in a bmh1
bmb?2 strain and even further increased in a regl
bmb1 bmb?2 strain. Thus, Adrl is sensitive to a
number of glucose-dependent inputs.

Cat8 and Sip4, two unrelated transcription
factors, activate expression of genes required for
gluconeogenesis during growth in the absence
of glucose by binding carbon source response
elements (CSRE). Derepression of genes hav-
ing CSRE motifs is completely abolished in caz8
sip4 mutants, suggesting that these two proteins
are the only two activators required for full acti-
vation [reviewed in (249)]. However, Cat8 and
Sip4 do not equally contribute toward activa-
tion of genes in nonglucose media: cat§ cells
cannot grow on nonfermentable carbon source,
whereas sip4 mutants can. This discrepancy is
further supported by the fact that Sip4 has the
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much stricter requirement for the consensus
CSRE motifs while Cat8 binds to more vari-
ant types of CSRE (230). Microarray studies
have identified 255 genes whose expression is
reduced in the cat8§ relative to CATS in low glu-
cose media, only 48 of which are bound by Cat8
in vivo, again suggesting a large contribution of
secondary events in the microarray studies. Sip4
responds to glucose starvation through a Gal83-
mediated interaction with and phosphorylation
by Snfl (276). CATS transcription is inhibited
by Migl and activated by Hap2/3/4/5.

Snfl protein kinase complex regulates cer-
tain stress response genes during carbon source
downshift. Hsf1, a transcription factor that reg-
ulates expression of heat-inducible genes by
binding to HSE (heat shock element), is phos-
phorylated in response to carbon stress, depen-
dent in part on Snfl, in a pattern distinct from
heat-induced phosphorylation (98, 240). Fur-
thermore, Hsfl binding to target promoters in
vivo, such as HSP82, CUP1, HSP30, and SSA3,
is Snfl dependent, as is expression of these tar-
get genes in response to carbon stress. Snfl also
negatively regulates Msn2 in response to carbon
stress. Msn2 is dephosphorylated by Reg1-Glc7
immediately following glucose depletion and
localizes to the nucleus to induce expression of
target genes such as CTT1 (54). However, long-
term carbon stress induces rephosphorylation
of Msn2 in a Snfl-dependent manner, leading
to relocalization of Msn2 to the cytoplasm and
inhibition of CTTI expression. This suggests
that Snfl is involved in long-term adaptation
to carbon stress by negatively regulating Msn2
transcriptional activity.

Snfl also affects target genes by stimu-
lating chromatin remodeling. Glucose deple-
tion yields Snfl-dependent phosphorylation of
S10 on histone H3 at the INOI promoter
(161, 162). This phosphorylation leads to re-
cruitment of the SAGA complex, resulting in
acetylation of histone H3 Kl14. Glucose de-
pletion results in a similar Snfl-dependent re-
cruitment of the SAGA complex to the HXT2
and HXT4 promoters under glucose limita-
tion (275). Thus, Snfl promotes transcrip-
tional activation through both mobilization of



Annu. Rev. Genet. 2008.42:27-81. Downloaded from www.annualreviews.org
Access provided by Universita Degli Studi di Milano Bicocca on 10/26/18. For persona use only.

transcription factors and remodeling of chro-
matin structure of target promoters.

In sum, Snfl couples the absence of glucose
and other stresses to the induction of a limited
number of genes required for metabolism of
carbon sources other than glucose as well as ac-
tivation of genes required for gluconeogenesis
and fatty acid oxidation. In the absence of SNFI
function, approximately 400 genes normally in-
duced by glucose depletion show diminished
induction, although only 10% of these are di-
rect targets of transcription factors regulated
by Snfl. Unlike mammalian cells, yeast cells
regulate Snfl activity not in response to en-
ergy charge but rather through phosphoryla-
tion of the activation loop catalyzed redun-
dantly by several upstream kinases. It is not
unreasonable to speculate that glucose deple-
tion activates these upstream kinases to facili-
tate various metabolic and developmental pro-
grams, one aspect of which involves activation
of the Snfl regulon. We still do not understand
how glucose alters the activity of these upstream
kinases, although glucose has to be phosphory-
lated, albeit not metabolized, in order to affect
Snfl function. The apparent role of hexokinase
as a transcriptional corepressor suggests at least
one connection between glucose phosphoryla-
tion and transcriptional activation.

The Rgt Network

The Rgtl network couples expression of the
hexose transporter genes to the level of avail-
able glucose (Figure 2). Rgtl represses expres-
sion of all hexose transporter genes in cells
grown in the absence of glucose, a function
that depends on the presence of two corepres-
sors Mthl and Std1. Glucose binding to two
membrane-spanning sensors, Snf3 and Rgt2,
induces them to bind Mth1 and Std1, thereby
recruiting the corepressors to the plasma mem-
brane, where they are phosphorylated by the
casein kinases Yck1 and Yck2. Once phospho-
rylated, the corepressors are targeted by the
SCF&! E2/E3 ubiquitin conjugating complex
for degradation by the proteasome (75, 183,
246, 255). Elimination of these corepressors by

proteolysis exposes Rgtl to phosphorylation,
likely by PKA, and alleviates its repressive activ-
ity through eviction from regulated promoters
(202). This Rgt network, in conjunction with
Snf1/Migl (200), provides a graded derepres-
sion of the different hexose transporters in re-
sponse to different glucose levels, such that cells
express only those transporters with the appro-
priate affinity for the available glucose (123).

Rgtl is a C6 zinc cluster DNA-binding pro-
tein that represses hexose transporter genes,
such as HXT'1—4, as well as the hexokinase gene,
HXK?2, through recruitment of the general re-
pression complex Ssn6/Tupl to the respective
promoters. This repression activity likely re-
quires phosphorylation by Snfl, or a Snfl-
dependent kinase, as well as association with
corepressors, Mthl and Std1 (151, 187, 202).
Besides acting to repress gene expression, Rgtl
is required for full expression of some genes,
such as HXT1, under high glucose conditions.
However, Rgt1 is not bound to the HXT1 pro-
moter under these conditions, suggesting that
the role of Rgtl in activation is indirect (210).
The corepressors, Mth1 and Std1, play partially
redundant roles in regulation: They each bind
to a common site on Rgtl to suppress tran-
scriptional activation and promote DNA bind-
ing by blocking hyperphosphorylation. More-
over, both are degraded in response to glucose
addition (210). However, STDI expression is
auto-regulated by the Rgtl network, and thus
induced by high glucose, whereas MTH]I ex-
pression is repressed at high glucose by the
Snfl-regulated Migl repressor. These obser-
vations prompt a model in which Mth1 serves
primarily to maintain repression while Stdl
functions predominantly in the establishment
of repression during transition to the absence
of glucose (130).

Besides regulating hexose transporter gene
expression, the glucose sensor Rgt2 also medi-
ates glucose-induced endocytosis and degrada-
tion of the maltose permease (117). Moreover,
yckI A yck2® mutants also block glucose-
induced internalization and vacuolar localiza-
tion of the permease and decrease the level of
permease phosphorylation (81). Although an
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economical model would postulate a glucose-
dependent Rgt2 recruitment of the maltose pre-
mease to the vicinity of membrane-restricted
casein kinase, resulting in phosphorylation and
subsequent internalization of the permease, the
system is somewhat more complex. Glucose-
induced degradation of the permease by casein
kinase requires the activity of the Regl/Glc7
protein phosphatase 1, acting upstream of the
kinase. Moreover, Regl1/Glc7 is also required
for efficient phosphorylation of Std1 and Mth1
by casein kinase. Reg1/Glc7 activation depends
on glucose transport and initial metabolism
as is required for glucose inactivation of Snfl
(see above). Thus in the updated model, casein
kinase responds to glucose signals from both
Rgt2 and Glc7/Regl to induce degradation of
Mth1 and Std1 with the resultant expression of
hexokinase and the hexose transporters. Since
hexokinase participates in glucose metabolism
necessary for activation of Glc7/Reg1, these ob-
servations highlight an intriguing interplay be-
tween the Rgt network on the one hand and the
Snfl/PP1 network on the other.

In sum, the Rgt network comprises a com-
plex set of interconnecting components to in-
sure that the appropriate glucose transporters
are produced to provide the most efficient
import of available glucose, regardless of its
external concentration. Moreover, recent re-
sults have highlighted a number of connec-
tions between the Rgt network and both the
Snfl/PP1 and the PKA networks. These inter-
actions likely coordinate and cross-regulate the
glucose metabolic and regulatory processes in
ways we are just beginning to appreciate.

NITROGEN SIGNALING

Yeast cells evaluate and respond to the nature
and amount of available nitrogen-containing
compounds. Although Saccharomyces can use a
variety of amino acids or other organic amines
and amides as sole nitrogen sources, the com-
mon laboratory yeast strains, those derived
from S288C, prefer glutamine to other nitro-
gen sources, including ammonia. Strains de-
rived from ¥1278b—commonly used for stud-
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ies on nitrogen catabolite repression—use glu-
tamine or ammonia equally well. This prefer-
ence in nitrogen source is manifested either
quantitatively by an enhanced growth rate in
media containing the preferred source rela-
tive to that containing other nitrogen sources
or qualitatively by the ability of the preferred
source to induce repression of genes required
for catabolism of other nitrogen sources. Ac-
cordingly, addition of glutamine to cells grow-
ing on a less preferred nitrogen source re-
sults in repression of a large collection of
genes involved in nitrogen catabolism as well
as induction of the cohort of ribosomal bio-
genesis and ribosomal protein genes described
below. Moreover, the quality and amount of
available nitrogen source inform metabolic pro-
cesses and developmental decisions. Growth in
the absence of a high-quality nitrogen source
induces autophagy, stabilizes the general amino
acid permease Gapl, and induces turnover of
a variety of specific amino acid permeases. In
addition, the presence of high-quality nitro-
gen sources prevents pseudohyphal or inva-
sive growth while the presence of any nitrogen
source prevents meiosis and sporulation. These
regulatory processes are mediated by a number
of signaling networks discussed below and have
been described in detail in several recent re-
views (41, 166, 248). In the following, we sum-
marize recent results regarding this regulatory
process, with particular emphasis on the inter-
sections with other nutrient-sensing pathways.

Nitrogen Discrimination Pathway

The addition of glutamine or ammonia to cells
growing on a poor nitrogen source results
in a number of transcriptional changes. The
most thoroughly studied is repression of genes
involved in metabolism of alternate nitrogen
sources, designated the nitrogen discrimination
pathway (NDP) (Figure 3). Expression of ap-
proximately 90 NDP genes is regulated by an
interplay of four GATA family zinc-finger tran-
scription factors: two transcriptional activators,
GIn3 and Gatl (Nil1, Mep80), and two repres-
sors, Dal80 and Gzf3 (Dehl, Nil2) (41, 166,
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Figure 3

Nitrogen regulation and the TORCI network. Nitrogen availability, manifested through intracellular glutamate (Glu) and glutamine
(Gln) levels, affects the activity of the Tor Complex 1 (TORCL) as well as expression of the nitrogen discrimination pathway
(DAL/NDP) and retrograde signaling (RTG) genes. TORCI also regulates these sets of genes through modulation of Tap42-PP2A
phosphatase activity in response to, and likely in parallel with, nitrogen availability. TORCI also modulates stress-responsive and post
diauxic shift (PDS) genes both through PP2A and through activation of the Sch9 kinase, which functions in parallel with PKA. The
general amino acid (GAP) permease and a collection of amino-acid-specific permeases, including Tat2, are inversely regulated by
TORCI, at least in part through control of vesicular trafficking by the Nprl kinase.

245). Cells regulate NDP genes primarily by
modulating subcellular localization of the tran-
scriptional activators: During growth on poor
nitrogen sources, GIn3 and Gatl localize to the
nucleus where they bind to GATA sequences
in promoters of NDP genes, whereas during
growth on ammonium or glutamine, the tran-
scription factors reside in the cytoplasm. Both
Gatl and Dal80 are induced by GIn3, provid-
ing both positive and negative feedback loops
on induction. Ure2 serves as an anchor to se-

quester GIn3 in the cytoplasm: GIn3 resides
in the nucleus and fully activates NDP tran-
scription in a ure2 mutant, regardless of nitro-
gen source. This observation demonstrates not
only that Ure2 serves as a cytoplasmic anchor
for GIn3 but also that nitrogen deprivation acts
on GIn3 solely to liberate it from sequestration
by Ure2. Gatl does not localize to the nucleus
in a wre2 mutant. This suggests that a separate
as yet unidentified protein likely anchors Gatl
in the cytoplasm in cells grown on glutamine
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or ammonia. Thus, the cell regulates NDP
genes by promoting association of transcription
factors with cytoplasmic anchor proteins when
growing in a high-quality nitrogen source and
inducing their release and nuclear import dur-
ing growth on poor nitrogen sources.

Several experiments suggest that the met-
ric by which the cell recognizes the quality
of nitrogen source with regard to regulating
NDP genes is the levels of cytoplasmic glu-
tamine and/or glutamate. Cells carrying a leaky
mutation in GLNI, encoding glutamine syn-
thetase, are derepressed for NDP genes when
growing on ammonia but not on glutamine,
and treatment of cells growing on ammonia
with methyl sulfoximine, an inhibitor of glu-
tamine synthetase, induces NDP genes (46,
180). This would suggest that glutamine pro-
motes association of GIn3 with Ure2. In con-
trast, methyl sulfoximine treatment does not
promote translocation of Gatl into the nucleus,
an observation consistent with the hypothe-
sis that Gatl responds to cytoplasmic gluta-
mate levels (146, 166). These results suggest
a graded response of the cell to nitrogen de-
pletion. Conditions resulting in low levels of
cytoplasmic glutamine would induce dissocia-
tion of GIn3 from Ure2, dephosphorylation of
Gln3, and importation of GIn3 into the nucleus
(20). Conditions that reduced glutamate levels
as well would further mobilize Gatl to allow
enhanced activation of NDP genes.

While cytoplasmic glutamine and glutamate
levels provide the signal to which the cells re-
spond in assessing the quality and quantity of
available nitrogen, the means by which the lev-
els of these compounds influence Gln3/Gatl
nuclear localization and subsequent NDP gene
activation is less clear. A prevailing model has
postulated that the level of these compounds
affects the activity of the Torl,2 containing
complex, TORCI (see below), which in turn
controls GlIn3 localization by regulating the
phosphorylation state of GIn3 and/or Ure2.
"This model is consistent with the fact that in-
activation of TORCI (see below) by treatment
with rapamycin induces dephosphorylation and
nuclear localization of GIn3 and that Srpl, the
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karyopherin responsible for nuclear importa-
tion of GlIn3, binds to nonphosphorylated but
not to phosphorylated Gln3 (33). However, re-
cent evidence has shown that nuclear local-
ization of GIn3 in response to nitrogen de-
privation requires an intact actin cytoskeleton
but that such localization in response to ra-
pamycin treatment does not (44). Moreover,
growth on poor nitrogen sources or treatment
with methyl sulfoximine results in nuclear lo-
calization of Gln3, as previously reported, but
with little dephosphorylation of the protein
(43, 262). While these studies are confounded
by the inability to examine individual phos-
phorylation sites on Gln3, and thereby mon-
itor only those that might be crucial to Ure2
association, they do rule out the simple hy-
pothesis that TORC1 mediates the effects of
nitrogen source on GIn3 localization. Rather,
current evidence suggests that TORCI and
glutamine function in parallel to affect GIn3
localization.

If nitrogen deprivation does not regulate
NDP transcription through TORCI1, what is
the pathway connecting glutamine/glutamate
levels with NDP activation? One recent model
posited a role of the kinase Nprl in regulating
GIn3 nuclear localization in response to nitro-
gen deprivation, based on the observation that
NDP genes are derepressed in nprI mutants
grown on ammonium (45). However, subse-
quent studies have demonstrated that the effect
of Nprl on NDP activation is an indirect con-
sequence of Nprl’s function in regulating per-
meases required for nutrient uptake (72, 263).
Rather, an economical, albeit untested, model
based on the fact that GIn3 fully activates target
NDP genes in a zre2 mutant even in the pres-
ence of glutamine would be that Ure2 serves
as the locus through which glutamine affects
NDP regulation. Glutamine might stimulate
Ure2’s function as an anchor by direct interac-
tion or by influencing the phosphorylation state
of the protein, either directly or indirectly. In
this context, Ure2 as well as Gln3 is dephospho-
rylated on treatment of cells with rapamycin.
Whether phosphorylation affects Ure2 func-

tion as an anchor and whether the quality of
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nitrogen source affects Ure2 phosphorylation
have not been determined. In short, we know
the signal on which the cell relies to assess nitro-
gen quality, but not the pathway through which
that information is processed.

Retrograde Regulation

Yeast cells assimilate nitrogen from sources
other than glutamate and glutamine by con-
version to ammonium and then condensation
with «-ketoglutarate to form glutamate. In
cells growing on glucose, in which the citric
acid cycle is repressed, adequate reserves of o~
ketoglutarate are generated from pyruvate and
acetyl-CoA by an anapleurotic pathway cat-
alyzed by the first three enzymes of the citric
acid cycle. Accordingly, to meet this demand,
expression of those genes encoding this por-
tion of the citric acid cycle enzymes are up-
regulated during growth on certain poor ni-
trogen sources. These genes constitute one of
three sets of genes that are regulated in re-
sponse to mitochondrial dysfunction through
the retrograde (RT'G) response pathway [re-
cently reviewed in (160)]. The enzymes of the
citric acid cycle are generally responsive to the
heme-dependent Hapl and heme-independent
Hap2-5 activator complexes that modulate the
respiratory capacity of the cell in response to
carbon source. However, during growth on glu-
cose, when cells normally repress all the citric
cycle genes, the first three genes can be induced
by activators of the RT'G pathway in response to
mitochondrial dysfunction or by growth on ni-
trogen sources requiring a-ketoglutarate for as-
similation (159). In this manner, the RT'G path-
way provides a means of ammonium assimila-
tion from poor nitrogen sources and a source of
glutamate in the absence of mitochondrial func-
tion. The RT'G pathway also regulates a small
set of genes comprising the glyoxylate cycle and
those involved in 3-oxidation of fatty acids. Fi-
nally, activation of the RT'G pathway results in
induction of lysine biosynthetic enzymes, per-
haps as an indirect consequence of a buildup by
mass action of a-ketoglutarate, an inducer of
lysine biosynthesis (61).

The RTG regulatory pathway consists of
four positive regulators, Rtgl, Rtg3, Rtg2 and
Grrl, and four negative regulators, Mksl,
Bmhl, Bmh2, and Lst8 (160) (Figure 3). Rtgl
and Rtg3 form a heterodimeric transcriptional
activator whose nuclear localization is regu-
lated by the other components of the path-
way in response to mitochondrial integrity.
When mitochondria are functional, the tran-
scription factors are cytoplasmic; disruption of
mitochondrial function results in nuclear lo-
calization of the factors and subsequent tran-
scriptional activation of target genes. Regu-
lation of the nuclear/cytoplasmic trafficking
of Rtgl/Rtg3 involves complex interactions
among Mksl1, Rtg2, and Bmh1/2 (60). In par-
ticular, Mks1 exhibits mutually exclusive bind-
ing to Bmh1/2 and to Rtg2, which correlates
with its phosphorylation state. When phospho-
rylated, Mks1 complexes with Bmh1/2 to form
an anchor that sequesters Rtg3/Rtgl in the cy-
toplasm. Rtg2 can compete for Bmh1/2 bind-
ing to Mksl and thereby relieve the cytoplas-
mic sequestration and promote nuclear entry
and transcriptional activation by Rtgl/3. Re-
lease of Mksl from Bmh1/2 is associated with
reduced phosphorylation of Mksl. Grrl, the
SCF targeting subunit, promotes ubiquitina-
tion and subsequent degradation of Mks1, pro-
viding a long-term modulation of the pathway,
while Lst8, a subunit of the TOR complexes,
renders the RTG pathway sensitive to Tor
inhibition.

The primary signal initiating RT'G activa-
tion appears to be glutamate and/or glutamine
deficiency, although the point in the regula-
tory circuitry at which this signal impinges
is not known. While rapamycin inhibition of
TORCI (see below) also activates the RTG
pathway, accumulating evidence suggests that
TORCI1 does not mediate nutrient regulation
of the pathway. The most telling is the fact
that the growth of cells on glutamate renders
the pathway resistant to activation upon ra-
pamycin treatment (60). Thus, TORCI does
not lie downstream of the nutrient status of the
cell but rather appears to function in a parallel
fashion to regulate the pathway.

www.annualreviews.org ¢ How Saccharomyces Responds to Nutrients



Annu. Rev. Genet. 2008.42:27-81. Downloaded from www.annualreviews.org
Access provided by Universita Degli Studi di Milano Bicocca on 10/26/18. For persona use only.

The TOR Network

Yeast, like all eukaryotes examined to date,
elaborate two essential complexes containing
the PI3-like protein kinase, Tor, designated as
TORCI and TORC2 [reviewed in (52, 290)].
While in most eukaryotes a single Tor protein
suffices for both complexes, Saccharomyces ex-
presses two distinct Tor kinases, Tor1 and Tor2.
Tor2 and five other proteins—Avol, Avo2,
Avo3, Bit61, and Lst8—comprise TORC2 and
regulate the organization of the actin cytoskele-
ton and cell polarity (52, 291). Torl, or in its ab-
sence, Tor2, along with Kogl, Lst8, and Tco89
comprise TORCI, which regulates cell prolif-
eration and the transition between growth and
quiescence. TORC1, but not TORC2, is inhib-
ited by the macrolide drug rapamycin, which in
a complex with the prolyl isomerase FKBP12
binds to the complex and suppresses its inter-
action with target substrates.

Regulation of TORCI. Substantial evidence
has accumulated to suggest that TORCI ac-
tivity responds to nutrient status, primarily the
quality of the nitrogen source. The most com-
pelling evidence for this connection is that
treatment of cells with rapamycin, which in-
hibits TORCI1, mimics the effects of nitro-
gen deprivation on transcription, development
and metabolism. For instance, both nitrogen
deprivation and rapamycin treatment induce
autophagy and similarly reconfigure the con-
stellation of amino acid permeases. Moreover,
both rapamycin treatment and nitrogen star-
vation induce cells to exit the cell cycle and
enter a Gy state. Finally, nitrogen starvation
induces significant restructuring of the tran-
scriptome, with approximately several hundred
genes changing expression. This pattern cor-
relates remarkably well with that obtained by
treatment of cells with rapamycin. In particular,
both rapamycin and nitrogen deprivation yield
induction of NDP, RTG, and stress response
genes and repression of the Ribi and RP regu-
lons (251). Accordingly, these observations have
been invoked to place TORCI downstream
of the nitrogen sensing mechanism in regu-
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lation of the cell’s metabolic, developmental,
and transcriptional programs in response to that
sensing.

Several recent observations have suggested
that, while rapamycin treatment and nitrogen
signaling have similar responses and TORCI1
may respond to the quality of the nitrogen
source, TORCI is not the sole mediator of the
nitrogen response pathway. First, nitrogen star-
vation is a readily reversible process, requir-
ing no more than an hour of refeeding to re-
store normal growth. On the other hand, even
short-term treatment with rapamycin induces a
state from which the cell can recover only with
extended time (65). Second, while both nitro-
gen starvation and rapamycin treatment elicit
induction of NDP, RTG, and stress response
genes, these two stimuli impinge on these path-
ways by distinct mechanisms. For instance, al-
though both rapamycin and nitrogen starvation
induce nuclear localization of GIn3 to induce
activation of NDP genes, the GIn3 phosphory-
lation patterns induced by these two treatments
are distinct (43). Similarly, although both retro-
grade and TORCI pathways control RT'G gene
expression by targeting Mks1 and hence Rtg1/3
cytoplasm-nuclear localization, these two path-
ways elicit distinct Rtg3 phosphorylation pat-
terns (60, 136, 250, 285). Moreover, Butow and
coworkers demonstrated that the retrograde re-
sponse is separable from TOR regulation of
RTG and NDP gene expression by compar-
ing rapamycin sensitivity between respiratory-
competent (p™) and respiratory-deficient (p°)
yeast cells (89). Finally, relocalization of the
stress response transcription factor shows dif-
ferent responses to nitrogen starvation and ra-
pamycin treatment. Thus, the precise role of
TORCI in nitrogen sensing remains unknown.
Moreover, while the complex clearly controls
cell proliferation, metabolism, and transcrip-
tion in a manner consistent with a nutritional
response pathway, it does not solely mediate the
cell’s response to nitrogen availability.

If TORCI does not mediate nitrogen avail-
ability, to what does TORCI activity respond?
One intriguing possibility is that TORCI re-
sponds to vesicular trafficking, particularly with
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regard to endocytic pathways (194). Growing
evidence places TORCI atleastin partonanin-
ternal membrane structure that is located near,
but distinct from, the plasma membrane and
that resembles the endosome by ultrastructural
analysis and biochemical fractionation (8, 285).
Moreover, TORCI interacts with and regu-
lates downstream signaling components by se-
questering them on a subcellular membrane
(294). The GSE (Gapl sorting in the endo-
some) complex, also known as the EGO (exit
from Go) complex, localizes to the perivacuo-
lar late endosomal compartment. Mutants lack-
ing any of the components of this complex fail
to direct Gapl to the plasma membrane and
exhibit diminished recovery from rapamycin
treatment, perhaps due to reduced microau-
tophagy (65, 83). Such mutants also fail to re-
verse a variety of rapamycin-induced events,
such as macroautophagy or elF2a phosphory-
lation, which would suggest that this complex
functions upstream of TORCI, at least inso-
far as reactivating it after its inactivation by ra-
pamycin. Finally, Tor]l mutations are synthet-
ically lethal with mutations in members of the
class C vacuolar protein sorting complex, which
plays a critical role in vesicle docking and fusion
at the endosome and between the endosome
and the vacuole (292, 303). Since mobilization
of nutrients from the vacuole provides an early
response to nutrient deprivation, TORC1’s lo-
cation on and interaction with the endosome
places it in a position to sense intracellular nu-
trient balance. This may serve as the means of
modulating TORCI function.

What TORCI1 regulates. Despite uncer-
tainty in the position of TORCI within the
nutrient signaling pathway, TORCI certainly
plays a major role in the coherent transition be-
tween growth and quiescence, regulating pro-
cesses that provide various means of survival
under conditions of deprivation. Accordingly,
we examine below the processes directly regu-
lated by TORC1, namely the PP2A and Sch9
pathways (Figure 3).

PP2A and Tap42/Tip4l. A number of
TORCI functions are mediated by protein

phosphatase 2A, specifically in conjunction with
Tap42. TORCI1 directly phosphorylates the
essential protein Tap42 to promote its di-
rect binding to the catalytic subunits of the
Ser/Thr protein phosphatase 2A (PP2A) and
PP2A-like phosphatases (57, 66, 118). PP2A
holoenzyme normally exists as a heterotrimeric
complex, consisting of a catalytic (C) subunit,
encoded by redundant genes PPH21, PPH22,
and PPH3, a scaffold subunit (A), encoded by
TPD3 and a specificity subunit (B or B’), en-
coded by functionally distinct CDC5 5 and RTS1
genes. Similarly, the PP2A-like phosphatase
consists of a catalytic subunit, Sit4, bound
to one of three regulatory subunits, Sapl55,
Sap190, or Sap185. When phosphorylated by
TORCI, Tap42 binds to a phosphatase catalytic
subunit—Pph21, Pph22, or Sitd4—to the exclu-
sion of the other subunits of the phosphatase
holoenzyme. Upon treatment with rapamycin
or upon starvation for nitrogen, Tap42 becomes
dephosphorylated and dissociates from the cat-
alytic subunit (57, 118).

These observations have prompted mod-
els in which Tap42 in its phosphorylated form
inhibits PP2A activity to promote growth,
whereas dissolution of the complex following
rapamycin treatment releases PP2A to cause
growth inhibition. However, the effects of ra-
pamycin on gene expression are much more
rapid than the observed dephosphorylation and
dissociation of Tap42 from PP2A. Moreover,
because the cell contains five- to tenfold more
PP2A catalytic subunits than Tap42, Tap42 can
complex with no more than 20% of the to-
tal PP2A protein in the cell. Accordingly, a
straightforward model positing Tap42 as a stoi-
chiometricinhibitor of PP2A isnot tenable. Re-
cent results from Yan et al. provide a resolution
to the kinetic connundrum (294). This group
demonstrated that the Tap42-phosphatase het-
erodimer normally resides on a membranous
structure in the cell in association with TORCI.
Starvation or treatment of cells with rapamycin
immediately liberates the Tap42-phosphatase
complex into the cytoplasm, where it slowly
decays to the unphosphorylated, dissociated
state. Thus, rapamycin treatment or starvation
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elicits a rapid response by immediately deliver-
ing the Tap42-phosphatase complex to the cy-
tosol, where it can persist in the dimeric state
to catalyze Tap42-directed dephorphorylation.
This observation not only accounts for the ki-
netics of rapamycin action butalso places Tap42
as an active participant in the rapamycin re-
sponse.

Tap42 appears to function as a specificity
factor for the catalytic phosphatase subunits,
directing the phosphatase to certain substrates
and inhibiting its activity to others. As such,
Tap42 plays different roles in the transcrip-
tional responses of different sets of genes regu-
lated by TORCI. For instance, rapamycin in-
duces a Sit4-dependent dephosphorylation of
the transcription factor GIn3 and subsequent
translocation of the factor to the nucleus, where
it induces transcription of NDP target genes
(14, 32). Inactivation of Tap42 has no effect
on NDP gene expression under normal growth
conditions but significantly attenuates induc-
tion of these genes by rapamycin (67). These
results suggest that Tap42 is required for de-
phosphorylation of GIn3 following rapamycin
treatment, an event catalyzed by Sit4 (14). In
fact, loss of Tap42 has essentially the identical
effect on rapamycin induction of NDP target
genes as does inactivation of Sit4 (67). Thus,
Sit4 and Tap42 act in concert to dephospho-
rylate downstream targets in response to ra-
pamycin treatment, placing Tap42 as a positive
regulator of phosphatase activity. Tap42 plays
a similar role in rapamycin induction of RTG
target genes (67).

Rapamycin also induces nuclear localiza-
tion of Msn2/Msn4 and subsequent activa-
tion of stress-inducible genes. Inactivation of
PP2A blocks rapamycin-induced accumulation
of Msn2 in the nucleus but inactivation of
Tap42, rather than blocking the effect of ra-
pamycin, actually mimics the effects and in-
duces nuclear localization. These and other data
suggest that TORCI1 promotes efficient ex-
port of Msn2/4 from the nucleus and that ra-
pamycin treatment impedes that process, lead-
ing to nuclear accumulation of the transcription
factor (91, 239). The fact that Tap42 inactiva-
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tion mimics rapamycin treatment with regard
to stress response gene activation is consistent
with the hypothesis that PP2A inhibits nuclear
export of Msn2 and TORCI-phosphorylated
Tap42 inhibits this PP2A. Accordingly, either
inactivation of Tap42 or inhibition of TORC1
by rapamycin liberates PP2A to inhibit nuclear
export. How Tap42 normally inhibits PP2A
is not known, particularly since the cell con-
tains insufficient Tap42 to complex with all the
PP2A.

Jacinto et al. (113) identified Tip4l as a
Tap42 interacting protein also involved in cou-
pling TORCI activity to PP2A function. Al-
though their initial studies suggested that Tip41
serves as an inhibitor of Tap42 function, subse-
quent work and modeling indicate that Tip41
and Tap42 collaborate in redirecting PP2A and
PP2A-like activity in response to TORCI ac-
tivity. Inactivation of 7IP41 exhibits a syn-
thetic deficiency with mutation of 74P42 (239).
Moreover, both Tap42 and Tip41 are required
for rapamycin-induced activation of GIn3 (66,
113). Finally, modeling this system to fit exist-
ing detailed kinetic data suggests that Tip41 and
Tap42 have essentially the same role in TOR
signaling and, moreover, supports the proposal
that a key aspect of Tor regulation of PP2A ac-
tivity is rapid release of the Tap42-PP2A com-
plex from association with TORCI, followed
by a slow decay of the Tap42 complex (145).

Microarray analysis of 74P42 and PP2A mu-
tant strains has shown that phosphatases do not
mediate all of TORCI1 signaling. For instance,
genes encoding ribosomal proteins and compo-
nents of translational apparatus are induced by
rapamycin, but that induction is neither abro-
gated, nor recapitulated, by inactivation of ei-
ther Tap42 or any of the PP2A catalytic subunits
(67). Rather, recent results suggest that Tor reg-
ulation of downstream kinases affects many of
the Tor-induced processes.

Sch9

Asnoted above, Sch9 overexpression suppresses
deficiencies in the PKA pathway and its in-
activation results in diminished growth and
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reduced expression of genes in ribosomal bio-
genesis (124, 125). Sch9 is a phosphoprotein
whose phosphorylation is sensitive to physi-
ological stresses—Sch9 is rapidly dephospho-
rylated in response to rapamycin treatment,
carbon or nitrogen starvation, as well as shift-
ing the nitrogen source from ammonium to
urea. Addition of the missing nutrient quickly
restored Sch9 phosphorylation. Urban et al.
(273) have recently shown that TORCI di-
rectly regulates Sch9 by phosphorylating six
serine/threonine sites on its C terminus. Elimi-
nation of these phosphorylation sites eliminates
the kinase activity of the protein and conver-
sion of the sites into phosphomimetic amino
acids renders the in vivo activity independent of
upstream activation by TORCI. The sites for
carbon-source-mediated phosphorylation have
not been identified but are likely distinct from
those recognized by TORCI. Recent in vitro
studies have shown that Pkhl and Pkh2, ho-
mologues of mammalian 3-phosphoinositide-
dependent kinase (PDKI), also phosphory-
late Sch9 (158, 226). Mutation of the putative
PDKI1 phosphorylation site on Sch9 diminishes
its activity in vivo, as noted by a reduced abil-
ity of mutant Sch9 to suppress the tempera-
ture sensitivity of the ¢dc25® mutant and by
reduced heatshock sensitivity upon overexpres-
sion of the mutant Sch9. Whereas TORCI tar-
gets Sch9’s C terminus, Pkh1/2 phosphorylates
Thr570 in the activation loop in a rapamycin-
insensitive manner. Phosphorylation at the ac-
tivation loop and C terminus by Pkh1/2 and
TORCI, respectively, are both required for
Sch9 activity (273).

TORCI regulates the expression of ribo-
some biogenesis genes in part through Sch9.
Cells expressing a TOR-independent SCHY al-
lele (Sch9?P3E) displayed attenuated repression
of ribosome biogenesis after rapamycin treat-
ment (273). Results from this study suggest
that TOR may also regulate activity of the
stress-responsive transcription factor, Msn2/4,
in part through Sch9. Induction of a group
of Msn2/4-regulated genes were diminished

2D3E

in cells expressing Sch9 in comparison to

those expressing wild-type Sch9. Importantly,

this study showed that Sch9 does not mediate
all of TOR signaling. Cells expressing either
wild-type Sch9 or Sch9’P3F displayed compa-
rable levels of NDP (GIn3-driven) and RTG
(Rtg1/3-driven) gene induction in response to
rapamycin.

Finally, TORCI seems to prevent Gy en-
try in part, but not exclusively, via Sch9. When
TORCI and Sch9 are active, Rim15 is inhibited
from entering the nucleus and thus is inactive
(see below). When TORCI is inactivated by
rapamycin, Rim15 enters the nucleus, cells ar-
rest with 1IN DNA content and accumulate car-
bon reserve carbohydrates. These readouts are
partially blocked in cells expressing Sch9?P3E.
Conversely, cells expressing constitutively in-
active Sch9 display constitutive nuclear local-
ization of Rim15 and accumulate glycogen in
the absence of rapamycin. However, transcrip-
tional reprogramming associated with Gy en-
try seems to require signals in addition to Sch9,
since microarray analyses did not detect differ-
ences in the expression of Gy specific genes,
such as GREI, in cells expressing Sch9?P3E from
those expressing wild-type Sch9.

In sum, Sch9 appears to serve as a major
conduit by which TORCI1 influences growth
and mass accumulation. As such, Sch9 impinges
on many of the same downstream targets as
does PKA, which may account for the ability
of excess Sch9 to compensate for loss of PKA
activity.

AMINO ACID SIGNALING

Yeast cells import and use external amino acids
for translation and, in some cases, as alterna-
tive nitrogen sources. Different permeases, sub-
ject to different regulatory processes, mediate
amino acid uptake for the two different pur-
poses. The high-capacity general amino acid
permease, Gapl, and the proline-specific per-
mease, Put4, provide the major route for uptake
of amino acids for catabolic metabolism and, as
such, are subject to transcriptional repression
through the NDP pathway. Gapl is also sub-
ject to nitrogen inactivation, which biases traf-
ficking of the permease to the vacuole rather
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than the plasma membrane in the presence of
a preferred nitrogen source and, in addition,
promotes endocytosis and vacuolar targeting of
existing Gapl1 in the plasma membrane (166).
An additional collection of amino acid perme-
ases with relatively restricted specificities pro-
vides uptake of amino acids for use in transla-
tion. These amino acid permeases are induced
in concert by the presence of amino acids in
the medium through the SPS system (see be-
low), even during growth on a high-quality ni-
trogen source. Moreover, the level of the Tat2
tyrosine permease in the plasma membrane ac-

tually declines during growth on poor nitro-
gen sources, i.e., in an inverse fashion relative
to Gapl. Whether this nitrogen source regula-
tion of Tat2 or other SPS permeases is direct or
indirect has not been fully resolved.

SPS System

The SPS (Ssyl-Ptr3-Ssy5) signaling system
regulates amino acid permease gene expression
in response to the presence of external amino
acids (Figure 4). Ssyl, an integral membrane
protein with homology to other amino acid
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Figure 4

Regulation by amino acids. The presence of external amino acids induces expression of a collection of amino acid permease genes
through a signaling network that results in activation of the Stp1/Stp2 transcription factors via proteolytic cleavage of an amino
terminal inhibitory domain. Diminished intracellular levels of any amino acid results in reduced levels of uncharged tRNAs, which
initiates a cascade of events yielding increased translation of the Gen4 general amino acid transcriptional activator. This cascade can
also be initiated by reduced TORCI function resulting in a Tap42-Sit4 dependent activation of the Gen2 kinase.
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permeases, does not transport amino acids but
rather functions as a sensor by directly interact-
ing with extracellular amino acids (59, 80, 133).
Different amino acids show differing capacity
for initiating the signal, with leucine being most
effective and arginine showing little effect.
Binding of amino acids to Ssy! initiates a signal
that s transduced to the peripherally associated
plasma membrane proteins Ptr3 and Ssy5 (17,
59,78, 111, 133). Ssy5 is a serine endoprotease
consisting of a Pro-domain and a catalytic do-
main. The Pro-domain is autolytically cleaved
from the catalytic domain but remains associ-
ated, forming an inactive protease complex that
binds Stpl (1, 5, 7, 212). Ssyl, together with
Ptr3, transduces amino acid-initiated signals,
resulting in the release of Pro-domain inhibi-
tion and activation of the Ssy5 protease activity.
The targets of the protease are two transcrip-
tion factors, Stpl and Stp2, expressed as latent
cytoplasmic precursors. SsyS-catalyzed endo-
proteolysis of Stpl and Stp2 librerates their
DNA-binding and transactivation domains
from an approximately 10-kDa N-terminal
regulatory fragment. These truncated forms
of Stpl and Stp2 accumulate in the nucleus
where they induce the expression of SPS
sensor-regulated genes (1, 6, 7, 50, 58, 59,
111, 133).

Other factors involved in SPS signaling have
been identified recently. Asil, Asi2, and Asi3 are
integral components of the inner nuclear mem-
brane that restrict any full-length unprocessed
forms of Stpl and Stp2 that leak into the nu-
cleus from binding SPS sensor-regulated pro-
moters (7, 21, 77, 300). In addition, signaling
through the SPS pathway requires casein ki-
nase I (CKI) activity and is inhibited by protein
phosphatase 2A, particularly via the Rtsl reg-
ulatory subunit (68). CKI phosphorylates Stpl
as a prerequisite to Stpl activation by endo-
proteolytic processing (1). PP2A likely serves
to inactivate the system in the absence of ex-
ternal amino acids but its target component in
the pathway is not known. The SCF&! ubiq-
uitin E3 ligase complex is also required for Stp1
processing, although which component is sub-
ject to ubiquitination is not known (7). Finally,

some of the genes subject to activation by SPS,
such as the broad-specificity amino acid perme-
ase Agpl gene, are also upregulated by growth
ona poor nitrogen source through the Gln3 sys-
tem, suggesting that these permeases also con-
tribute to acquisition of amino acids for nitro-
gen catabolism (2).

The global importance of amino acids sens-
ing has been investigated using genome-wide
expression analysis (69, 76, 135). The results
indicate that permease genes represent only a
subset of the full spectrum of Ssyl-dependent
genes. For example, besides the effects on
amino acid permease genes, an ssyl and an stpl
stp2 mutant exhibita number of other transcrip-
tional phenotypes, such as increased expression
of nitrogen catabolite-sensitive genes and genes
involved in stress response (69).

GCN Pathway

Internal amino acid concentration is sensed by
the general control system (GCN) for amino
acid biosynthesis (Figure 4). The transcrip-
tional activator Gen4 is induced at the trans-
lational level by limitation for any amino acid,
and it activates transcription of more than 500
genes, including most of those involved in
amino acid biosynthesis (116, 192). The sig-
nal for activation of the pathway is uncharged
tRNAs, which are bound by, and presumably
activate, the kinase Gen2. The key substrate
of Gen2 is the « subunit of translation initi-
ation factor 2 (elF2) (37, 105, 106). eIF2 forms
a ternary complex (T'C), along with charged
methionyl initiator tRNA and GTP, which as-
sociates with the 40S ribosomal subunit to
facilitate scanning of the 5 region of mR-
NA:s to locate the appropriate initiation codon.
The guanine nucleotide exchange factor elF2B
recycles inactive elF2-GDP to active elF2-
GTP. Phosphorylation of elF2 o by Gen2 con-
verts elF2-GDP from substrate to inhibitor of
elF2B, which reduces the GTP-bound form of
elF2 and impedes T'C formation. Given the sto-
ichiometric excess of elF2 over elF2B, phos-
phorylation of a small proportion of phospho-
rylated elF2 is sufficient to inactivate essentially
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all eIF2B activity. Although the reductionin TC
levels leads to a decrease in the rate of general
translation initiation, it specifically stimulates
translation of Gen4d mRINA.

Translational induction of GCN4 is me-
diated by four short upstream open reading
frames (WORFs) in the GCN4 mRNA leader.
However, uORF1 and uORF4 alone are suf-
ficient to confer nearly wild-type translational
control of GCN4 (188). Under nonstarvation
conditions, about 50% of 40S subunits fail to
dissociate from the mRNA after translating
uORF1 and continue scanning. However, vir-
tually all of these reinitiating 40S ribosomes re-
bind the T'C before reaching uORF4, translate
uORF4, and dissociate from the mRNA. Under
starvation conditions, the moderate reduction
in TC level allows about 50% of rescanning
40S ribosomes to rebind T'C only after bypass-
ing uORF4 and then reinitiate at Gen4 instead
to yield increased translational initiation of the
GCN+4 coding region (105, 106).

The kinase activity of Gen2 is stimulated
in amino acid-starved cells by binding of un-
charged tRNA that accumulates under these
conditions. C-terminal to the kinase domain
Gen?2 contains a 500-residues domain homol-
ogous to histidyl-tRNA synthetase (HisRS)
(286). Binding of any uncharged tRNA to the
HisRS domain likely produces a conforma-
tional change in Gen2 that stimulates kinase
activity [reviewed in (64, 105, 219)]. The ac-
tivation of Gen2 by uncharged tRNA also re-
quires interactions between the N terminus of
Gen2 and the Gen1-Gen20 regulatory complex
through a C-terminal segment of Genl (84,
142, 143, 241). Genl-Gen20 likely facilitates
binding of uncharged tRINA to the ribosomal A
site or its transfer from the A site to the HisRS-
like domain in Gen?2 for kinase activation (106).
Genl associates with polyribosomes in cell ex-
tracts, and this interaction is essential for Gen2
activation (173, 242). An inhibitor of Gen2,
Yih1, has been identified recently. It competes
with Gen2 for binding to Genl. Overexpression
of Yih1 dampens the GCN response by reduc-
ing Genl-Gen2 complex formation (243).
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Besides the regulation of Gen4 translation,
the cellular level of Gen4 is also controlled
at the level of protein degradation (105, 112,
137, 178). Under normal growth conditions,
Gen4 is a highly unstable protein with a half-
life of only 2 to 3 min. It is rapidly degraded
by the ubiquitin/proteasome system, which rec-
ognizes specifically phosphorylated substrates.
Two cyclin-dependent protein kinases, Pho85
and Srb10, have crucial functions in regulating
Gen4 phosphorylation and degradation. The
increased stability of Gen4 in starvation condi-
tions results from decreased Pho85-dependent
phosphorylation of Gen4 that can be attributed
to the dissociation of the Pho85/Pcl5 complex
(24).

Transcriptional activation by Gen4 is a rapid
process with the immediate occupancy of the
regulatory sequence by Gen4 on amino acid
starvation, followed by nearly simultaneous re-
cruitment of coactivators. Gen4 requires a mul-
tiple of coactivators at individual promoters.
Recent studies on the requirements of Gen4
coactivators provide a detailed picture of the
activation mechanism for Gen4 (92, 132, 220,
258,295, 296, 301).

The GCN pathway is linked to other
signal pathways in yeast. Gen4 translation
is transiently induced independent of Gen2
during a shift-down from amino acid-rich
medium to minimal medium in a manner
requiring activation of PKA (70, 270). The
TORCI1 pathway also influences GCN ac-
tivity in that rapamycin treatment induces
Gen4 synthesis. A potential cross-talk mecha-
nism involves rapamycin-induced dephospho-
rylation of Gen2%77 causing increased phos-
phorylation of eIF2 and a subsequent increase
in Gen4 protein levels. TORCI1 promotes
Ser-577 phosphorylation partly by inhibiting
the PP2A-like Sit4 through the regulatory
protein Tap42 (37, 141, 227, 274). Finally,
the TORCI1-regulated elF4-associated protein,
Eapl, was found to function downstream of
Gen?2 to attenuate Gen4 translation in a novel
mechanism independent of elF4E-binding
174).
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RESPONSES TO NUTRIENT
AVAILABILITY

Growth Control

Cells respond to nutrient availability by set-
ting the rate of mass accumulation and adjusting
the generation time, or growth rate. Studies in
nutrient-limited chemostats have documented
alinearrelation between the rate of nutrient flux
and generation time over a wide range of nutri-
ent flow. How cells adjust their growth rate to
match nutrient availability remains a mystery.
As noted below, the growth rate or generation
time depends on, and thus is set by, the rate
of mass accumulation, and nutrients influence
mass accumulation in two ways: in determin-
ing the amount of material and energy avail-
able for anabolic processes, particularly trans-
lation, and in regulating the rate of ribosome
biogenesis. The latter process determines the
biosynthetic capacity of the cell, i.e., the num-
ber of ribosomes per cell, and the former pro-
cess determines the overall translation rate of
the cell, i.e., the rate at which each ribosome
catalyzes peptide elongation. The interplay of
these two aspects of cell growth affects cell cy-
cle progression and cell size, as discussed be-
low. Recent studies in yeast on the regulatory
circuits connecting nutrient availability to ribo-
some biogenesis suggest that nutrient control
of ribosome biogenesis is an active process, not
simply the passive consequence of availability
of anabolic starting material.

Ribosome biogenesis. The budding yeast ri-
bosome is composed of 79 ribosomal proteins,
encoded by 138 genes (the RP regulon), and
4 rRNAs (5S, 5.8S, 18S, and 25S) encoded by
~150 rDNA repeats existing as a tandem array.
Moreover, another 236 genes encoding nonri-
bosomal proteins are involved in various aspects
of ribosome assembly and translational capacity
(the Ribi regulon): RNA polymerases I and III,
tRINA synthetases, rRNA processing and mod-
ifying enzymes, translation factors, etc. Synthe-
sis of the translation machinery is very energet-
ically expensive to the cell. For instance, in an

exponentially growing cell, ribosome synthesis
utilizes ~90% of the total cellular energy (284).
Not surprisingly, the cell carefully adjusts its ri-
bosome biogenesis in response to changes in
nutrient availability.

Control of rRNA synthesis. Yeast contain ca.
150 tandemly repeated rDNA copies encod-
ing 35S precursor rRNA and 5S RNA. Dur-
ing growth in rich medium, half of the repeats
are actively transcribed while the other half are
transcriptionally inactive, or “closed.” During
carbon source downshift in the post diauxic
phase, Pol I transcription of rDNA decreases
by two mechanisms (Figure 5): The number of
active repeats decreases and the transcriptional
activity at each active repeat also decreases.

«

Transition from “open” to “closed” complex
during the carbon downshift requires the hi-
stone deacetylase Rpd3, although the mecha-
nism connecting carbon availability to Rpd3 re-
cruitment is not known. In contrast, although
with some conflicting data, initiation of qui-
escence by nitrogen starvation or rapamycin
treatment does not reduce the number of ac-
tive repeats and Rpd3 does not play a role in
reduced rDNA expression under these condi-
tions (39, 197, 268).

Reduction in the transcriptional activity of
Pol I during carbon downshift, nitrogen starva-
tion, and rapamycin treatment all involve re-
duction in the initiation-competent form of
Pol I. At least four general transcription factors
promote initiation of polymerase I transcrip-
tion at rDNA genes: the upstream activation
factor (UAF), core factor (CF), TATA binding
protein (TBP), and the monomeric factor Rrn3,
which forms a complex with Pol I (Figure 5).
The formation and/or stability of the initiation-
competent Rrn3-Pol I complex likely serves
as a key regulatory process affecting the rate
of rRNA synthesis (39, 96, 175). Specifically,
glucose addition increases synthesis of Rrn3
whereas TORCI1-dependent signaling stabi-
lizes the Rrn3-Pol I complex, providing at least
two links between nutritional status and Pol I
activity. Li etal. showed that Torl directly binds
to the 35S rDNA promoter in a nutrient- and
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Nutritional control of ribosome biogenesis. Nutrient availability regulates expression of all components of the ribosome, including the
RNA polymerase II-dependent ribosomal protein (RP) and ribosomal biogenesis (Ribi) genes, the RNA polymerase I-dependent

ribosomal RNA genes and the RNA polymerase III-dependent 5S RNA genes. The major participants in this regulation and their likely
interactions are indicated. See text for details.

rapamycin-sensitive manner and that this phys-
ical interaction is necessary for 35S rRNA syn-
thesis (157). Finally, artificially stabilizing the
Rrn3-Pol I complex by physically tethering
Rrn3 to the polymerase renders rDNA expres-
sion resistant to repression by nutritional down-
shift or rapamycin treatment (150). In sum,
these observations demonstrate that Pol T activ-
ity responds to nutritional levels via modulation
ofitsinteraction with Rrn3 and, additionally for
carbon starvation, via chromatin modification.

58 RNA, along with tRNAs and a num-
ber of small nuclear RNAs are transcribed by
Pol III, whose activity is regulated in response
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to nutritional status by the highly conserved
Mafl repressor (Figure 5). In the absence of
Mafl, yeast cells fail to repress Pol III transcrip-
tion under nutrient limitation, environmental
stress, exit from active growth or treatment with
rapamycin (56, 272). Recent work has demon-
strated that Mafl function is regulated by
nutrients through control of its subcellular lo-
calization. In particular, phosphorylated Mafl
isretained in the cytoplasm while dephosphory-
lated protein is imported into the nucleus where
it inhibits pol III transcription. The phospho-
rylation state of Mafl is regulated by the com-
peting activities of PKA, Tpkl in particular,
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and protein phosphatase 2A (182, 198, 224).
As noted above, PP2A activity is inhibited by
TORCI1, although surprisingly in this case ap-
parently not through the action of Tap42. Thus,
glucose availability through PKA and other nu-
trient availability through TORCI1 maintain
Mafl in the cytoplasm while diminished nutri-
tional status induces dephosphorylation, entry
into the nucleus, and inhibition of 5S and tRNA
synthesis.

Control of ribosomal protein synthesis. RP
gene transcription is quite sensitive to the
growth potential of the cell, rapidly increasing
in nutrient upshifts and rapidly decreasing in
nutrient downshifts or in response to a wide va-
riety of stresses. Most of the RP genes are reg-
ulated by transcriptional factors Rap1 or Abfl
bound at their promoters (Figure 5). The Ras-
dependent activation domain of several riboso-
mal protein genes maps to Rapl binding sites
(134, 195), and induction of RAS2V!” increases
expression of a reporter gene driven solely by
Rapl binding sites (281). However, Rapl as-
sociation with RP promoters in vivo is invari-
ant to growth conditions, suggesting that glu-
cose or other nutrients do not modulate Rap1
binding. Rapl appears to execute two functions
at the RP: generating a nucleosome free do-
main and recruiting other transcription factors
(23, 153, 185). Deletion of Rapl binding sites
from RP gene promoters severely reduces tran-
scription and binding of the forkhead-like tran-
scription factor, Fhll, which is needed to re-
cruit Ith1 to drive RP gene expression. Fhll in
the absence of Ifhl acts as a repressor (302).
TORCI controls RP gene expression by regu-
lating the interaction between Fhll and Ifhl via
the forkhead (FH)-associated (FHA) domain of
Fhll (171, 235, 244, 280). Disruption of this
domain or TORCI inactivation by rapamycin
results in loss of Ifhl from RP gene promot-
ers and severe reduction in RP gene expression
(171, 235, 302). Deletion of Rap1 binding sites
from RP gene promoters severely reduces tran-
scription and binding of Fhl1 and Ifh1. Just the
presence of Rapl (by LexA-Rapl fusion) is in-
sufficient for Fhll and Ifh1 to bind DNA (302).

This observation suggests that the direct bind-
ing of Rapl to DNA is critical for RP gene
expression.

In certain strains of Saccharomyces, primarily
the X-derived strains (see below), the recruit-
ment of Ifhl is regulated by Crfl, a corepres-
sor of transcription. When Crf1 is cytoplasmic,
Ifh1 binds to Fhll and promotes transcription.
The Yakl kinase, an antagonist of PKA that
is active under conditions of reduced growth
(see above), phosphorylates Crfl to promote its
nuclear entry to displace Ifthl from Fhll and
thereby inhibit RP gene transcription. Thus, in
these strains the competition between Ith1 and
Crfl for binding Fhll controls RP gene expres-
sion (170, 171). However, Crfl does not play a
role in the transcription of RP genes in W303
(S288C-derived) strains. Deletion of CRFI has
no effect on the repression of representative RP
genes in a W303 background nor is Crfl bound
to RP promoters in vivo (302). This suggests
the existence of a regulatory process indepen-
dent of Crfl and, from other data, even of Ifth1l
recruitment itself.

Several other regulatory agents participate
in nutrient regulation of RP gene expression.
Sfp1 is a putative transcription factor contain-
ing a split zinc-finger binding domain essential
to its function. In exponentially growing cells
Stp1 is located in the nucleus, but is cytoplas-
mically localized under TORCI inactivation,
oxidative stress, as well as carbon and nitrogen
starvation. Upon reintroduction of the missing
nutrient, Sfpl rapidly returns to the nucleus.
Fhll and Ifh1 remain bound to RP promoters
under glucose limitation or in sfpI A cells but in
both cases Fhll and Ifh1 relocalize to the nu-
cleolus. Thus, a model consistent with existing
data suggests that Sfp1 isrequired in the nucleus
to extract Fhl1/Ifth1-bound RP promoters from
the repressive domain of the nucleolus (125).
In sum, Sfpl is a prime candidate for a master
nutrient-responsive regulator of ribosome pro-
duction: It functions as an activator for RP and
Ribi gene expression, albeit through an as-yet
undefined mechanism, and its nuclear localiza-
tion is rapidly and robustly responsive to the
nutritional status of the cell.
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Chromatin modification of the RP genes
via histone acetylation also varies as a function
of growth. In actively growing cells, histone
acetylase Esal resides at RP gene promot-
ers through association with Rapl (222, 228).
Upon inhibition of growth, Esal is released
from the promoter and histone deacetylase
Rpd3 represses transcription. Whether Rpd3
binding to RP gene promoters is constitutive
or induced by growth inhibition is not clear and
the precise mechanism that links nutrient avail-
ability to histone acetylation in regulating RP
gene expression remains to be elucidated (18,
148, 149, 153).

Several factors connect rRNA production
to RP gene expression. Hmol, one of the ten
HMG proteins in yeast, associates both with
rDNA promoters, where it stimulates rRNA
synthesis, and with RP gene promoters. Hmol
binding to RP promoters requires Rapl and,
to a lesser extent, Fhll (99, 125). Loss of
Hmol reduces Fhll and Ifhl binding to RP
promoters, although without obvious effects
on RP transcription. Hmol interacts physi-
cally and genetically with FKBP12; however,
whether FKBP12 regulates Hmo1l-DNA bind-
ing is unknown (62). More recently, Rudra
et al. (233) have shown that Ith1 forms a com-
plex with Utp22 and Rtp7, two proteins re-
quired for maturation of pre-rRNA. Deple-
tion of either Utp22 or Rtp7, but not other
pre-rRNA processing proteins, increases RP
gene transcription. These observations prompt
a model suggesting competition between pre-
rRNA and Ifhl for the Utp22/Rtp7 complex
such that engagement of Utp22/Rep7 in rRNA
processing frees Ifhl for transcriptional acti-
vation of RP genes. This may provide a crit-
ical coordination between rRINA and r-protein
synthesis.

Ribi gene regulation. Genes in the Ribi reg-
ulon are induced quite rapidly and robustly
following glucose addition or addition of glu-
tamine to cells growing on a poor nitrogen
source and, in fact, precede induction of RP
gene expression. This affect is mimicked by
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PKA or Sch9 activation and, conversely, expres-
sion of these genes is repressed by rapamycin
addition or by inactivation of Sch9 or PKA.
Ribi gene promoters are enriched for PAC
[RNA polymerases A (I) and C (III)], and RRPE
(ribosomal RNA processing element) motifs in
specific orientation (15, 125, 279). The RRPE
site, but not the PAC site, can mediate Ras2V1%-
induced activation of a reporter gene (281). Sur-
prisingly, given its central role in cell growth,
the transcription factor acting on RRPE/PAC
sites has not been identified. The split finger
transcription factor Sfpl has been implicated
in this process (125): Inactivation of Sfpl re-
sults in reduced expression of Ribi genes, while
induction of Sfpl results in a rapid activation
of the Ribi regulon. Despite the correlation of
Sfpl nuclear localization with Ribi gene ex-
pression, Sfpl does not bind in vitro or in
vivo to RRPE/PAC containing promoters (124,
125, 154, 168). Thus, the mechanism of regu-
lation of RP and Ribi gene expression remains
elusive.

In sum, the key processes in stimulating
ribosome biogenesis in response to nutritional
availability are Rrn3-Pol I formation for rRNA
synthesis, Mafl cytoplasmic localization to
alleviate Pol IIT inhibition, Sfp1 nuclear local-
ization, and Sch9 activation for promoting RP
and Ribi gene expression. Carbon and nitrogen
regulatory pathways impinge independently on
each of these processes through PKA and per-
haps TORCI, respectively. This is most clearly
evident in the regulation of Mafl, in which
PKA and TORCI independently regulate the
nuclear localization of this repressor. This
summary of nutrient regulation sidesteps the
question of how the cell coordinates all the sub-
sidiary processes to insure the proper stoichio-
metric amounts of the vast number of compo-
nents of the ribosome, in which recent studies
have posited Pol I as a central player (34, 150).
This observation along with the possible par-
ticipation of nucleolar organization in RP gene
transcription factor function raises the possibil-
ity that nutrient control of ribosome biogenesis
may converge on nucleolar dynamics.
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Nutritional Control of
Cell Cycle Progression

G1 arrest. Since cells in a culture remain the
same size over multiple generations, the du-
ration of all the sequential events directing
duplication and segregation of the cell’s genetic
material (the cell cycle) must in general match
the amount of time required for the continu-
ous increase in cell mass to double the non-
genetic components of the cell (the growth cy-
cle). Since the minimal amount of time required
to complete all the events in the cell cycle is
less than that needed to duplicate the mass of
the cell, cells can maintain a constant size by
requiring that progress through the cell cycle
be dependent on duplicating the cell’s mass.
Classic studies showed that yeast cells accom-
plish this feat by making the transition from G1
to S, a step termed “Start,” dependent on the
cell attaining an appropriate “size” (121). Thus,
budding yeast cells growing slowly due to lim-
ited nutrient availability extend their G1 phase
to allow time for growth to this appropriate
size. More recent studies using nutrient-limited
chemostats reinforced these observations by
documenting that the fraction of unbudded
cells, i.e., those in G1, in cultures limited for
glucose, ammonia, sulfate, or phosphate is pro-
portional to the doubling time of the culture
(262). The same correlation is true for leucine
auxotrophs limited for leucine, consistent with
the notion that nutritional control of cell cy-
cle initiation may well occur indirectly through
effects on the rate of translation. This hypoth-
esis resonates with the fact that low doses of
cycloheximide extend G1 and with early stud-
ies on regulation of cell cycle by sulfate lim-
itation, which showed that the cell recognizes
sulfate limitation at a step in sulfate assimilation
beyond charged methionyl-tRNA (271). How-
ever, a primary unresolved question is how cells
sense they have attained the appropriate size
and, as a subsidiary issue discussed below, how
cells set the threshold size limit in response to
nutritional status.

The molecular events associated with
“Start” have become well defined. Commit-

ment to a new round of the cell cycle occurs
upon activation of the S-phase transcription
factors SBF and MBE. Whi$, the yeast’s func-
tional equivalent of the mammalian retinoblas-
toma protein, directly binds to these transcrip-
tion factors to hold them in check during GI.
Cdc28 in conjunction with G1 cyclins—Clns
1, 2, and 3—phosphorylate Whi5 to alleviate
its inhibition of SBF and MBF (42, 51). Thus,
current models propose accumulation of suffi-
cient levels of G1 cyclins as the rate-limiting
step for executing “Start” (126). Furthermore,
the level of G1 cyclins can serve as a reliable sur-
rogate of cell size as long as the following are
true: () G1 cyclins are unstable, such that the
level of G1 cyclin in the cell is proportional to
its synthesis rate, (i) cyclins are deposited into
the nucleus (or other subcellular localization),
(¢i1) the concentration of cyclin in this subcel-
lular organelle is the operative component with
regard to inactivating Whi$, and (iv) the sub-
cellular organelle remains relatively constant in
size during G1 (or at least expands slower than
does the cell volume). Whereas experimental
evidence supports conclusions (i) and (i), the
status of (77) is unknown and recent data sug-
gest that (7v) may not be true (123a). So, more
complex models for executing “Start” may be
required. Nonetheless, all available genetic evi-
dence points to synthesis of adequate G1 cyclins
as the rate-limiting step in completing “Start.”

Nutrients impinge on “Start” through a sub-
set of the signaling networks described in the
previous section. Inactivation of an essential
component of the Ras/PKA pathway induces
first cycle arrest in G1, even in the presence of
adequate nutrients. This suggests that cells re-
quire adequate PKA activity to execute “Start”
and that “Start” is the most sensitive step in the
cell cycle to depletion of PKA activity. While
PKA affects ribosome biogenesis, which may
impinge on cell size determination as discussed
below, the effect on cell cycle progression of in-
activating PKA is too rapid to be a result of re-
duced biosynthetic capacity. Moreover, growth
defects from loss of PKA can be suppressed
by eliminating the stress response transcrip-
tion factors Msn2 and Msn4 or by eliminating
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the kinase Yak1 (254). As noted below, inactiva-
tion of PKA activates a stress response through
Msn2/4 and various stresses induce at least a
transient cessation in cell cycle progression.
Moreover, activation of Msn2/4 induces Yakl
expression, whose activity stimulates the Pop2
polyA binding complex required for G1 arrest
in post diauxic cells (184, 254) and XBP1I, a re-
pressor of G1 cyclins (167). Thus, an econom-
ical model would posit that specific translation
required for “Start” may be under indirect con-
trol of the Msn2/4 stress response, which itself
is sensitive to PKA activity. However, the pro-
cess is likely to be more complex than this, per-
haps through undefined effects of PKA activity
on translation initiation, particularly as this im-
pinges on translation of G1 cyclins.

Hyperactivation of the PKA pathway, in a
beyl or RAS2G1Y strain, elicits the opposite cell
cycle phenotype to that following inactivation
of the pathway, namely failure of cells to ar-
rest at G1 under carbon starvation. Moreover,
such cells starved for carbon rapidly lose via-
bility. One interpretation of this observation is
that hyperactivation of the pathway catalyzes
constitutive execution of “Start,” rendering it
unresponsive to nutrient signal. However, hy-
peractive PKA signaling prevents accumulation
of storage carbohydrates, such as glycogen and
trehalose. Thus, an alternative view of the fail-
ure of beyl cells to accumulate in G1 following
carbon starvation is that such cells are unable
to complete the cell cycle, owing to an absence
of reserves. In this model, cells fail to arrest at
G1 because the cells simply stop wherever they
are in the cell cycle at the time of nutrient de-
privation (169). byl mutants also fail to survive
nitrogen starvation likely because of a failure to
accumulate nitrogen reserves (169). This sug-
gests that the PKA pathway affects accumula-
tion of nutrient reserves generally.

Futcher has recently proposed an additional
layer of regulation of “Start” as a function of
carbon source availability (79). He cites evi-
dence that cells growing on nonfermentable
carbon sources accumulate internal stores of
glucose in the form of glycogen and trehalose
during the cell cycle. When and only when a cell
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has accumulated sufficient reserves does the cell
metabolize the glucose via glycolysis to provide
a short burst of energy to increase translational
capacity and push the cell through “Start.” This
still raises the question of how cells would know
they have accumulated sufficient stores of car-
bohydrates. Nonetheless, this model might ac-
count for the inability of bey! cells, which can-
not accumulate storage carbohydrates, to grow
on nonfermentable carbon sources. Such cells
would be expected to accumulate as unbudded
cells, since they would not be able to execute
“Start,” an untested prediction. Recent exper-
iments suggest this burst of fermentation at
G1 in otherwise respiring cells may have the
more important role of temporally segregating
DNA replication from respiration (36). Thus,
the burst of fermentation would not only pro-
vide a kick-start for “Start” but also extend into
S phase so as to minimize the possibility of ox-
idative damage during replication.

Size control. Besides regulating execution of
“Start,” nutrient availability controls the size at
which cells initiate the cell cycle. In rich media,
cells execute “Start” at a larger cell volume than
do cells growing on poor nutrients. This is true
even though cells growing in poor nutrient con-
ditions have lower levels of G1 cyclins than do
cells growing in rich media. Thus, cells in poor
nutrients might be expected to be larger, since
they would require more time in G1 to execute
“Start” (247). This conundrum is resolved by
the fact that the threshold level of G1 cyclins re-
quired to execute “Start” is significantly lower
in slower-growing cells than in rapidly grow-
ing cells. This modulation of the size thresh-
old as a function of nutrient status occurs quite
rapidly: Addition of glucose to glycerol-grown
cells causes an immediate delay in the execu-
tion of “Start,” yielding a transient rise in the
percent of unbudded cells (120).

Mutational analysis of size control suggests
a mechanism by which cells establish a size
threshold for “Start.” Inactivation of either Sfp1
or Sch9 reduces the size at which cells initi-
ate the cell cycle and renders that size insensi-
tive to nutrient control (124, 125). Moreover,
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mutations that attenuate PKA activity also af-
fect the size threshold such that reduced activ-
ity results in small cells and hyperactivation re-
sults in large cells (11, 12, 266). Finally, carbon
source effects on cell size are manifested even
in cn3A bck2 A whiSA cells, which lack all the
upstream regulators of “Start” (125).

As noted above, those components that af-
fect the size threshold—Ras/PKA, Sch9 and
Sfpl—all converge on ribosome biogenesis.
This convergence has prompted a model in
which the rate of ribosome biogenesis sets the
size threshold by an as-yet undefined mecha-
nism such that high biogenesis rates results in
a high size threshold (125, 126, 234). Consis-
tent with this notion, recent studies assessing
the effect of inactivating ribosome biogenesis
on initiation of the cell cycle confirm that the
rate of ribosome biogenesis can affect execution
of “Start” long before any changes in overall
protein synthesis rates are observed (19). How-
ever, in this study the effect was opposite from
that proposed by the model, increasing cell size
in a Whi5-dependent manner upon lower bio-
genesis rates. These observations suggest that
ribosome biogenesis can both negatively reg-
ulate “Start” by increasing the threshold size
level and positively regulate “Start” by inhibit-
ing Whi5. In sum, nutrients influence initiation
of the cell cycle by taking into account both the
current translation capacity of the cell, through
the instantaneous translation rate, and the com-
mitment to the future translational capacity of
the cell, through the rate of ribosome biogene-
sis. We presume these two factors are balanced
to optimize the competitive advantage of cells
under a fluctuating and uncertain nutritional
environment.

STRESS RESPONSE

Stress response, nutritional availability, and
growth rate are intimately interconnected. De-
privation for any essential nutrient not only
slows cell growth and elicits a nutrient-specific
transcriptional response but also provokes an
environmental stress response that is common
to all nutrients (88). In fact, many of these

environmental stress response transcriptional
changes are proportional to the doubling time
of the culture under the limiting nutritional
conditions. However, the causal connection be-
tween growth rate and stress response is am-
biguous: Does slow growth resulting from nu-
trient deprivation elicit the stress response, does
the stress response resulting from nutrient de-
privation cause slow growth, or are both growth
and stress response independently regulated by
nutritional status? Part of the answer, as noted
below, is that a significant fraction of the stress
response system is directly responsive to nutri-
ent signaling.

Msn2 and Msn4 are Cys,His, Zn-finger
DNA-binding proteins that induce transcrip-
tion of a number of environmental stress re-
sponse genes, notably those containing stress
response elements (STRE) in their promoters.
Several nutrient signaling networks impinge on
these factors to regulate their subcellular lo-
calization and thus their access to STRE sites
(90). PKA directly phosphorylates the Msn2
nuclear localization signal (NLS) and this phos-
phorylation inhibits its function. As a conse-
quence, Msn2 and Msn4 reside in the nucleus
when PKA activity is diminished and localize
to the cytoplasm when PKA is active, a pro-
cess that also requires the nuclear export fac-
tor Msn5 (91). Nitrogen starvation and stresses
such as heat shock or osmotic shock do not
affect the NLS function of Msn2 but rather
control subcellular localization through mod-
ification of a nuclear export signal (NES) local-
ized in the amino terminal domain of the pro-
tein (91). In this case, these stimuli act through
PP2A to dephosphorylate the NES domain
in order to retain the protein in the nucleus.
Accordingly, Msn2, or the domain containing
the Msn2 NES plus a constitutive NLS, lo-
calizes to the nucleus following stress or ni-
trogen starvation but fails to do so in cdc55,
tpd3, or pph21 pph22 strains, i.e., strains lacking
any of the components of the PP2A holoen-
zyme (239). The PP2A-like phosphatase, Sit4,
does not play a role in Msn2 localization
or function. Inactivation of the PP2A associ-
ated protein Tap42 mimics this stress/starvation
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response, suggesting that Tap42 serves as an in-
hibitor of PP2A activity with regard to Msn2
NES function (67, 239). Rapamycin treatment
also induces nuclear localization of Msn2 via the
NES through the activation of PP2A, although
with a slower kinetics than that seen with stress
or nitrogen starvation. This observation rein-
forces the idea noted above thatnitrogen starva-
tion may be signaled in parallel with, rather than
through, TORCI. Finally, PKA also phospho-
rylates the NES site, so the subcellular local-
ization specified by the NES is determined by a
competition between PP2A activity and PKA
activity. In sum, a number of nutrient path-
ways impinge on Msn2 and Msn4 to affect their
nuclear localization and induction of stress re-
sponse genes. The glucose and nitrogen path-
ways affect localization by distinct mechanisms
while TORCI, stress, and nitrogen availabil-
ity all act through PP2A, possibly by parallel
pathways.

Recent observations suggest that in cells
subject to mild stress, Msn2 cycles into and out
of the nucleus completely in concert in each
cell, with a periodicity of about ten minutes
at 30° (115). The fact that this cycling is not
observed in strains carrying a PKA mutant in-
sensitive to regulation by cAMP suggests that
Msn2 cycling results from waves of increas-
ing and decreasing cellular cAMP levels, prop-
agated through a dynamic negative feedback
loop mediated by PKA (85).

Several other stress-responsive pathways are
sensitive to nutritional input. PKA regulates
stress responsive genes such as HSPI2 and
HSP26 in an Msn2/4-independent manner
through modulation of Hsf1 (73). Hsf1 induces
expression of heat shock responsive genes by
binding to HSE in the promoters of these genes.
Diminished PKA function activates Hsfl at
some, albeit not all, HSE promoters. Whether
the effect of PKA on Hsfl is direct or indirect
has not been resolved.

The Hogl MAPK pathway promotes adap-
tation to hyperosmotic stress by stimulating
transcriptional and metabolic changes as well
as cell cycle arrest (71, 107). Approximately 7%
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of yeast genes change expression upon hyperos-
motic stress, much of which results from Hogl
modulation of several transcription factors, in-
cluding the activators Hotl and Smp1 and the
repressor Skol. Phosphorylation of Skol by
Hogl converts it from a repressor to an activa-
tor. Moreover, both PKA and Sch9 also phos-
phorylate Skol. The phenotypic consequence
of PKA phosphorylation is minimal under nor-
mal conditions, but Sch9 is required for Skol
activation of target genes and effective response
of cells to hyperosmolarity (206, 216). These
results would suggest that nutrient starvation
or rapamycin treatment might diminish the re-
sponse of yeast cells to hyperosmolarity, an ex-
periment that has not been reported.
Returning to the issue of causality be-
tween nutrient deprivation, growth arrest and
the environmental stress response, we note
that deletion of both MSN2 and MSN4 sup-
presses the lethality resulting from loss-of-
function mutations in the Ras/PKA pathway
(254). In addition, rapamycin treatment both
arrests cell growth and activates Msn2/4 in
a PP2A-dependent mechanism (239). Muta-
tions inactivating PP2A render the cell resis-
tant to growth inhibition by rapamycin (118).
Thus, genetics and biochemical data consis-
tently place Msn2 and Msn4 downstream of
both PKA and TORCI1. Moreover, these ob-
servations suggest that growth arrest attendant
on rapamycin treatment or loss of Ras/PKA
function results substantially from unfettered
Msn2/4 activity. In contrast to this view is
the fact that starvation of a leucine auxotroph
for leucine induces an environmental stress
response essentially identical to that follow-
ing starvation of cells for carbon or nitrogen
sources (237). Thus, in this case growth arrest
and the stress response appear to result from
attenuation of translation or some subsequent
metabolic alteration, rather than a direct signal-
ing process. In sum, a simple causal connection
among nutritional availability, stress response,
and growth arrest does not readily emerge from
current data. This may, in fact, reflect a more
complex interrelation among these processes.
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Metabolic Effects

Several studies have begun to examine the
global metabolic changes attendant on transi-
tion from poor to rich nutrient state and vice
versa. Studies on glucose starvation or refeeding
of yeast cells document the expected changes at-
tendant on transition between fully respiratory
and fermentative modes of growth as well as
an unexpected depletion in adenine nucleotides
upon glucose addition (27, 139). For instance,
levels of fructose-1,6-bisphosphate (FBP) drop
significantly and phosphoenol pyruvate (PEP)
levels rise upon carbon starvation, reflecting
the reduced flow through glycolysis (27). The
rationale for adenine depletion on glucose
addition is not clear, but one consequence
is rapid upregulation of expression of genes
in purine biosynthesis. In addition, cells to
which glucose is added suffer an increased
drain on sources of one-carbon metabolites to
fulfill the methylation requirements from in-
creased rRNA biogenesis. Accordingly, such
cells upregulate genes encoding enzymes in
methionine biosynthesis and tetrahydrofolate
metabolism.

The observed metabolic consequences of
nitrogen starvation conform to prior expecta-
tions, although they also identify unexpected
metabolic responses to starvation (27). As an-
ticipated, cells starved for ammonia show a sig-
nificant decrease in intracellular glutamine and
a corresponding increase in «-ketoglutarate.
However, glutamate levels, which might have
been expected to drop under these conditions,
remain constant. A consistent corollary to this
observation is that levels of tryptophan, which
obtains its amide group from glutamine, drop
under these conditions but levels of phenylala-
nine and tyrosine, which obtain their amide
group from glutamate, remain constant.

The metabolic changes observed upon nu-
trient transitions result in part from the change
in metabolite availability but also from post-
translational modification of metabolic en-
zymes by nutrient-sensing pathways and, in a
longer timeframe, from changes in transcrip-
tion of key metabolic enzymes. The above

metabolic data on glucose transitions highlight
several well-established cases of enzyme modi-
fication by PKA. For instance, PKA stimulates
proteolysis of fructose bisphosphatase (FBPase)
and stimulation of Pfk2, which converts phos-
phofructose to fructose-2,6-bisphosphate, an
allosteric activator of Pfkl (28). Thus, loss of
PKA activity on glucose starvation would be ex-
pected to enhance FBPase activity and dimin-
ish Pfk1 activity, yielding the observed decrease
in FBP levels on glucose starvation. Similarly,
pyruvate kinase activity is stimulated by PKA-
dependent phosphorylation (211). This may ac-
count in part for the increase in PEP on carbon
downshift. How much of the additional dynam-
ics of metabolite concentrations results from
signaling processes remains to be resolved. Fu-
ture global phosphoproteome studies in con-
junction with continued global metabolome
studies should prove quite informative in this
regard.

Glucose sparing. Yeast cells starved for nitro-
gen or some nutrient other than glucose arrest
as unbudded cells in a metabolically quiescent
state in which fermentation of glucose is sup-
pressed. Accordingly, excess external glucose is
not depleted and ethanol does not accumulate.
In contrast, auxotrophs starved for the required
amino acid arrest growth but continue to fer-
ment glucose, thereby depleting external glu-
cose and accumulating ethanol in the medium
(26a). This observation points to the existence
of cross control in metabolism such that “nat-
ural” starvation for an essential nutrient elicits
a coherent growth cessation in which the cell’s
metabolic activity toward other nutrients is sup-
pressed. Moreover, this cross-metabolic control
is not simply the consequence of growth arrest,
since “unnatural” starvation does not elicit this
cross-metabolic regulation. The sensing, sig-
naling, and response pathways responsible for
this cross-metabolic regulation are unknown.
Nonetheless, the failure of cells subject to “un-
natural” starvation to perform this task is redo-
lent of the Warburg effect, in which cancer cells
excessively ferment glucose into lactose.
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Autophagy. Autophagy is a vacuolar degrada-
tive pathway for bulk proteins, which pro-
vides a survival mechanism for cells deprived
of nutrients. Upon nutrient starvation, cells
elaborate a double-membrane vesicle, termed
an autophagosome, that sequesters cytoplas-
mic material and that subsequently fuses with
the vacuole, resulting in the breakdown of the
contents. The resulting small molecules are re-
leased back into the cytosol and reused for the
synthesis of new proteins that are required for
cells to survive during these conditions (181,
297).

Although the mechanism by which nutrient
starvation induces autophagy is not fully un-
derstood, TORC1, PKA, and Sch9 all partic-
ipate in the process. Inactivation of TORCI
induces autophagy (196) while constitutive ac-
tivation of PKA effectively prevents induction
of autophagy by rapamycin or nutrient deple-
tion (30). Inactivation of PKA with a dominant
negative Ras2%??A mutation or by drug addition
to strains carrying analog-sensitive alleles of all
three Tpk’s can induce autophagy in nutrient-
rich conditions without rapamycin (30, 298).
However, the induction of autophagy in this
situation is less efficient and slower than that
seen with inactivation of TORCI. Inactivation
of Sch9 alone has little effect on autophagy, but
its inactivation in conjunction with inactivation
of PKA enhances the response seen by inactivat-
ing PKA alone. Moreover, the inductive effect
of loss of PKA/Sch9 is additive with that from
rapamycin addition, suggesting that PKA/Sch9
and TORCI comprise independent modes of
regulating autophagy.

The locus through which nutrient signaling
pathways impinge on the autophagic process is
not entirely clear. In yeast, nearly 30 proteins
function specifically in autophagy-related path-
ways. Most of these Atg proteins localize at a
perivacuolar site, termed the preautophagoso-
mal structure (PAS), where they likely function
in the formation of the autophagosome. Of the
Atg proteins, Atgl, Atg13, Atgl7,and Atgl8 are
candidates to receive the signal from nutrient
pathways (127, 129). Rapamycin treatment or
nitrogen starvation leads to a rapid dephospho-
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rylation of Atgl3. This conversion apparently
facilitates the interaction of Atgl3 with Atgl
and Atgl7. Atgl is a protein kinase and its ac-
tivity is stimulated by formation of the complex
during autophagy, although the role of Atgl
kinase activity in autophagy remains unclear
(190). Atgl, Atgl3, and Atg18 all contain PKA
consensus phosphorylation sites, but whether
phosphorylation of these Atg proteins by PKA
is functionally linked to autophagy remains un-
resolved. Atgl is mislocalized in cells expressing
a hyperactive Ras mutation, Ras2%1°V, whereas
a mutant Atgl protein lacking PKA phospho-
rylation sites is properly localized at the PAS
in the presence of this mutation (29). This al-
tered Atgl, however, does not display constitu-
tive autophagy activity in the presence of the
Ras2!V mutant protein, so it is not the sole
locus through which PKA regulates autophagy.
Finally, depletion of Msn2/4 or Rim15 blocks
autophagy that is induced by PKA and Sch9
inactivation. Thus, nutrient regulation of au-
tophagy may prove to be an outcome of the
stress response.

Extended autophagy results in expansion of
the vacuole, which becomes engorged from
extensive fusion with autophagic vesicles. Re-
moval of this accumulated material can occur
by retrograde trafficking out of the vacuole or
by a process termed microautophagy, in which
vesicles form in the vacuole from direct invagi-
nation of the vacuolar membrane. Microau-
tophagy in yeast occurs only after extended
macroautophagy induced by starvation or treat-
ment with rapamycin, so the direct regulation
of this process is difficult to pinpoint. However,
this process requires the GRE/EGO complex
discussed above, suggesting a connection be-
tween TORCI signaling and microautophagy
(65).

DEVELOPMENT

Filamentous Growth

Yeast cells, particularly those derived from
% 1278b, pursue in response to partial starva-
tion a developmental program that one might
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Nutrient regulation of filamentous development. A collection of transcriptional activators (Ash1, Flo8,
Mgal, Mss11, Phdl, Stel2, and Tecl) and repressors (Ngrl, Ngr2, Sok2, and Sfl1) control expression of
FLOL11, encoding the mucin-like protein, Mucl, and a large collection of additional genes required for
diploid pseudohyphal growth and haploid invasive growth in response to partial nutrient starvation and
other less well defined conditions. The network of interactions modulating these factors in response to

external conditions is shown.

interpret as a foraging mechanism. Diploid
cells subjected to limiting nitrogen or haploid
cells subjected to limiting glucose become elon-
gated, exhibit polar budding, suppress budding
in mother cells, undergo cytokinesis, but fail to
separate and elaborate extracellular glucanases
(82, 201). This cohort of features yields chains
of cells, referred to as pseudohyphae in diploids
or filaments in haploids, capable of invading the
underlying substratum. Although these two fil-
amentous growth programs have been viewed
as distinct processes responding to different nu-
tritional cues, recent studies have shown that
the signaling pathways responsible for the two
programs overlap significantly (Figure 6).
Activation of PKA—through use of activat-
ing alleles of RAS2 or GPA2 or through addition

of exogenous cAMP—stimulates diploid pseu-
dohyphal growth and haploid invasive growth.
Individual PKA catalytic subunits play distinct
roles in pseudohyphal growth with Tpk2 stim-
ulating filamentation and Tpkl and Tpk3 in-
hibiting the process, the latter likely through
feedback inhibition of PKA activation (203,
225). The fact that PKA stimulates filamenta-
tion is unexpected since filamentation, particu-
larly haploid invasive growth, is stimulated by
glucose limitation and PKA activity is generally
associated with increased glucose availability.
However, filamentous growth resulting from
constitutive PKA activity can be further stimu-
lated by glucose limitation, suggesting that glu-
cose levels influence filamentation through a
mechanism other than PKA and, furthermore,
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that PKA is activated under conditions pro-
moting filamentation by a mechanism distinct
from glucose activation. Although initial stud-
ies suggested that Ras might stimulate filamen-
tation through activation of the filamentous
growth (FG) MAPK pathway, more recent re-
sults indicate that Ras influences filamentation
solely through modulation of PKA (97, 186).
This likely applies to the parallel Gprl/Gpa2
branch upstream of PKA as well. Chen &
Fink have recently shown that filamentation
is stimulated by phenylethanol and tryptophol,
excreted metabolites of phenylalanine and tryp-
tophan whose production is stimulated by ni-
trogen limitation, suggesting that yeast may
employ a form of quorum sensing to initiate
filamentation (35). This observation likely ex-
plains prior reports noting that various excreted
alcohol metabolites of yeast stimulate pseudo-
hyphal growth. Stimulation of filamentation by
phenylethanol and tryptophol requires Tpk2,
suggesting that the Ras/PKA pathway in this
context may be responsive to these autoinduc-
ers, rather than to glucose. How the presence of
these autoinducers influences PKA and whether
these are the only inputs into PKA remain to be
resolved.

Snfl serves as the primary locus coupling
nutrient limitation to haploid invasive growth
and diploid pseudohyphal growth (48, 144).
This role in filamentation requires phospho-
rylation of T210 in the activating loop of Snfl,
although the particular upstream kinase(s) re-
quired for this phosphorylation under condi-
tions promoting filamentation has not been
identified. Haploid invasive growth also re-
quires the Gal83 -subunit of the Snfl complex
and, to a lesser extent, Sip2; ga/§3A strains are
deficientin invasive growth and haploid ga/§3 A
sip2 A cells are as defective in filamentation as
are snflA cells (278). In contrast, any of the
-subunits can support diploid pseudohyphal
growth (199). The primary function of Snfl in
stimulating filamentation is inactivation of the
transcriptional repressors, Nrgl and Nrg2, in
the promoters of FLOI11 and a myriad other
genes whose induction is required for the de-
velopmental program (144). While the partic-
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ipation of Snfl in mediating induction of hap-
loid invasive growth is consistent with its role in
signaling limited glucose availability, the partic-
ipation of Snfl in mediating diploid pseudohy-
phal growth in response to nitrogen limitation
is less intuitive. However, recent results sug-
gest that Snfl T210 phosphorylation is stim-
ulated not only by glucose limitation but also
by nitrogen limitation as well as by rapamycin
treatment, even in the presence of high levels
of glucose (199). Thus, Snfl appears to regulate
filamentation in response to a variety of nutri-
tional cues.

Several additional systems influence diploid
filamentation in response to nitrogen limita-
tion, although no coherent model for nitrogen
sensing emerges from these anecdotal obser-
vations. First, inactivation of the high-affinity
Mep2 ammonia permease blocks pseudohyphal
differentiation in response to low ammonium
(164). The fact that such strains grow normally
at low levels of ammonium and do not exhibit
transcriptional  responses associated with
nitrogen starvation has been taken as evidence
that Mep2 influences pseudohyphal growth
directly as an ammonia sensor rather than
indirectly through metabolic effects. However,
no signaling pathway has been associated with
this putative sensor (22). Second, ure2 and gin3
mutants, which have opposing effects on tran-
scription of nitrogen discrimination pathway
genes, both fail to exhibit pseudohyphal growth
in response to nitrogen starvation (164). This
suggests that either constitutive activation or
uninducibility of the NDP leads to filamen-
tation. Third, p3 and ssyl mutants, defective
in induction of amino acid permeases, exhibit
enhanced haploid invasive growth, suggesting
that diminished internal amino acid levels may
serve as a signal for filamentous growth (133).
Moreover, a mutation in glutamine tRNACYS
promotes enhanced pseudohyphal growth at
high nitrogen levels without affecting apparent
translation rates or NDP gene expression
(16, 189). Finally, as noted above, nitrogen
depletion or rapamycin treatment induces Snfl
activation, establishing a direct link between
nitrogen deprivation and the regulation of
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pseudohyphal development. However, ra-
pamycin, even at sublethal doses, inhibits
rather than activates filamentous growth (49).
This provides further evidence that TORCI1
inactivation does not fully mimic nitrogen
depletion. In sum, all these observations are
difficult to reconcile into a simple model for
nitrogen regulation of filamentous growth.
The most compelling observations—that Snfl
both responds to multiple forms of nutritional
deprivation and is required for filamentation—
posit Snfl as the primary route for connecting
nutritional state to this developmental switch.
A nutrient-independent pathway compris-
ing components of the pheromone-responsive
MAP kinase pathway also regulates filamen-
tous growth. Mutations ablating any compo-
nentin this pathway—the MAPKKK Stel1, the
MAPKK Ste7 or the MAPK Kss1—suppress fil-
amentous growth both in haploids and diploids
while a hyperactive allele of Stell elicits pre-
cocious filamentous growth (186). Initial stud-
ies suggested that this FG MAPK pathway re-
sponded directly to Ras stimulation, much in
the way the ERK MAP kinase pathway in mam-
malian cells transmits signals emanating from
Ras activation induced by upstream transmem-
brane receptors. However, more recent results
indicate that Ras affects filamentation solely
through PKA (97). Rather, the FG MAPK path-
way responds to activation from the Shol os-
molarity receptor as well as the transmembrane
Msb2 mucin receptor (47). Besides hyperosmo-
larity, the extracellular signals to which the FG
MAPK pathway responds are not well defined,
although this pathway may sense whether cells
are on a solid surface rather than in liquid sus-
pension. Remarkably, despite the fact that the
FG MAPK pathway and the pheromone MAPK
pathway share a number of components, the
pheromone MAPK pathway faithfully elicits a
pheromone response without activating a fila-
mentous response and filamentation-inducing
conditions elicit a filamentation response with-
out inducing a pheromone response. This
specificity is achieved in part by pheromone-
induced degradation of the FG-specific tran-
scription factor Tecl, by subtle aspects of sig-

nal channeling achieved by the Ste5 scaffold
protein and perhaps by lateral inhibition be-
tween the FG and pheromone MAPKs, Fus3,
and Kss1 (38, 74, 221).

The complex collection of cell cycle,
metabolic and morphological features that un-
derlie the filamentous phenotypes results from
alterations in activity of a number of enzymes
and changes in expression of a substantial col-
lection of genes. In fact, more than 800 genes
exhibit a statistically significant change in ex-
pression in transition from yeast to pseudo-
hyphal growth, and mutation of any of more
than 180 genes affects this transition (215).
The transcriptional changes associated with fil-
amentation are coordinated by a collection of
transcription factors responsive to the various
nutrient signaling pathways described above
(Figure 6). These include the transcriptional
activators Stel2, Tecl, Ashl, Flo8, Phdl,
Mssl1, and Mgal and the transcriptional re-
pressors Sok2, Nrgl, Nrg2, and Sfll. These
factors comprise a highly connected and com-
plex network with Mgal and Phdl serving as
the predominant modulators of the filamentous
transitions (25). In some cases, these factors all
converge on the promoter of a gene, such as
FLO11, whose expression is required for pseu-
dohyphal growth, but more often these factors
regulate distinct but overlapping suites of genes
whose concerted action orchestrates the fila-
mentous program. Moreover, the patterns of
genes regulated by these factors highlight two
distinct signaling pathways that together reg-
ulate this developmental program—Ras/PKA
and the FG-MAPK pathway. In many cases di-
rect connections between signaling pathways
and transcriptional regulators have been estab-
lished. For instance, the competitive binding
of the Flo8 activator and Sfl1 repressor to the
same promoter sites is regulated directly by
PKA phosphorylation of the two factors (205,
225). Moreover, the recruitment of the Mgal
activator to promoters requires prior binding
of Flo8 (25). Sok2, Ashl, and Phdl comprise
a regulatory module whose activity may be di-
rectly responsive to PKA (204, 252, 283). The
Ste12/Tecl activator complex is regulated by
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the FG MAPK pathway through the Digl,2
repressors. Finally, as noted above, Snfl reg-
ulates expression of a number of filamen-
tous specific genes through inactivation of the
Nrgl/Nrg2 repressors. Thus, the transcrip-
tional network regulating filamentous develop-
ment responds directly to the signaling path-
way sensing conditions appropriate for this
response.

As evident from above, haploid cells initi-
ate invasive growth and diploid cells initiate
pseudohyphal growth in response to nutritional
cues through essentially the same signaling net-
works and transcription factors. Mutation of
a signaling or transcriptional component that
affects one process almost invariably similarly
affects the other. This is true even of the FG
MAPK pathway, whose components normally
play quite distinct roles in haploid and diploid
cells. Thus, these two filamentous programs
likely respond to the same environmental cues,
and the use of different nutritional conditions
for induction of the two programs likely re-
flects historical bias rather than fundamental
differences in the biology of the two processes.
The Snfl pathway likely plays the predominant
role in nutritional sensing in both processes,
responding both to glucose and nitrogen limi-
tations. Thus, while there are likely subtle dis-
tinctions in the physiology and regulation of the
two programs, they are essentially two sides of
the same coin.

Starvation, Stationary
Phase, and Meiosis

Quiescence. Yeast cells, like all other living
cells, spend most of their time in a quiescent
state induced by starvation for one or more nu-
trients. Haploid or diploid yeast cells starved
for carbon, nitrogen, phosphate, or sulfur cease
accumulating mass, arrest cell cycle progres-
sion prior to “Start,” and enter a poorly defined
Gy state. GGy cells do have a number of distin-
guishing characteristics, including a thickened
cell wall, increased storage carbohydrates, en-
hanced resistance to heat and high osmolar-
ity, substantially reduced translation, a specific

Zaman et al.

transcriptional profile, and, mostimportant, the
ability to maintain viability under the starva-
tion condition (94). This last characteristic dis-
tinguishes cells suffering from “natural” star-
vation, for a carbon source, for instance, from
those subject to an “unnatural starvation” such
as auxotrophic cells deprived of the required
amino acid. In the latter case, cells fail to arrest
uniformly as unbudded cells and rapidly lose
viability (237). Thus, the quiescent Gy state re-
quires the coordinated and deliberate activity of
cells sensing impending depletion of a core nu-
trient and not simply the cessation of growth
attendant on abrogation of protein or RNA
synthesis.

Several studies have addressed the ge-
netic underpinnings of quiescence, primarily
by identifying those genes whose deletion en-
hances or diminishes survival in stationary
phase, a process occasionally referred to as
“chronological life span” (172, 213). Such mu-
tants highlight the signaling pathways respon-
sible for entry into stationary phase, such as
TOR and Ras/PKA, as well as those genes re-
quired for persistence during quiescence and
those required for exit from stationary phase
(94). Mutants defective in signaling through the
Ras/PKA pathway exhibit many of the charac-
teristics of stationary phase cells, whereas hy-
peractive mutants, such as beyl, fail to assume
stationary phase characteristics and rapidly lose
viability upon starvation. However, cells ex-
hibiting low-level constitutive PKA activity en-
ter stationary phase normally and maintain nor-
mal stability, indicating that signaling through
PKA may participate in, but is not abso-
lutely required for, entering quiescence. Other
nutrient-sensing pathways contribute to quies-
ence, even upon glucose starvation. A num-
ber of mutants associated with diminished Tor
function have enhanced persistence during sta-
tionary phase. This is consistent with the fact
that rapamycin treatment induces many of the
characteristics associated with stationary phase
cells (114). However, unlike quiescent cells ob-
tained by starvation, rapamycin treated cells
show substantial delay in resuming growth,
so rapamycin treatment does not precisely
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phenocopy starvation (65). The large collection
of additional mutants with either enhanced or
diminished survival in stationary phase high-
lights processes other than nutrient signaling,
such as mitochondrial function, that are re-
quired for normal entry into or survival dur-
ing stationary phase. However, most of these
mutants do not comprise clearly identifiable
functional categories and their specific roles
in stationary phase survival have not been
determined (213).

The signaling pathways regulating quies-
cence converge on several regulatory proteins
responsible for executing various aspects of the
quiescence program. Induction of stress resis-
tance upon starvation results in part from ac-
tivation of the Msn2/Msn4 stress-responsive
transcription factors, whose nuclear localiza-
tion is independently regulated by the PKA and
TORCT1 signaling networks, as discussed above.

A second critical regulator of entry into
quiescence is the Rim15 kinase (259). riml5
mutants exhibit many stationary phase defects,
such as diminished trehalose and glycogen ac-
cumulation, reduced expression of stress re-
sponse genes, decreased thermotolerance, and
failure to arrest prior to S phase. Moreover,
deletion of RIMI5 suppresses the lethality of
tpkl A tpk2 A tpk3A strains, suggesting that
Rim15 inhibits expression of genes required
for growth. Reciprocally, overexpression of
Rim15 during exponential growth inappropri-
ately elicits some stationary phase responses and
causes a synthetic growth defect with mutations
that partially attenuate PKA signaling. Consis-
tent with these genetic epistasis studies, Rim15
kinase activity is negatively regulated by PKA-
dependent phosphorylation (223). Moreover,
TORCI, Sch9, and the phosphate-responsive
signaling complex Pho80/Pho85 all regulate
Rim15’s nuclear/cytoplasmic distribution. The
cyclin/CDK complex Pho80/Pho85 phospho-
rylates Rim15"1%%° to promote association of
Rim15 with the cytoplasmic 14-3-3 protein
Bmh2 and Sch9 likely phosphorylates a sec-
ond 14-3-3 binding site on Rim15. TORCI1
inhibits dephosphorylation of T1075, and per-
haps the Sch9 sites as well, presumably through

inhibition of one or more of its effector
PP2A phosphatases (207, 282). Thus, three
distinct nutrient-responsive pathways converge
on Rim15 through distinct mechanisms. How
Rim15 integrates input from these three path-
ways is not clear: Starvation for any one of the
three nutrients s sufficient to induce quiescence
and yet full Rim15 function should require both
nuclear localization as well as activation of its
kinase activity, necessitating input from at least
two nutrient pathways. Thus, this aspect of
Rim15 function remains to be resolved.

Rim15’ effect on quiescence derives in part
through changes in the transcriptional spec-
trum of the cell, mediated through the stress
response transcription factors Msn2/Msn4 and
the related post diauxic shift transcription fac-
tor Gisl (31). How Riml15 affects the activ-
ity of these transcription factors is not known.
While it may affect nuclear localization and/or
activity of the factors, another intriguing pos-
sibility is that Rim15 may stimulate Msn2/4’
interaction with TFIID through a novel PP1
phosphatase regulated by the Ccr4/Cafl/Not
complex (156). As noted above, components
of this complex also participate in the dead-
enylation complex that regulates mRINA stabil-
ity under starvation conditions, a process influ-
enced by the Yak1 kinase, suggesting that it may
play a multifaceted role in coordinating entry
into quiescence. Rim15 also binds to the Tpsl
component of the trehalose synthase complex,
suggesting that part of its role in quiescence
involves direct regulation of key enzymatic ac-
tivities. Finally, while overexpression of Rim15
induces some of the phenotypes of quiescence,
it by no means induces a full-blown station-
ary phase response. Accordingly, other as-yet
unidentified factors participate in the execution
of the stationary phase program.

Most of the studies on quiescence in yeast
examine stationary phase cells, that is, cells that
were first depleted for glucose and then for the
residual ethanol in the culture generated from
the prior fermentation of glucose. Less infor-
mation is available on the nature of cells that
have entered quiescence owing to depletion of
other nutrients, such as nitrogen or sulfur. In
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fact, most of the studies on stationary phase
cells are conducted with auxotrophic strains,
precluding cross-studies of these strains on ni-
trogen starvation. Accordingly, we do not know
whether cells starved for one nutrient enter
the same Gy state as those starved for a dif-
ferent nutrient. Transcriptional profiling indi-
cates that, as noted above, starved cells induce a
common set of stress-responsive genes regard-
less of which nutrient is limiting. However, cells
also exhibit nutrient-specific alterations in gene
expression upon starvation (88). Glucose addi-
tion alone, but not any other nutrient, stimu-
lates growth-related events of stationary phase
cells (93). Moreover, mutations that eliminate
signaling through the PKA pathway cause a sig-
nificant delay in exiting stationary phase upon
glucose addition (119). However, the presence
of glucose clearly does not stimulate cells in
quiescence from nitrogen starvation to resume
growth. So, from these perspectives, all quies-
cent states are not the same. Cross mutational
studies of quiescence should help resolve the
extent of the differences among cells starved
for different nutrients. For example, what are
the effects on survival during nitrogen starva-
tion of mutants identified as defective in sur-
viving stationary phase, i.e., carbon starvation?
Such studies would not only identify differences
amonyg different quiescent cells but also define
the core constellation of processes that permit
survival during starvation.

Meiosis. MATa/MAT « diploid cells can em-
bark on meiosis and sporulation in response to
a nutritional environment that meets three cri-
teria: the absence of one essential growth nutri-
ent such that cells arrest in G1; the absence of
glucose; and the presence of a nonfermentable
carbon source. Although nitrogen starvation is
the normal laboratory condition for sporula-
tion, starvation for phosphate or sulfur can also
induce sporulation even in the presence of an
adequate nitrogen source. The critical regula-
tory role of starvation in eliciting meiosis and
sporulation is to lower the level of Cln/Cdk ac-
tivity. In addition, glucose addition, even in the
presence of a nonfermentable carbon source,
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inhibits sporulation. Finally, these specific star-
vation conditions are required not only to initi-
ate meiosis and sporulation but also to maintain
the developmental program. Refeeding cells in
the early stages of meiosis, up to approximately
the pachytene stage, will abort the program and
return cells to mitotic growth.

The mechanism by which nutritional cues
elicitinitiation of meiosis has been substantially
explored and several useful reviews on this topic
provide additional details (110, 147). Nutrient
signals impinge on the expression and func-
tion of two key regulators of initiation of meio-
sis, the transcription factor Imel and the S/T
kinase Ime2 (Figure 7). Imel activates tran-
scription of Ime2 as well as other early meio-
sis genes (EMGs) and transcription initiation
of IME] responds to mating-type, glucose and
nonfermentable carbon sources through dis-
tinct elements in the IJMEI promoter region.
Glucose represses IMEI expression through a
32 bp IREu element, which serves as an activa-
tor binding site for the stress response factors
Msn2/4. Asnoted above, these factors are inhib-
ited by glucose through PKA. Moreover, IREu
serves as a binding site for Sok2, whose phos-
phorylation by PKA converts it into a repressor
of IMET expression. Thus, glucose affects ex-
pression of IMEI both by activating a repres
sor and inactivating an activator of the gene.

The presence of a nonfermentable carbon
source is perceived by the cell as a consequence
of its metabolism to CO, and resultant al-
kalization of the medium. High external pH
activates a highly conserved fungal pH sensing
pathway comprising cell surface receptors and
the Rim101 transcription factor (formerly
Rim1) that is activated by proteolytic cleavage
catalyzed by the Rim13 protease. Remarkably,
cleavage occurs on the surface of endosomes
through interaction with components of the
ESCRT I complex, particularly Snf7, whose
primary function is in endocytic trafficking
(26). These observations provide further
evidence of a connection between endosome
metabolism and nutrient signaling. Rim101
regulates initiation of meiosis and adaptation
of external alkalization through its activity as a
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Figure 7

Nutrient control of initiation of meiosis. The presence of a nonfermentable carbon source and the absence of glucose and one or more
essential nutrients induces meiosis and sporulation in MATa/MAT« diploid cells through a complex regulatory network sequentially
controlling expression of IMEI, encoding a transcriptional activator, and IME? and other early meiotic genes (EMGs). Glucose
impinges on expression of IME] through activation of the Sok2 repressor and inactivation of the Msn2/4 activators as well as by
inhibiting respiration, needed to increase external pH to yield proteolytic activation of the Rim101 and subsequent inactivation of the
Smpl repressor. Nutrient starvation reduces Cln/Cdk activity, allowing nuclear import of Imel for activation of IME? and other
EMGs. Mating type controls expression of IMEI by a circuit not shown. See text for details.

transcriptional repressor, two of whose targets
are the transcriptional repressors Smpl and
Nrgl (152). The effect of Rim101 on IMEI]
expression is mediated by a site called UASrm
in the promoter (236). Although untested
to date, UASrm may serve as the binding
site for Smp1 and/or Nrgl, whose repressive
activity would be alleviated by Rim101. In fact,
Rim101 and Nrgl act as corepressors by simul-
taneous binding to promoters of mid- to late
sporulation genes (231). However, the fact that
deletion of SMPI, but not NRG1, alleviates the
sporulation defect in 7#m101A strains would

indicate that Smpl is the immediate regulator
of IME1 (152). Finally, we note that glucose
also likely influences this signaling pathway
through repression of respiration, thereby
blocking alkalization by blocking metabolism
of nonfermentable carbon sources.

Under mitotic growth conditions, expres-
sion of IME2 and other EMGs is repressed
by Ume6-mediated recruitment of the histone
deacetylases Sin3 and Rpd1 and the chromatin
remodeling complex Isw2 to the URSI se-
quence in the promoters of the regulated genes.
Under meiotic induction conditions, Sin3
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and Rpdl dissociate from Ume6, alleviating
repression, while Imel associates with Ume6 to
recruit the histone acetyl transferase GenS5 and
activate transcription. The GSK3-$ homolog
Rim11 and the stationary phase kinase Rim15
mediate this transition from repression to acti-
vation in response to a variety of nutritional in-
puts. Both Rim11 and Rim15 are inactivated by
phosphorylation by PKA and so are active only
in the absence of PKA signaling (232, 259). In
addition, as noted above, TORCI blocks nu-
clear import of Rim15 and phosphate through
Pho80/Pho85 to stimulate nuclear export of the
protein. Rim15, perhaps through phosphoryla-
tion of Ume6, promotes dissociation of Sin3
and Rpdl, whereas Rim11 phosphorylation of
Imel stimulates interaction of Imel with Ume6
(209). Finally, Cln/Cdk blocks nuclear import
ofImel, animpediment to EMG activation that
is alleviated by nutrient starvation-induced ar-
rest in G1. Thus, nutritional cues inform initi-
ation of meiosis through a variety of routes.

As noted above, addition of nutrients to
cells undergoing meiosis can abrogate the de-
velopmental program and restore cells to mi-
totic growth. The targets for this nutritional
control of meiotic progression have not been
fully defined, although some information has
emerged. For instance, Ime2, which is required
at multiple stages during meiotic progression,
is destabilized by glucose addition through
degradation targeted by the SCFG™! ubiqui-
tin ligase (218). However, while expression of
a degradation-resistant version of Ime2 ren-
ders cells resistant to a glucose-induced block
to meiotic DNA replication, it does not ren-
der later steps in meiosis resistant to glucose.
Thus, additional nutrition-sensitive processes
have yet to be identified.

Replicative Aging

Replicative aging in yeast is defined as the num-
ber of daughters to which a cell can give rise
before ceasing to bud. Remarkably, this replica-
tive lifespan of yeast is influenced by both ge-
netic and nutritional factors similar to those
that influence the aging processes in larger
eukaryotes, including mammals. In particular,

Zaman et al.

caloric restriction extends replicative aging in
yeast in a manner reminiscent of the same ef-
fect in worms, flies, and mice. Consistent with
the contribution of nutrient status to replicative
lifespan, mutants defective in Ras/PKA, Sch9,
and TORCI signaling all have extended lifes-
pan (128). Part of the effects of these pathways
on aging results from their regulation of stress
response, as noted above. However, whether
other aspects of nutrient control also influence
aging and how activation of the stress response
extends replication lifespan remain unresolved.

CONCLUSIONS

Substantial progress has been made in defin-
ing the networks in yeast that detect and sig-
nal the nature and quantity of available nutri-
ents. One emerging theme from these studies
has been the extent of interconnections among
the different sensing pathways. For the case of
Snfl and Rgt regulation of hexose transporters,
this interconnection provides a graded response
such that the transporters with the appropriate
affinity and capacity are produced in response
to the specific level of external glucose. Simi-
larly, PKA and TORCI signaling converge on
several “response regulators” such as Msn2/4
and Rim15 to promote a unified output from
multiple inputs. We anticipate that other inter-
connections among pathways also provide nu-
anced responses to different levels or combina-
tions of nutrients. However, more sophisticated
analyses and analytical tools need to be applied
to tease out these responses. As the complexity
of these pathways becomes more apparent, our
need increases for quantitative, dynamic mod-
els, both to organize and represent the path-
ways and to predict their behavior. However,
even with the substantial amount of informa-
tion on yeastsignaling networks currently avail-
able, the uncertainties in the topologies and the
lack of knowledge about specific kinetic param-
eters render straightforward pathway modeling
infeasible. Accordingly, we need new computa-
tional tools capable of predicting network be-
havior even in the face of limited data. These
have begun to emerge.
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FUTURE ISSUES

Remarkable gaps still exist even in the most well studied signaling networks. For instance, we
still do not know the means by which glucose activates the Ras/PKA or the means by which
TORCI activity is connected to nutritional status. Moreover, the means by which these

pathways control the biological responses of the cells remains unclear. A small sampling of

the unresolved questions includes, What is the causal relationship between stress response
and growth control? What is the mechanistic basis of the difference between “natural”
and “unnatural” starvation? Do yeast cells enter different quiescent states depending on
which nutrient is depleted? How is size controlled by nutrient availability and how is size

connected to initiation of “Start”? What is the basis for the connection between nutritional

status and aging? How does the cell balance input from multiple nutrient pathways to make

developmental decisions?

Finally, most of the studies on yeast signaling and the biological consequences of nutrient
availability have examined only the aggregate behavior of populations of cells. As a conse-
quence, potentially important differences in the responses of individual cells are ignored.

For instance, in a population of cells subjected to conditions inducing filamentous growth,

some cells stably assume characteristics of filamentous cells whereas others stably retain

their yeast-like morphology and behavior (100). Thus, nutrient input can induce transitions
between distinct epigenetic states rather than shifting cells along a continuum between one
state and another. Moreover, signaling circuits in yeast appear to be wired to promote dif-
ferent responses among individuals experiencing identical conditions (177). In this manner,

individual cells in a population can explore different developmental programs in response

to a complex environment, thereby enhancing overall survival of the colony. Thus, a rich

area for future studies of nutrient signaling in yeast can be single-cell analysis of behavioral
responses. This will likely reveal a much more complex relationship of yeast cells with their

nutritional environment than we currently appreciate.
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