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Yeast cells modulate their protein synthesis capacity in response to
physiological needs through the transcriptional control of ribo-
somal protein (RP) genes. Here we demonstrate that the transcrip-
tion factor Sfp1, previously shown to play a role in the control of
cell size, regulates RP gene expression in response to nutrients and
stress. Under optimal growth conditions, Sfp1 is localized to the
nucleus, bound to the promoters of RP genes, and helps promote
RP gene expression. In response to inhibition of target of rapamy-
cin (TOR) signaling, stress, or changes in nutrient availability, Sfp1
is released from RP gene promoters and leaves the nucleus, and RP
gene transcription is down-regulated. Additionally, cells lacking
Sfp1 fail to appropriately modulate RP gene expression in response
to environmental cues. We conclude that Sfp1 integrates informa-
tion from nutrient- and stress-responsive signaling pathways to
help control RP gene expression.

he size of cells, organs, and organisms is influenced by

genetic and environmental factors that act to coordinate cell
growth and cell division (1). Recent studies in yeast, Drosophila,
and mammalian cells indicate that the evolutionarily conserved
target of rapamycin (TOR) pathway plays an important role in
modulating cell growth and cell size (2). For example, defects in
the Drosophila TOR pathway result both in cells reduced in size
at all stages of the cell cycle and in a smaller organism (3, 4).
TOR signaling influences cell growth by regulating transcription,
translation, and ribosome biogenesis, which collectively modu-
late cell mass by influencing protein synthesis (5).

Studies in budding yeast have provided important insights into
the physiological role and regulation of the TOR pathway and its
connection to cell size and growth control, revealing that TOR
regulates cell growth in response to nutrient availability (5, 6).
The TOR pathway is active in favorable nutrient conditions and
promotes cell growth. When nutrients become limiting (or cells
are treated with rapamycin), the TOR pathway is inactivated,
leading to the inhibition of protein synthesis, changes in gene
transcription, cell cycle arrest in Gj, and up-regulation of
ubiquitination and autophagy (5). The regulation of TOR by
nutrient availability may be evolutionarily conserved, given that
it has been reported that the mammalian TOR pathway is
responsive to amino acid levels (7, 8).

A major output of the TOR pathway is the modulation of gene
transcription (9), which has been well characterized in budding
yeast by microarray analysis (10, 11). By an uncharacterized
mechanism, TOR promotes the transcription of ribosomal pro-
tein (RP) and ribosome biogenesis genes in favorable nutrient
conditions (12), thereby promoting cell growth. The TOR path-
way also acts in favorable nutrient conditions to repress tran-
scription of starvation-specific genes by sequestering several
stress- and nutrient-responsive transcription factors (Msn2,
Msn4, Rtgl, Rtg3, Gln3, and Gatl) in the cytoplasm (13, 14).
Regulation of these factors is mediated by different branches of
the TOR pathway. TOR inhibits nuclear accumulation of GIn3
and Gatl by regulating binding of the inhibitor Tap42 to the
PP2A and Sit4 phosphatases, which act on GIn3 and Gatl (13).
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In contrast, the Rtg2 and Mks1 proteins mediate TOR regulation
of Rtgl and Rtg3 (15). Finally, TOR promotes cytosolic accu-
mulation of the Msn2/4 proteins by regulating their interaction
with a cytosolic anchor belonging to the 14-3-3 protein family
(13). When TOR is inactivated by nutrient limitation or by
treatment of cells with rapamycin, the transcription factors GIn3,
Gatl, Rtgl, Rtg3, Msn2, and Msn4 translocate to the nucleus and
activate transcription of target genes involved in nutrient utili-
zation and the stress response (13, 14). Also in response to TOR
inactivation, transcription of RP and ribosome biogenesis genes
is down-regulated (12). The downstream effectors of TOR
important for the modulation of ribosome production are not
known, but the Tap42/PP2A and Rtg branches of the TOR
pathway are not required (16). Additionally, the transcription
factor target(s) for the TOR pathway relevant for the control of
ribosome production has not been identified.

We have identified a transcription factor target of the TOR
pathway important for the modulation of RP gene transcription:
the zinc finger-containing transcription factor Sfpl. Sfpl is an
activator of RP gene expression that is localized to the nucleus
in exponentially dividing cells. In response to inactivation of the
TOR pathway, cell stress, or nutrient limitation, Sfp1 relocalizes
to the cytoplasm, and RP genes are down-regulated. We have
also found that Sfpl localization is controlled by the nutrient-
responsive CAMP/protein kinase A (PKA) pathway. Moreover,
cells lacking Sfpl are unable to properly regulate RP gene
expression in response to environmental conditions. These ob-
servations suggest that Sfpl plays an important role in modu-
lating cell growth and RP gene expression in response to
environmental cues.

Materials and Methods

Strains. Strains genotypes are provided in Table 1, which is
published as supporting information on the PNAS web site.

GFP-Tagged Yeast Strains and Microscopic Imaging. Strains express-
ing GFP-tagged proteins are described in ref. 17. Each strain
produces a single C-terminal GFP-tagged protein expressed
from its chromosomal locus under the control of its native
promoter. Strains expressing known or predicted site-specific
DNA-binding proteins (GFP-tagged) (Table 2, which is pub-
lished as supporting information on the PNAS web site) were
screened for changes in subcellular localization upon treatment
with 100 nM rapamycin by fluorescence microscopy. Aliquots of
strains grown to mid-logarithmic phase in synthetic dextrose
medium were analyzed in 96-well glass-bottom microscope slides

Freely available online through the PNAS open access option.

Abbreviations: TOR, target of rapamycin; RP, ribosomal protein; PKA, protein kinase A;
MMS, methyl methanesulfonate.
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Fig. 1.
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The TOR pathway controls Sfp1 subcellular localization. (A) Time course of Sfp1-GFP localization after TOR pathway inactivation. Cells were grown in

synthetic dextrose medium, treated with 100 nM rapamycin, and analyzed by fluorescence microscopy. Images of the same live cells were captured every 4-5
min. (B) Rapamycin induces Sfp1 relocalization to the cytoplasm through inhibition of TOR signaling. Sfp1-GFP localization in rapamycin-resistant (TOR7-1) and
wild-type strains untreated or treated with rapamycin (45 min after addition of 100 nM rapamycin).

(BD Falcon, BD Biosciences) pretreated with Con A (50
pg'ml—1) to ensure cell adhesion. Cells were analyzed by fluo-
rescence microscopy with a digital imaging-capable Nikon
TE200/300 inverted microscope and a Roper Q57 charge-
coupled device camera with an oil-immersed objective at X100
magnification. To monitor changes in subcellular localization of
the tagged proteins upon rapamycin treatment, a specific field in
each well was selected and its absolute position saved. By using
a script in METAMORPH Version 4.6r8 imaging software (Uni-
versal Imaging, Downingtown, PA), fluorescence microscopy
images of the selected fields were taken as a function of time
after rapamycin treatment, and the stage was automatically
advanced between wells on the 96-well slide, generating a picture
of the same live cells every 4-5 min.

cDNA Microarrays. Congenic wild-type (BY4741, MATa) and
sfplA strains were grown to early logarithmic phase (ODggy =~
0.3) in yeast extract/peptone/dextrose medium at 30°C. Cells
were treated with rapamycin (100 nM) or the drug carrier (90%
ethanol/10% Tween 20) for 30 min or 60 min, harvested, and
flash-frozen in liquid nitrogen. Microarray analysis was per-
formed as described in ref. 18. Total and poly(A) RNA was
isolated, and poly(A) RNA was reverse-transcribed by incorpo-
rating amino-allyl dUTP (Sigma). The resulting cDNAs were
labeled by using monofunctional reactive Cy3 and Cy5 dyes
(Amersham Pharmacia) in the presence of sodium bicarbonate.
The standard deviation from the mean expression ratio of 1 was
calculated by using all of the individual gene expression mea-
surements in a given experiment. This value provides an indi-
cation of the number and magnitude of changes occurring in that
experiment. Data presented are the average of three indepen-
dent microarray experiments. (The complete data set used to
create Fig. 44 can be downloaded as Table 3, which is published
as supporting information on the PNAS web site.)

Chromatin Immunoprecipitation. The chromatin immunoprecipi-
tation protocol was similar to that described in ref. 19. Cells
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expressing Sfpl-HA; were grown in yeast extract/peptone/
dextrose medium at 30°C, treated or not treated with rapamycin
(100 nM) for 30 min or 60 min, fixed with 1% formaldehyde for
15 min at room temperature, and harvested. To obtain DNA, the
cell pellet was processed and immunoprecipitated with a mono-
clonal anti-hemagglutinin antibody (Roche Applied Science,
clone no. 12CAS), and copurifying DNA was purified by phenol-
chloroform and chloroform extraction. The DNA was then
quantified by using an Opticon real-time PCR machine (MJ
Research, Waltham, MA) as described in ref. 20. At least three
independent extracts were analyzed for each strain and growth
condition. We observed binding of Sfp1 to the promoters of the
following genes: RPLIB, RPS31, RPL23B, RPS9A4, RPL27B,
RPSOB, RPLI12A, RPL13A4, RPL11A, RPL8B, RPS26A, RPL2B,
RPS22B, RPS8A, RPL5, RPS5, RPP0, RPL34B, and RPL4B.

Quantitative RT-PCR. Congenic wild-type (BY4741, MATa) and
sfpl A strains were grown to early logarithmic phase (ODggo =~ 0.3)
in yeast extract/peptone/dextrose medium at 30°C. Cells were
treated with rapamycin (100 nM) or the drug carrier (90% ethanol/
10% Tween 20) for 60 min or untreated or treated with 0.4 mM
H,0; for 60 min, harvested, and flash-frozen in liquid nitrogen.
Total RNA was isolated as described above, and mRNA was
reverse-transcribed by using gene-specific primers. As a control for
genomic DNA contamination, a fraction of each sample was
processed without any oligo present. The resulting cDNA was then
quantified by using an Opticon real-time PCR machine (MJ
Research) as described in ref. 20. In each sample, levels of mRNA
expression were normalized to the expression of the ACT1 tran-
script. Three independent extracts were analyzed for each strain
and growth condition, and the mean and SEM were calculated.

Results

The TOR Pathway Controls Sfp1 Subcellular Localization. To explore
how the TOR signaling pathway modulates changes in gene
regulation, we carried out a screen to identify new transcription
factors involved in the regulation of the transcriptional response

Marion et al.
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Fig.2. Bioinformatics analysis reveals candidate Sfp1 target genes. (A) A significant fraction of potential Sfp1 target genes are coordinately repressed in stress
and nutrient deprivation. (Left) A transcription factor-microarray matrix is shown, where red and green elements indicate a significant test for induction and
repression of the candidate transcription factor target genes in a given microarray, respectively. The intensity of each entry corresponds to the —log1o(P value)
of the statistical test (black elements indicate a insignificant result). The matrix is the subcluster of the full analysis on 106 transcription factors and indicates the
similar behavior of candidate target gene sets for Sfp1, Rap1, Abf1, Fhi1, and several additional factors. The matrix is filtered to show only microarrays with at
least one significant test for the targets of those factors. (Right) The biological conditions associated with each microarray are shown as blue elements. Only
annotations that were significant for candidate target gene sets of at least one factor in the Sfp1 cluster (P < 0.01, after a false discovery rate statistical correction
for multiple hypotheses) are shown. Significant annotations for Sfp1 include response to stress (P < 1.24 X 10~8), amino acid (AA) starvation (P < 2.14 X 107),
nitrogen depletion (P < 8.13 X 1075), stationary phase (P < 4.17 X 1078), and response to glucose starvation (P < 2.4 X 10~4). The targets of Sfp1 were also
significantly repressed in many additional individual experiments, including treatment with hydrogen peroxide, DTT, MMS, and rapamycin. (B) RP genes underlie
the coordinated expression pattern of Sfp1 targets. The matrix shows the expression pattern of all 63 potential Sfp1 target genes, highlighting (yellow) those
targets identified by our methods to significantly (P < 10725) underlie the coordinated changes identified in A. Among the 18 detected bona fide target genes,
14 encode RPs (red highlight). When iterating the analysis in A with this refined set of targets, the resulting profile is even more prominent (Sfp1 module column

in A).

to rapamycin treatment. Because the activity of many transcrip-
tion factors in the TOR pathway is controlled through regulation
of their subcellular localization (13, 14), we assayed changes in
transcription factor localization as an indicator of changes in
transcription factor activity. We used a collection of ~250 strains
(Table 2), each expressing a single characterized or predicted
site-specific DNA-binding protein (Incyte, Wilmington, DE)
(21) tagged with GFP at its C terminus and expressed from its
native chromosomal locus under the control of its native pro-
moter (17). These strains were treated with rapamycin, and
fluorescence micrographs of live cells were captured as a func-
tion of time. To facilitate the detection of changes in localization,
each time-course was recorded by using a single field of cells.

As expected, this screen identified the transcription factors
previously known to act downstream of TOR: Msn2/4, GlIn3,
Gatl, Rtgl, and Rtg3. These factors are all localized to the
cytoplasm in untreated cells and relocalize to the nucleus in the
presence of rapamycin (data not shown). The screen also iden-
tified a transcription factor whose regulation had not been
previously studied, Sfp1l. Surprisingly, Sfp1 localization is regu-
lated in a manner opposite to that of the known TOR down-
stream transcriptional effectors in that it localizes mainly to the
nucleus in dividing cells grown in standard laboratory conditions
and relocalizes to the cytoplasm when cells are treated with
rapamycin (Fig. 14). The decrease in Sfp1 nuclear concentration
is through regulation of nucleocytoplasmic trafficking, because
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Sfp1 protein levels are not significantly reduced during the time
it is relocalized (data not shown). The effect of rapamycin on
Sfp1 localization is mediated through the TOR pathway because
in a strain containing a rapamycin-resistant mutation in Torl
Sfpl is localized to the nucleus and is not relocalized to the
cytoplasm when cells are treated with rapamycin (Fig. 1B).

Bioinformatics Analysis and the Identification of Candidate Target
Genes for Sfp1. Sfpl is a zinc-finger transcription factor that was
recently shown to play a role in the control of cell size in budding
yeast (22, 23). Cells lacking SFPI are small and have defects in
the transcription of genes involved in ribosome biogenesis and
those that encode RPs (23). Because cells containing mutations
in genes involved in ribosome biogenesis are also small, it was
previously suggested (23) that the reduced cell size of sfpIA
mutants may be the result of a defect in expression of ribosome
biogenesis genes. However, further studies have been unable to
demonstrate the binding of Sfpl to the promoters of ribosome
biogenesis genes (24). Large-scale studies indicated that Sfpl
may bind the promoters of a large variety of genes, including
some of the RP genes. Thus, it remains unclear what genes Sfp1
directly regulates.

To formulate a hypothesis regarding the direct targets of Sfp1,
we reasoned that the expression of bona fide targets of Sfpl
should be coordinately controlled. We therefore devised a
bioinformatics approach to examine which subset of the genes

PNAS | October5,2004 | vol. 101 | no.40 | 14317
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potentially bound by Sfpl are also consistently coregulated in
relevant conditions and could therefore be its key targets. To
perform this analysis we combined information from two
genome-wide datasets. A large-scale study of yeast transcription
factor binding in the genome, assayed by using chromatin
immunoprecipitation followed by detection on a microarray
containing intergenic sequences (25), provided a set of target
genes that are potentially directly regulated by each of those
transcription factors. A compendium of 1,006 previously pub-
lished microarray experiments (26, 27) provided gene expression
data for a variety of potentially relevant biological conditions.

We applied a two-step method (described in detail in Sup-
porting Materials and Methods, which is published as supporting
information on the PNAS web site) to identify target genes of
Sfpl. In the first step, we associated each transcription factor
with a set of microarrays and biological conditions in which a
significant subset of its targets is coordinately regulated. We
used a statistical Kolmogorov—-Smirnov test to determine
whether a subset of the candidate target genes of a given
transcription factor is differentially regulated (e.g., up-regulated
or down-regulated) in a coordinated way in a given microarray
experiment. We also annotated each microarray experiment
with a biological description (e.g., heat shock or cell cycle), and
then used a hypergeometric test to identify biological conditions
that are significantly enriched in those microarrays for which we
detected significant coordination in the expression of the can-
didate target genes of transcription factors. By using this ap-
proach we found that a significant fraction of the genes bound
by Sfpl in the large-scale chromatin immunoprecipitation ex-
periment were down-regulated in microarray experiments in
which cells were treated with heat shock or oxidative stress,
grown to stationary phase, or subjected to nutrient deprivation
(Fig. 24). Interestingly, clustering transcription factors based on
the patterns of their target regulation revealed that candidate
target genes of known transcriptional regulators of RP gene
expression, Abfl and Rapl, as well as a putative regulator, Fhll,
exhibited similar behavior.

In the second step, we derived the bona fide set of targets for
the transcription factor by identifying genes that underlie the
coherent expression behavior. To this end, we performed a third
statistical test that identified the subset of candidate target genes
whose expression changes are consistent with the overall pattern
of significant changes discovered in the first step. Indeed, the
candidate Sfp1 target genes that underlie its associated coherent
expression behavior consist almost exclusively of RP genes (P <
1.6 X 107! for enrichment of RP genes) (Fig. 2B). These
observations suggest that Sfpl may be a direct regulator of RP
gene expression.

Sfp1 Links Physiological Changes to Regulation of RP Gene Expression.
Both rapamycin treatment and stress conditions cause repression
of RP genes (10, 28, 29), raising the possibility that Sfp1 may be
regulated in response to stress and nutrient availability and link
physiological changes to the regulation of RP genes. If this
hypothesis is correct, we expect that Sfpl localization will also
change in response to stress and growth conditions known to
cause down-regulation in RP gene expression, including (i)
treatment with osmotic stress, DTT, hydrogen peroxide, or
methyl methanesulfonate (MMS) (28, 29); (if) a block in the
secretory pathway caused by tunicamycin addition (30); (iii)
entry into stationary phase (29, 31); and (iv) glucose starvation
(32, 33). Indeed, treatment of cells with osmotic stress, DTT,
hydrogen peroxide, MMS, tunicamycin, or entry into stationary
phase all cause Sfpl to be relocalized to the cytoplasm (Fig. 3).
Furthermore, Sfp1 is relocalized to the cytoplasm in response to
glucose starvation (Fig. 3B) and rapidly reenters the nucleus
when glucose is added back to the medium, a condition known
to induce rapid induction of RP gene transcription (32, 33). This

14318 | www.pnas.org/cgi/doi/10.1073/pnas.0405353101
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Fig. 3. Cytosolic localization of Sfp1 correlates with conditions of RP gene
down-regulation. (A) Sfp1-GFP localization under different stress conditions:
0.4 mM H,0; (30 min after addition); 0.5 M NaCl (15 min after addition); 2 mM
DTT (60 min after addition); 0.1% MMS (45 min after addition); 2.5 pug/ml
tunicamycin (3.5 h after treatment). Images of the same field of cells were
captured every 5 min after addition of the stress reagent; only one represen-
tative time point is shown. (B) Sfp1-GFP localization under different nutrient
availability conditions: cells exponentially growing; cells grown to stationary
phase; cells transferred to medium containing ethanol as a carbon source (10
min after transfer); and cells 10 min after refeeding of glucose (to cells in no
glucose).

rapid nuclear accumulation of Sfpl further confirms that sub-
cellular localization is regulated. In each of these stresses or
nutrient changes, the timescale of Sfpl relocalization matches
the kinetics of changes in RP gene expression (12, 29-33).
Therefore, Sfpl is localized to the nucleus under conditions in
which RP genes are actively transcribed and is redistributed to
the cytoplasm in response to signals that cause down-regulation
of RP gene transcription.

Yeast Cells Lacking Sfp1 Do Not Properly Regulate RP Gene Expression
in Stress Conditions. If Sfp1 is a regulator of RP gene transcription,
we expect that sfp/ mutant cells will be defective in RP gene
transcription and will have defects in the regulation of RP genes
that occurs in response to stress. Indeed, as has been shown
previously, we find that cells lacking SFPI have reduced levels of
RP gene transcription under normal growth conditions (23),
suggesting that Sfpl is an activator of RP gene expression (Fig.
4 A, lane c; B Lower; and C Lower). To test whether sfp/ mutant
cells show defects in regulation of RP gene transcription in
response to stress, we treated wild-type and sfp/A cells with

Marion et al.
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Fig.4. Sfp1lisadirectregulator of RP genesand isrequired for appropriate down-regulation of RP gene expression in response to stress. (A) Microarray analysis
comparing expression of RP genes in the following lanes: a, wild-type strain treated with rapamycin (Cy5 red) versus an untreated wild-type strain (Cy3 green)
(1 h after addition of 100 nM rapamycin); b, sfp1A strain treated with rapamycin (Cy5 red) versus untreated sfp7A (Cy3 green) (1 h); ¢, sfp1A (Cy5 red) versus wild
type (Cy3 green); d, sfp1A treated with rapamycin (Cy5 red) versus wild type treated with rapamycin (Cy3 green) (1 h). Data presented are the average of three
independent microarray experiments. When examining the behavior of genes from various functional groups (47, 48) in the microarray experiments, RPs were
the most significantly regulated functional group in lanes a, b, and cwith P <7.19 X 10719, 1.13 X 10725, and 5.9 X 10~'%, respectively. (B) Quantitative RT-PCR
validation of microarray data. Expression levels of several RP mRNAs relative to ACTT transcript levels were measured in wild-type and sfp1A strains, untreated
or treated with 100 nM rapamycin (rap) for 1 h. (Upper) The fold repression of RP genes in response to rapamycin in both wild-type and sfp1A strains. (Lower)
The comparison of RP gene expression in the sfp7A strain versus wild type, either under optimal growth conditions or after treatment with rapamycin. Values
are the averages of three independent experiments; error bars show SEM. (C) Yeast cells lacking Sfp1 are defective in RP regulation in response to oxidative stress.
Expression levels of several RP mRNAs relative to the ACTT transcript were measured by quantitative RT-PCR in wild-type and sfp7A strains untreated or treated
with 0.4 mM H,0, for 60 min. (Upper) The fold repression of RP genes in response to H,0; in both wild-type and sfp7A strains. (Lower) The comparison of RP
gene expression in the sfp7A strain versus wild type, either under optimal growth conditions or after treatment with H,0,. Values are the averages of three
independent experiments; error bars show SEM. (D) Chromatin immunoprecipitation analysis of Sfp1-HA; in cells treated or untreated with 100 nM rapamycin.
Sfp1 binding for the indicated promoter DNA relative to ACT7 DNA is represented by (immunoprecipitated DNA/input DNA)/(ACTT immunoprecipitated
DNA/ACT1 input DNA). Values are the averages of three independent experiments; error bars show standard deviations.

rapamycin and analyzed gene expression by whole-genome  regulation in response to stresses other than rapamycin. These

microarray analysis and by reverse transcription followed by
quantitative PCR. Rapamycin treatment of wild-type cells causes
dramatic down-regulation of RP gene transcription (10-12) (Fig.
4 A, lane a, and B, WT/WT+rap). In contrast, we find that cells
lacking SFPI do not appropriately down-regulate RP gene
transcription when treated with rapamycin (Fig. 4 4, lanes b and
d, and B, Asfpl/Asfpl+rap and Asfpl+rap/WT+rap). Rapa-
mycin still triggers some reduction of RP gene expression in the
sfpl mutant strain (Fig. 4 4, lane b, and B, AsfpI/AsfpI +rap), so
it is likely that there is an additional mechanism for down-
regulation of these genes, but deletion of SFPI clearly abrogates
wild-type patterns of RP gene regulation. Similar results were
obtained with wild-type and sfpIA cells treated with 0.4 mM
H,O; (Fig. 4C), indicating that sfpIA cells are defective in RP

Marion et al.

results indicate that Sfpl is required for proper regulation of RP
gene expression in stress conditions.

Regulation of Sfp1 Binding to RP Gene Promoters. To test whether
Sfpl is a direct regulator of RP gene transcription, we used
chromatin immunoprecipitation experiments to determine
whether Sfp1 binds to the promoters of RP genes. We observe
binding of Sfp1 to the promoters of 19 of 23 RP genes tested (e.g.,
Fig. 4D; see Materials and Methods). In contrast, we were unable
to detect binding of Sfp1 to the promoters of genes involved in
ribosome biogenesis or to the SSB2, YEF3, and IMD4 genes
whose expression is highly dependent on Sfpl (Fig. 4D). Fur-
thermore, binding of Sfpl to RP gene promoters is regulated:
Sfp1 binding is disrupted in response to rapamycin treatment. It
is not known whether binding of Sfpl to RP gene promoters
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occurs through direct interaction with DNA or through inter-
action with other proteins. We conclude that Sfpl directly
regulates RP gene transcription and that binding of Sfpl to RP
promoters is nutrient- and stress-sensitive.

Role of the TOR and PKA Pathways in Regulating Sfp1 Localization. To
further investigate how the TOR signaling pathway controls Sfp1l
activity, we examined Sfp1 localization in strains with mutations
in downstream effectors of the TOR pathway. Recent studies
demonstrate that down-regulation of RP gene expression in
response to rapamycin treatment does not require the TOR
effectors Sit4 or Tap42 (16). Accordingly, mutation of SIT4 or
PP2A-1 does not affect rapamycin-induced relocalization of Sfpl
to the cytoplasm (data not shown). Similarly, mutation of RTG2
or MKS1 had no effect on Sfpl relocalization upon rapamycin
treatment (data not shown). These observations suggest that
downstream effectors of TOR other than the well characterized
Sit4 /Tap42 and Rtgl/Rtg2/Rtg3 branches mediate the regula-
tion of RP gene expression and Sfp1 localization.

The cAMP/PKA pathway has also been shown to influence
RP gene transcription in response to nutrient and carbon
availability (34—36). cAMP causes activation of PKA by binding
to the regulatory subunit Beyl, triggering release and activation
of the PKA catalytic subunits (37). Constitutively high PKA
activity (in a bcylA strain) results in an ~2-fold increase in
transcription of RP genes (34). Accordingly, we find that ~2-fold
more Sfpl is bound to the promoters of RP genes in the bcylA
strain than in the wild-type strain (Fig. 54).

Several studies suggest that there may be interactions between
the TOR and PKA pathways (13, 38). Moreover, it has been
proposed that TOR functions through PKA to modulate RP
gene transcription (39). Constitutively high PKA activity (e.g.,
beyl strain) inhibits rapamycin-induced down-regulation of RP
gene transcription (39). Accordingly, we see that Sfpl remains
localized to the nucleus in a bcy! strain treated with rapamycin
(Fig. 5B). These observations are consistent with a model in
which Sfpl is regulated by the branch of the TOR pathway
containing PKA. However, Sfp1 is still partially localized to the
nucleus in a strain lacking PKA activity (Fig. 5C) and moves to
the cytoplasm when cells are treated with rapamycin, indicating
that TOR can maintain Sfpl in the nucleus independently
of PKA.

Although the PKA catalytic subunits, encoded by 7PKI,
TPK2, and TPK3, are redundant in most cases, they sometimes
show different substrate specificities and functions (40-42). To
determine whether a specific PKA subunit controls Sfp1 nuclear
localization, we generated strains containing a single PKA
catalytic subunit and lacking the regulatory subunit Beyl. In all
three mutant strains, constitutive activity of the single catalytic
subunit reduced Sfpl relocalization in response to rapamycin
(Fig. 7, which is published as supporting information on the
PNAS web site), indicating that the catalytic subunits of PKA act
redundantly to promote nuclear localization of Sfp1.

It has been proposed that the PKA pathway is an integral
part of the stress response (43). We therefore tested whether
the PKA pathway is involved in the regulation of Sfp1 local-
ization in response to environmental insults. We find that a
strain lacking PKA activity is still able to relocalize Sfpl in
response to osmotic and oxidative stress (Fig. 8, which is
published as supporting information on the PNAS web site),
indicating that these stress stimuli can be transmitted to Sfpl
independently of PKA.

Discussion

Cells have evolved mechanisms to coordinately regulate the
synthesis of RPs in response to nutrient availability and other
changes in environmental conditions that alter the demand for
protein biosynthetic capacity (36). This regulation is extremely
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Sfp1 Binding Relative to ACT1

RAL1TA  RALZB

RAL1E RALZTE  RFSOB

bey1A

- rapamycin + rapamycin

WT PKA

PKA
deficient

- rapamycin

+ rapamycin

Fig. 5. The TOR and PKA pathways control subcellular localization of Sfp1.
(A) Chromatin immunoprecipitation analysis of Sfp1-HA;z in a strain contain-
ing constitutively active PKA (bcy7A) and in a wild-type strain. Sfp1 binding for
the indicated promoter DNA relative to ACTT DNA is represented by (immu-
noprecipitated DNA/input DNA)/(ACTT immunoprecipitated DNA/ACTT in-
put DNA). Values are the averages of three independent experiments; error
bars show standard deviations. (B) Sfp1-GFP localization in a bcyTA strain
untreated or treated with rapamycin (45 min after addition of 100 nM
rapamycin). (C) Sfp1-GFP localization in PKA-deficient (tpk1A tpk2A tpk3A
msn2A msn4A) and PKA wild-type (msn2A msn4A) strains untreated or treated
with rapamycin (45 min after addition of 100 nM rapamycin).

important for the economy of the cell, because the synthesis of
RPs is a major consumer of the resources of the cell. In yeast, this
regulation is effected largely at the level of transcription, where
expression of genes encoding RPs accounts for ~50% of total
RNA polymerase II transcription (36). Genome-wide expression
analyses have shown that coordinate repression of RP genes is a
common response to all environmental stresses tested (28, 29)
and to nutrient starvation and entry into stationary phase (10,
28,29, 31-33). Interestingly, however, the kinetics and amplitude
of the down-regulation are different in each stress condition.
Remarkably, for each condition we find that the kinetics of Sfp1
relocalization to the cytoplasm matches the kinetics of RP
repression. We propose that one mechanism by which nutrient
starvation and environmental stresses modulate transcription of
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RP genes is by regulating Sfp1 activity. In support of this model,
our data demonstrate that cells lacking Sfpl do not properly
regulate RP mRNA levels in response to environmental condi-
tions. We speculate that cells lacking Sfp1 may not appropriately
communicate the signal for down-regulation to the RP gene
promoters. For example, it may be that Sfpl is required to
establish/maintain chromatin in a state that permits down-
regulation of the RP genes. Alternatively, if Sfpl interacts with
other transcription factors bound to the promoters of RP genes,
it may be required for these factors to receive the down-
regulation signal. Our observation that significant regulation of
RP gene expression occurs in the absence of Sfp1 in response to
rapamycin treatment supports the idea that other transcription
factors are likely to be targets of the TOR pathway. Although the
transcriptional regulators Abfl, Rapl, and Fhll have been
implicated in RP gene expression (25, 36), there is no evidence
that they are targets of the TOR pathway.

Sfpl senses and responds to all environmental insults we
tested. To do so, Sfpl has to integrate information from the
major pathways that regulate RP gene expression in response
to nutrients and external stresses: the PKA and TOR pathways
(12, 34, 35). We show that the TOR and PKA pathways
contribute to maintaining Sfp1 in the nucleus, thus keeping RP
gene expression turned on in favorable nutrient conditions. It
has been proposed that TOR functions through PKA to
modulate RP gene transcription (39). Although our data are
consistent with this model, we also demonstrate that there is
a branch of the TOR pathway that controls localization of Sfp1
independently of PKA. We envision that the TOR and PKA
pathways function redundantly to maintain Sfp1 in the nucleus
(Fig. 6). It is not clear how other stimuli regulate Sfpl
localization, but osmotic and oxidative stress signals do not
appear to require PKA.

Several studies indicate that TOR and PKA act together to
control the subcellular localization of a number of proteins
involved in modulating cell growth in response to changes in
nutrients and stress. In addition to promoting nuclear accumu-
lation of Sfp1, the TOR and PKA pathways promote cytoplasmic
accumulation (and thus inhibition) of the kinase Riml5, a
positive regulator of entry into stationary phase (44), and the
transcription factors Msn2/4 (13, 45, 46). Thus, when conditions
are favorable and nutrients are available, the TOR and PKA
pathways inhibit transcription of stress and stationary phase
programs and induce RP gene expression, promoting cell
growth. Under unfavorable growth conditions, inactivation of
TOR and PKA will induce cytosolic localization of Sfpl and
nuclear accumulation and activation of Rim15 and Msn2/4,
causing down-regulation of RP genes, induction of stress genes,
and entry into stationary phase. The regulation of protein
activity through control of subcellular localization is particularly
well suited for responding to changing environmental condi-
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tions, because it is rapid, reversible, and does not require new
protein synthesis.

The TOR pathway in both mammalian cells and Drosophila
has an important role in controlling cell size through effects on
cell growth, in part through regulation of translation (1, 2).
Inactivation of TOR or key downstream effectors in these
systems results in small cell size. The observation that yeast cells
lacking Sfp1 are unusually small (23), coupled with our finding
that Sfp1 is a target of the TOR pathway, suggests that the TOR
pathway in yeast also has a role in modulating cell size. Although
the downstream effectors of TOR relevant for cell-size control
differ in Drosophila, mammalian, and yeast cells, they are all
involved in the regulation of protein synthesis, reinforcing
previous studies that suggest cell size is modulated in part
through the control of translational capacity.
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