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The TOR (target of rapamycin) signal transduction pathway is an important mechanism
by which cell growth is controlled in all eucaryotic cells. Specifically, TOR signaling
adjusts the protein biosynthetic capacity of cells according to nutrient availability. In
mammalian cells, one branch of this pathway controls general translational initiation,
whereas a separate branch specifically regulates the translation of ribosomal protein
(r-protein) mRNAs. In Saccharomyces cerevisiae, the TOR pathway similarly regulates
general translational initiation, but its specific role in the synthesis of ribosomal compo-
nents is not well understood. Here we demonstrate that in yeast control of ribosome
biosynthesis by the TOR pathway is surprisingly complex. In addition to general effects
on translational initiation, TOR exerts drastic control over r-protein gene transcription as
well as the synthesis and subsequent processing of 35S precursor rRNA. We also find that
TOR signaling is a prerequisite for the induction of r-protein gene transcription that
occurs in response to improved nutrient conditions. This induction has been shown
previously to involve both the Ras-adenylate cyclase as well as the fermentable growth
medium–induced pathways, and our results therefore suggest that these three pathways
may be intimately linked.

INTRODUCTION

Normal cell proliferation requires that growing cells
adjust their protein biosynthetic capacity in response
to nutrient availability as well as to the presence of
growth factors and other signaling molecules. This
response involves coordinated changes both in the
rate of translational initiation as well as in the abun-
dance of the protein synthesis machinery itself, espe-
cially ribosomes. Indeed, studies of both procaryotic
and eucaryotic cells have shown that the concentration
of ribosomes within the cell can vary several fold
depending on growth rate (reviewed in Kjeldgaard
and Gausing, 1974; Woolford and Warner, 1991). Such
tight coupling between ribosome content and growth
rate is understandable for at least two reasons. First,

when cells are growing at their maximum rate under
optimal growth conditions, a high concentration of
ribosomes is needed to meet demands for protein
biosynthesis. On the other hand, ribosome synthesis is
energetically very costly. In yeast, for example, the
production of ribosomes involves well over 100 genes,
requires the action of all three RNA polymerases, and
represents a major fraction of the total biosynthetic
output of the cell (Woolford and Warner, 1991). Thus,
to conserve resources, cells must limit the production
of new ribosomes under conditions in which the de-
mand for protein synthesis is reduced, such as occurs
when nutrients are limiting. Remarkably, the signal
transduction pathways that underlie this regulation
remain largely uncharacterized.

Recent studies of mammalian cells suggest that ri-
bosomal protein (r-protein) synthesis involves control
at the level of translational initiation (Thomas and
Hall, 1997). This regulation involves recognition of an
unusual pyrimidine-rich sequence at the 59 end of
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r-protein mRNAs, referred to as a 59TOP (terminal
oligopyrimidine), and requires phosphorylation of ri-
bosomal protein S6 by the P70 S6 kinase (p70s6k) (Jef-
feries and Thomas, 1996; Jefferies et al., 1997; Meyuhas
et al., 1996). In serum-starved cells as well as in cells
treated with the macrolide antibiotic rapamycin, S6
becomes rapidly dephosphorylated, and 59TOP
mRNAs are no longer translated. Analysis of rapam-
ycin-treated cells reveals that the steady-state distri-
bution of these mRNAs shifts from polyribosomes to
smaller ribonucleoprotein particles of unknown com-
position (Jefferies et al., 1997; Pedersen et al., 1997). The
existence of 59TOP sequences in mice as well as Xeno-
pus suggests that this mechanism is conserved among
metazoans (Meyuhas et al., 1996).

Rapamycin combines with the immunophilin FKBP
and inhibits a large molecular weight protein termed
mTOR (mammalian target of rapamycin), also known
as FRAP (Thomas and Hall, 1997). This protein has
homology to a novel family of PI-3 kinase–related
kinases, whose members include Mec1, Rad3, and
DNA-dependent protein kinase, and is essential for
p70s6k activity (Thomas and Hall, 1997). The TOR
pathway also controls general translational initiation
via a separate branch that is independent from p70s6k

function. In this branch, mTOR is required for activa-
tion of eIF4E, the cap-binding subunit of the eIF4F
complex, probably via inhibition of 4E-BP1, which is
itself an inhibitor of eIF4E function (Beretta et al.,
1996). Thus the TOR pathway controls cell growth by
coupling growth signals to changes in both general
translation as well as ribosome synthesis.

Two TOR genes exist in yeast, TOR1 and TOR2, and
the products of both are inhibited by rapamycin (Heit-
man et al., 1991; Helliwell et al., 1994; Zheng et al.,
1995). TOR2 has an additional function involved in
actin cytoskeleton dynamics and polarized cell
growth; however, this function is not inhibited by
rapamycin, and its relationship to protein synthesis is
not well understood (Schmidt et al., 1996, 1997). Rapa-
mycin has several distinct effects on haploid yeast cells
that mimic starvation, including G1 arrest, synthesis of
storage carbohydrates, onset of autophagy, and entry
into G0 (Heitman et al., 1991; Helliwell et al., 1994;
Zheng et al., 1995; Barbet et al., 1996; Noda and Oh-
sumi, 1998). Rapamycin can also stimulate sporulation
of diploid yeast cells under appropriate conditions
(Zheng and Schreiber, 1997). A marked decrease in
translational initiation is one of the earliest detectable
effects upon treating yeast cells with rapamycin (Bar-
bet et al., 1996). Indeed, inhibition of translation of the
mRNA encoding Cln3, a G1 cyclin, has been shown to
be involved directly in the G1 arrest caused by rapa-
mycin (Barbet et al., 1996; Polymenis and Schmidt,
1997). Thus, in yeast, the TOR pathway couples pro-
tein synthesis to both cell growth and cell cycle pro-
gression in response to environmental cues. Precisely

how this pathway controls translational initiation in
yeast is not known, however, since TOR function has
not been linked directly to eIF4E activity. A clue to this
regulation has been provided by the recent demon-
stration that eIF4G, a subunit of the cap-binding com-
plex that interacts with eIF4E, is degraded when cells
are starved or are treated with rapamycin (Berset et al.,
1998).

In contrast to mammalian cells, there is no identifi-
able p70s6k in yeast, and furthermore, yeast r-protein
mRNAs lack a 59TOP. Moreover, although yeast ribo-
somal protein S6 is normally phosphorylated in a
manner that parallels the growth rate of the cell, no
obvious growth defect results when the phosphoryla-
tion sites are mutated (Johnson and Warner, 1987).
Thus the question arises as to what role TOR signaling
plays in ribosome synthesis in yeast. In this study we
have addressed this question directly. Our results
demonstrate that the TOR pathway is essential for the
transcription of rRNA and r-protein genes as well as
for the modulation of r-protein gene expression in
response to nutritional changes. Our results also sug-
gest that this transcriptional regulation involves a
branch of the TOR pathway that is distinct from its
regulation of translation.

MATERIALS AND METHODS

Strains, Media, and General Methods
The strain of Saccharomyces cerevisiae used in this study was haploid
W303 (ade2-1 trp1-1 leu2-3, 112 his3-11 ura3-1 can1-100 MATa), ex-
cept where stated otherwise. As culture media we used YPD (1%
yeast extract, 2% peptone, 2% dextrose), synthetic complete (SC)
dextrose (0.7% yeast nitrogen base, 2% dextrose), or SC ethanol
(0.7% yeast nitrogen base, 2% ethanol). SC media were supple-
mented with amino acids as described (Sherman, 1991). Starvation
media contained 1% potassium acetate, 0.1% yeast extract, and
0.05% dextrose. Yeast cultures were grown at 30°C for all experi-
ments. Yeast transformations were performed using a DMSO-en-
hanced lithium acetate procedure (Hill et al., 1991). Rapamycin
(Sigma, St. Louis, MO) was dissolved in DMSO and added to a final
concentration of 0.2 mg/ml. Cycloheximide (Sigma) was dissolved
in water and added to a final concentration of 50 mg/ml.

Northern Blots
Yeast cells grown in culture were collected by centrifugation,
washed in water, and stored at 280°C until processed for RNA.
Total RNA was isolated from cells according to the hot-phenol
method described previously (Kohrer and Domdey, 1991). RNA
was quantitated, and equal amounts were loaded on 6.7% formal-
dehyde and 1.5% agarose gels and run in 13 E buffer (20 mM MOPS
[pH 7.0], 5 mM NaOAc, 0.5 mM EDTA). The RNA was transferred
to Duralon-UV membranes (Stratagene, La Jolla, CA) and probed
overnight at 65°C in Church hybridization buffer (0.5 mM NaPO4
[pH 7.2], 7% SDS, 1 mM EDTA). The membranes were washed in
23 sodium–saline citrate and exposed. Quantitation of Northern
blots was performed on a Molecular Imager System GS-363 (Bio-
Rad, Richmond, CA). All Northern probes were labeled with
[a-32P]dCTP using Ready-to-Go DNA-labeling beads (Pharmacia,
Piscataway, NJ).
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Probes for Northern Blots
Probes were generated by PCR using genomic DNA as a template
and specific primers (purchased from Research Genetics, Birming-
ham, AL) for each of the following genes (alternative names and
ORF numbers are listed in parenthesis): ribosomal protein genes are
RPS5 (YJR123W), RPS6A (YPL090C), RPS28A (YOR167C), RPS30A
(FYLR287C), RPL3 (YORO63W), RPL10 (GCR5, QSR1; YLR075W),
RPL25 (YOL127W), RPL29 (CYH2; YGL103W), and RPL32
(YGL030W); nonribosomal protein genes are ACT1 (YFL039C),
TDH3 (glyceraldehyde-3-phosphate dehydrogenase 3; YGR192C),
PAB1 (YER165W), TEF1 (EF1a; YPR080W), PRT1 (CDC63;
YOR361C), TIF45 (eIF4E, CDC33; YOL139C), TIF4631 (eIF4G;
YGR162W), HSP26 (YBR072W), and CLN1 (YMR199W).

Polyribosome Analysis
One liter cultures were grown in YPD to midlog phase and then
treated with rapamycin or with drug vehicle alone. Several minutes
before cells were harvested, cycloheximide was added to a final
concentration of 50 mg/ml to stabilize polyribosomes. Cells were
collected by centrifugation, washed, and resuspended in 1 ml of
lysis buffer (10 mM Tris-HCl [pH 7.5], 30 mM MgCl2, 100 mM NaCl,
50 mg/ml cycloheximide). Cell were lysed by bead-beating, and 15
OD260 U of each cell extract was loaded onto 13-ml 7–47% sucrose
gradients made in buffer containing 50 mM Tris-HCl (pH 7.5), 12
mM MgCl2, 50 mM NaCl, and 1 mM DTT. Gradients were centri-
fuged in an SW40 rotor for 80 min at 40,000 rpm at 4°C, and 1-ml
fractions were collected using an ISCO (Lincoln, NE) gradient frac-
tionator. RNA was prepared by extraction with phenol/chloroform
and was analyzed by Northern blotting.

Propidium Iodide Staining and Flow Cytometry
Cells were stained with propidium iodide as described previously
(Nash et al., 1988) except that cells were sequentially treated with
RNaseA (0.25 mg/ml) and Proteinase K (0.2 mg/ml), each for 60
min at 50°C, before staining. Cells were subsequently analyzed
using a Facscan flow cytometer (Bectin Dickinson, Mountain View, CA).

Western Blots and Antibodies
Denatured protein extracts were prepared by bead-beating cells
directly into SDS sample buffer (60 mM Tris-HCl [pH 6.8], 2% SDS,
10% glycerol, 100 mM DTT, 0.25% bromophenol blue, 2 mM leu-
peptin, 1 mM PMSF), followed by heating for 5 min at 100°C.
Proteins were subjected to SDS-PAGE on 10–15% gradient gels and
transferred to nitrocellulose membranes (Protran, Intermountain
Scientific, Kaysville, UT) by electroblotting. Membranes were
probed with anti-eIF4E and anti-eIF4G antisera (the generous gifts
of S. Wells and A. Sachs), followed by HRP-conjugated secondary
antibody (Amersham, Arlington Heights, IL), in PBS, 2% milk, and
0.5% Tween 20. Signal was detected using the Renaissance chemi-
luminescence detection system (New England Nuclear Life Sci-
ences, Boston, MA) according to the instructions of the manufac-
turer. Western blots were quantitated using a phosphoimager.

Plasmid Construction
The starting plasmid for construction of plasmid-encoded reporter
genes was pDN201 (Ng et al., 1996). This plasmid contains the strong
constitutive promoter for the TDH3 gene, encoding glyceraldehyde-3-
phosphate dehydrogenase 3, followed by the ACT1 terminator inserted
into the centromeric vector YCp50 (Rose et al., 1987). The coding region
of green fluorescent protein (GFP) was amplified using PCR and
inserted into the unique BamHI and XbaI sites located between the
promoter and terminator of pDN201 to create pTP154.

The reporter plasmid containing GFP driven by the RPL32 pro-
moter was constructed in several steps. First, the TDH3 promoter
was removed from pDN201 by digestion with EcoRI (which cuts on

the 59 side of the promoter) and XbaI (which cuts between the
promoter and terminator) and replaced with a small polylinker
containing unique HindIII and SacI sites to create pTP105. Next, the
RPL32 promoter was PCR amplified using genomic DNA from
W303 as a template and was placed into Bluescript vector pBS-KS1
(Stratagene) together with the coding region for GFP to create
pTP107. The sequence of the RPL32 promoter that was amplified
extends from positions 227 to 589, as described (Dabeva and
Warner, 1987). Finally, the RPL32–GFP fusion was introduced into
pTP105, using the unique HindIII and SacI sites, to create pTP113.

Labeling rRNA with [C3H3]Methionine
Incorporation of [C3H3]methionine into nascent rRNA transcripts
was performed essentially as described (Udem and Warner, 1972;
Warner, 1991). Cultures were grown in SC dextrose to midlog phase
and were then treated with drug vehicle alone or with rapamycin
for 10–30 min. Subsequently, 1.5 ml of each culture was transferred
to an Eppendorf tube, 60 ml of [C3H3]methionine (1 mCi/ml; New
England Nuclear Life Sciences) was added, and samples were in-
cubated for 5 min at 30°C. Where appropriate, unlabeled methio-
nine was added as a chase to a final concentration of 1 mM, and cells
were incubated for an additional 3 min. Cells were harvested by
centrifugation, washed with water, and stored at 280°C. RNA was
prepared and applied to a formaldehyde-agarose gel and electro-
phoresed, as described above. The gel was soaked in Enhance
(Dupont, Wilmington, DE), dried under vacuum, and exposed to
x-ray film (Bio Max Film; Kodak, Rochester, NY) for 14 d at 280°C.

RESULTS

Rapamycin Induces a Rapid Reduction in r-Protein
mRNA Levels
To begin to explore a possible role for the yeast TOR
pathway in ribosome synthesis, we investigated the ef-
fects of rapamycin treatment on the level and distribu-
tion of several r-protein mRNAs in polyribosomes. Ex-
tracts were prepared from cultures of exponentially
growing cells treated either with rapamycin or with
drug vehicle alone (DMSO) and were fractionated by
sucrose density ultracentrifugation to display polyribo-
some profiles. RNA was isolated from individual frac-
tions and analyzed by Northern blotting using probes
directed against three different r-protein mRNAs and, as
a control, actin mRNA (Figure 1). In cells treated with
drug vehicle alone, actin mRNA was recovered primar-
ily in polyribosome fractions near the bottom of the
gradient (Figure 1A, ACT1). Similarly, the r-protein mR-
NAs were also found primarily in polyribosome frac-
tions, where each mRNA sedimented according to its
predicted relative size (Figure 1A).

Neither the distribution nor the abundance of actin
mRNA changed significantly when cells were treated
with rapamycin, with the exception that this mRNA
disappeared from subunit and monosome fractions,
consistent with decreased translational initiation in
the presence of the drug (Figure 1, B and C). This effect
on initiation was also evident from the UV absorbance
profiles of the gradients, which showed an increase in
monosome and a corresponding decrease in polyribo-
some peaks in extracts isolated from rapamycin-
treated cells, in agreement with previous observations
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(Barbet et al., 1996). In striking contrast, the amount of
each r-protein mRNA was reduced dramatically in
rapamycin-treated cells, where levels decreased by
.70% after 30 min and by .90% after 90 min of drug
treatment (Figure 1, B and C). The peak signal for each
r-protein mRNA did not change appreciably in the
presence of the drug, however, indicating that rapa-
mycin did not affect the steady-state distribution of
these mRNAs but rather their synthesis and/or stability.

To extend these results, we performed a time course of
rapamycin treatment and analyzed the mRNA levels of
a total of eight r-protein genes by Northern blotting
(Figure 2A). For comparison, we also examined mRNA
levels for the G1 cyclin CLN1 as well as the heat-shock
protein HSP26, both of which are representative of sev-
eral mRNAs whose abundance either decreases or in-
creases, respectively, upon rapamycin treatment (Barbet

et al., 1996). Quantitation of the results showed that each
of the r-protein mRNAs had a strikingly similar profile
of decline after exposure to the drug, in which levels
decreased by .50% within 15 min (Figure 2B). At this
time there was no detectable change in the growth rate of
the culture or in the number of cells containing a 1n
DNA content, determined by flow cytometry, indicating
that rapamycin had not yet induced a G1 arrest within a
detectable population of cells (Figure 2C) (our unpub-
lished results). In contrast, a substantial reduction of
CLN1 mRNA was only observed after 30 min of rapa-
mycin treatment (Figure 2, A and B), a time that also
corresponded to the first sign of a G1 arrest (Figure 2C).
Moreover, strong induction of HSP26 mRNA synthesis
did not occur until relatively late in the time course
(Figure 2A). These results thus demonstrated a rapid
decline in the level of several r-protein mRNAs when

Figure 1. The fate of r-protein mRNAs in polyribosomes after treatment of yeast cells with rapamycin. Exponentially growing cells were
treated with drug vehicle alone for 90 min (A) or with rapamycin for either 30 min (B) or 90 min (C). Cell extracts were prepared, and
polyribosomes were separated by sucrose density ultracentrifugation followed by fractionation. Top, a UV absorbance profile was recorded
by scanning at 256 nm to display the polyribosome profile. Middle, RNA was isolated from individual fractions and analyzed by Northern
blotting, probing for the specified mRNAs. Bottom, the total relative amount of each mRNA present in the different cell extracts is indicated,
normalized to levels present in cells treated with drug vehicle alone.
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yeast cells were treated with rapamycin. Because most
r-protein genes are coordinately expressed in yeast (Wool-
ford and Warner, 1991), we conclude that these results are
likely to pertain to most, if not all, r-protein mRNAs. This
conclusion is confirmed by recent experiments in which
mRNA levels in rapamycin-treated cells have been moni-
tored on a genome-wide basis by DNA-array analysis (Cao
and Brown, personal communication).

We wanted to compare directly the effect of rapa-
mycin on r-protein mRNA levels with its effect on
translational initiation. Here we took advantage of the
recent observation that initiation factor eIF4G becomes
degraded after addition of rapamycin to yeast cells, in
a manner that correlates with reduced initiation,
which provided a quantitative assay for the effect of
the drug on protein synthesis (Berset et al., 1998).
Indeed, Western blot analysis demonstrated that
eIF4G protein levels diminished after rapamycin treat-
ment, decreasing by .50% within 30 min; in contrast,
no change in the level of eIF4E protein was observed
(Figure 3, A, top, and B), in agreement with previous
results (Berset et al., 1998). In addition, the rate of
eIF4G degradation after rapamycin treatment was

very similar to the observed decrease in the rate of in-
corporation of 35S-methionine into nascent polypeptides,
confirming the utility of this assay (Barbet et al., 1996)
(our unpublished results). In comparison, Northern
analysis of RNA samples prepared during the same
experiment demonstrated that r-protein mRNA levels
declined at an even more rapid rate (Figure 3, A, bottom,
and B). These results thus confirm that a reduction in
r-protein mRNA levels ranks among the most immedi-
ate responses to treating yeast cells with rapamycin.

Ribosomal protein gene expression is often coordinated
with that of other genes involved in protein synthesis
(Woolford and Warner, 1991). We therefore asked whether
the levels of several mRNAs coding for proteins involved
in translational initiation or elongation were similarly af-
fected by rapamycin treatment (Figure 4). For each of the
mRNAs examined, a significant decline was indeed ob-
served within 30–90 min after treatment with the drug,
ranging from an ;50% reduction for TEF1, encoding EF1a,
to a .80% reduction for PRT1, a subunit of eIF3 (Naranda
et al., 1994; Phan et al., 1998). In no case, however, were the
effects as dramatic as that observed for the r-protein
mRNAs (Figure 4).

Figure 2. Time course of rapamycin treatment. (A) Northern blot analysis of specified mRNAs isolated from cells incubated with or without
rapamycin for the period of time indicated. (B) Quantitation of data from A, with mRNA levels normalized to ACT1 mRNA. (C) Flow
cytometric analysis of cells isolated during the time course, with 1n and 2n denoting haploid and diploid cells, respectively.
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Regulation of r-Protein Gene Expression by the
TOR Pathway
We wanted to confirm that the effect of rapamycin on
r-protein mRNA levels was attributable to inhibition
of TOR signaling. To this end, we introduced into
yeast cells a plasmid that expressed a mutant version

of the TOR1 gene, the TOR1-1 allele, which confers
partial-dominant rapamycin resistance (Heitman et al.,
1991; Zheng et al., 1995). Alternatively, we introduced
into cells a control plasmid that lacked the TOR1 gene
but expressed an identical auxotrophic marker. The
results showed that after rapamycin treatment, cells
carrying the plasmid with the TOR1-1 gene contained
a significantly higher level of RPL32 mRNA than did
cells carrying the control plasmid (Figure 5A, compare
lanes 2 and 4). In an independent approach, we also
examined the rapamycin-resistant strain JK9-3da that
contained the TOR1-1 allele as its sole copy of the
TOR1 gene (Barbet et al., 1996). In this strain, RPL32
mRNA levels remained essentially unchanged after
incubation with rapamycin, in contrast to an isogenic
wild-type strain in which mRNA levels fell dramati-
cally (Figure 5B, compare lanes 2 and 3 with lanes 5
and 6). Together these results provide strong evidence
that the observed reduction in r-protein mRNA levels
in the presence of rapamycin was specifically the re-
sult of a block in the TOR-signaling pathway.

The observed reduction in r-protein mRNA levels
could have resulted either from decreased transcrip-

Figure 3. Comparison of the effect of rapamycin on eIF4G protein
levels versus r-protein mRNA levels. (A) Top, protein samples were
prepared, and Western blot analysis was performed using poly-
clonal antisera raised against eIF4G or eIF4E. Bottom, alternatively,
total RNA was prepared and probed for the indicated mRNAs by
Northern blot analysis. (B) Quantitation of data from A compares
the decline in eIF4G protein levels (normalized to eIF4E protein
levels) with the decline of RPL32 mRNA levels (normalized to ACT1
mRNA) after rapamycin treatment.

Figure 4. Analysis of mRNA levels encoding translational initia-
tion and elongation factors after rapamycin treatment. (A) Northern
blot analysis of specified mRNAs isolated from cells treated with
rapamycin for the period of time indicated. (B) Quantitation of data
from A, normalized to ACT1 mRNA levels.

T. Powers and P. Walter

Molecular Biology of the Cell992



tion of the r-protein genes or from increased mRNA
turnover. To distinguish between these two possibili-
ties, we constructed a plasmid in which the RPL32
promoter drives expression of the cDNA coding for
GFP (Figure 6A). The RPL32 promoter was chosen

because it is well characterized in terms of sequences
required for expression of reporter genes (Dabeva and
Warner, 1987; Mizuta and Warner, 1994). For a con-
trol, we also constructed a plasmid in which GFP was
placed under control of the TDH3 promoter (Figure
6B). This latter promoter was chosen because its rela-
tive strength was observed to be similar to that of the
RPL32 promoter and because endogenous TDH3
mRNA levels did not change significantly after rapa-
mycin treatment (Figure 4).

Both plasmids were introduced into yeast, and
Northern analysis was performed on RNA isolated
from untreated as well as from rapamycin-treated
cells. The results showed that when GFP was under
control of the RPL32 promoter, the level of this mRNA
declined rapidly when cells were treated with rapa-
mycin (Figure 6A). In contrast, no such decline was
observed in cells when this gene was driven by the
TDH3 promoter (Figure 6B). As expected, endogenous
RPL32 mRNA levels were reduced to the same extent
in cells carrying either plasmid after rapamycin treat-
ment (Figure 6, A and B). These results demonstrated
that upstream sequences of the RPL32 gene were suf-
ficient to confer complete rapamycin sensitivity upon
an unrelated reporter gene. The RPL32 promoter–GFP
reporter plasmid contained ;46 residues from the
59-untranslated region of the RPL32 gene, raising the
possibility that these sequences contributed to the ob-
served response of this reporter to rapamycin. Con-
struction of an additional control plasmid demon-
strated, however, that these sequences did not confer
any detectable sensitivity to rapamycin (our unpub-
lished results). Taken together, these results demon-
strate that rapamycin affects r-protein gene expression
at the level of transcription.

The TOR Pathway Is Required for r-Protein
Gene Induction in Response to Improved
Nutrient Conditions
Ribosomal protein gene expression is induced several
fold when yeast cells grown on a nonfermentable car-
bon source, for example, ethanol or glycerol, are trans-
ferred to a glucose-containing medium (Kief and
Warner, 1981; Kraakman et al., 1993; Griffioen et al.,
1994). This induction appears to involve additional
regulatory mechanisms that are distinct from those
that function during steady-state growth (Griffioen et
al., 1996). We therefore wanted to determine whether
the TOR pathway was required for this response as
well. Accordingly, a yeast culture was grown to mid-
log phase in minimal media that contained ethanol as
a sole carbon source. The culture was split into two,
and either rapamycin or drug vehicle alone was added
to each half. After a 10-min incubation, glucose was
added to each culture, aliquots were removed at sub-
sequent intervals, and RNA was prepared for North-

Figure 5. The TOR pathway regulates r-protein mRNA levels. (A)
Cells were transformed with a control plasmid (pRS315 [Sikorski
and Heiter, 1989], lanes 1 and 2) or with a plasmid containing the
TOR1-1 allele (pYDF23 [Zheng et al., 1995], lanes 3 and 4) and were
grown in SC dextrose media lacking leucine to select for plasmid
maintenance. Rapamycin was added as indicated, and cells were
incubated for an additional 90 min. (B) Wild-type strain JH11-1c
(lanes 1–3, TOR1) or TOR1-1 strain JK9-3da (lanes 4–6, TOR1-1)
(Barbet et al., 1996) was grown to midlog phase in YPD and treated
with rapamycin for the time indicated. In both A and B, cells were
harvested after rapamycin treatment, total RNA was prepared, and
the specified mRNAs were analyzed by Northern blotting (top).
Quantitation of RPL32 mRNA levels is presented as phosphorim-
ager units (P.I. Units), normalized to ACT1 mRNA (bottom).
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ern analysis (Figure 7A). As expected, cells that re-
ceived drug vehicle alone showed a 2.5- to 3-fold
increase in r-protein mRNA levels within 30 min after
glucose addition (Figure 7A, 2Rapamycin). In striking
contrast, cells that received rapamycin showed no in-
crease in r-protein mRNA levels upon addition of
glucose but rather showed significantly reduced basal
levels of these transcripts (Figure 7A, 1Rapamycin).
These results demonstrate the importance of TOR sig-
naling for r-protein gene expression during glucose
upshift.

A more dramatic example of induction of r-protein
gene expression occurs when cells previously starved
for both a carbon and nitrogen source are introduced
into rich medium (Griffioen et al., 1996). Thus to ex-
tend the above results, we asked whether rapamycin
prevented this response as well (Figure 7B). To this
end, a yeast culture was grown to midlog phase in rich
media (YPD) and then transferred for 12 h to a nutri-
ent-poor media that was unable to support growth.
Examination of cells from the culture at this point
revealed the presence of predominantly large, unbud-
ded cells, indicative of a G1 arrest (our unpublished
results). The culture was then split into two, and one-
half received rapamycin, and the other half received
drug vehicle. After 10 min, cells were returned to YPD,
either with or without rapamycin, aliquots were re-
moved periodically, and RNA was prepared for
Northern analysis. Within 15 min of a shift to YPD,

cells treated with drug vehicle alone exhibited a five-
to sevenfold induction in r-protein mRNA levels (Fig-
ure 7B, 2Rapamycin). In contrast, this induction was
almost completely blocked in cells that had been
treated with rapamycin (Figure 7B, 1Rapamycin). A
relatively weak (;1.5 fold) increase in r-protein levels
was observed at the 15-min time point in rapamycin-
treated cells (Figure 7B, lane 7); however, this increase
was not sustained, and these transcripts returned to
basal levels within 30 min. These results thus confirm
the importance of TOR signaling in the regulation of
r-protein gene expression in response to improved
nutrient conditions.

Repression of r-Protein Gene Expression by
Rapamycin Does Not Require Protein Synthesis
The above experiment demonstrated that rapamycin
blocks induction of r-protein gene expression during
glucose upshift (Figure 7A). In contrast, it has been
reported that these genes are still induced upon glu-
cose addition in the presence of cycloheximide, dem-
onstrating that this induction does not require ongo-
ing protein synthesis (Griffioen et al., 1994). Together
these observations provided an opportunity to test
whether regulation of r-protein gene transcription by
the TOR pathway requires protein synthesis. Specifi-
cally, we performed a glucose upshift experiment sim-
ilar to the one presented in Figure 7A and asked

Figure 6. Rapamycin inhibits r-protein gene transcription. Cells were transformed either with pTP113, in which GFP is driven by the RPL32
promoter, (A) or with pTP154, in which GFP is driven by the TDH3 promoter (B). Cells were grown in SC dextrose media lacking uracil to
select for plasmid maintenance and were treated with rapamycin for the time indicated. Total RNA was prepared and analyzed by Northern
blotting and probed for the specified mRNAs.
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whether rapamycin blocked r-protein gene induction
in the presence of cycloheximide. The results of this
experiment are presented in Figure 8.

As before, we observed that r-protein mRNA levels
increased significantly when glucose was added to cells
grown in minimal media containing ethanol as a sole
carbon source (Figure 8, compare lanes 1 and 2). This
increase was also observed in cells pretreated with high
levels of cycloheximide before addition of glucose (Fig-
ure 8, lane 3), demonstrating that induction of these
genes still occurred in the absence of protein synthesis, in
agreement with previous observations (Griffioen et al.,
1994). Control experiments demonstrated that cyclohex-
imide inhibited both protein synthesis and cell growth,
confirming that this drug was active (our unpublished
results). Importantly, no r-protein gene induction re-
sulted when glucose was added to cells pretreated either
with rapamycin alone or with both rapamycin and cy-
cloheximide (Figure 8, lanes 4 and 5, respectively). Inter-
estingly, we consistently observed higher levels of r-
protein mRNAs in cells treated with cycloheximide
(Figure 8, compare lanes 2 vs. 3 and 4 vs. 5). This differ-
ence is likely caused by a reduced rate of turnover of

relatively unstable mRNAs in the presence of this drug
(Brawerman, 1993). In any event, these results demon-
strate that no new protein synthesis is required for inhi-
bition of r-protein gene expression by rapamycin during
glucose upshift. This result is consistent with the rapid
reduction in r-protein mRNA levels observed when ex-
ponentially growing cells are treated with the drug (Fig-
ure 2).

rRNA Synthesis and Processing Are Blocked
by Rapamycin
Our experiments have thus far focused on the impor-
tance of the TOR-signaling pathway in regulating r-
protein gene expression. We wanted to ask whether
this regulation extended to other aspects of ribosome
biogenesis, in particular rRNA synthesis and process-
ing. For this we took advantage of the fact that 35S
precursor rRNA is methylated immediately upon its
synthesis and can be selectively labeled using
[C3H3]methionine; pulse-chase analysis allows the la-
bel to be subsequently followed into intermediate as
well as completely processed molecules (Udem and

Figure 7. Rapamycin inhibits r-protein gene induction in response to improved nutrient conditions. (A) Glucose upshift experiment. Cells
were grown in SC ethanol media to 0.4 OD600/ml. The culture was then split into two, and either drug vehicle alone (lanes 1–6) or rapamycin
(lanes 7–12) was added to each half, followed by a 10-min incubation. Glucose was then added to a final concentration of 2% (wt/vol) at time
0, and RNA was prepared from samples taken at the indicated intervals and analyzed by Northern blotting (top). (B) Recovery from
starvation experiment. Cells were grown in YPD to 0.4 OD600/ml and then harvested by centrifugation, washed, resuspended in starvation
media, and incubated for 12 h. At this point the culture was split into two, and either drug vehicle alone (lanes 1–5) or rapamycin (lanes 6–10)
was added to each half, followed by a 10-min incubation. Cells from each culture were then pelleted and resuspended into YPD again, and
samples were subsequently taken at the indicated intervals. RNA was then prepared and analyzed by Northern blotting (top). In A and B,
quantitation of r-protein mRNA levels is presented, normalized to ACT1 mRNA levels (bottom).
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Warner, 1972; Mizuta and Warner, 1994). Accordingly,
we asked whether treating yeast cells with rapamycin
affected the appearance of precursor and/or pro-
cessed rRNA after the addition of [C3H3]methionine
(Figure 9). In a preliminary experiment, we observed
that the drug significantly reduced the total amount of
labeled RNA present in cells with a pretreatment time
as short as 10 min (Figure 9A, bottom). Importantly,
rapamycin did not affect the amount of [C3H3]methionine
that associated with cells, demonstrating that the ob-
served reduction in labeled RNA was not caused by a
failure of cells to take up the label (Figure 9A, top).

We next performed a pulse-chase experiment and
directly visualized the labeled rRNAs on a formalde-
hyde-agarose gel followed by fluorography (Figure

9B). Ethidium bromide staining of the gel before flu-
orography demonstrated that equal amounts of rRNA
were loaded in each lane (Figure 9B, top). After a
5-min pulse with [C3H3]methionine, cells that were
treated with drug vehicle alone displayed primarily
mature 25 and 18S rRNAs, along with detectable lev-
els of 27 and 20S precursors (Figure 9B, bottom, lane
2). After a subsequent chase with cold l-methionine,
these precursors were converted completely into ma-
ture forms (Figure 9B, bottom, lane 7). In contrast to
these results, cells pretreated with rapamycin showed
very little incorporation of label after a 5-min pulse
with label, producing primarily small amounts of 35
and 27S precursor (Figure 9B, bottom, lanes 3–5).
Moreover, these species were not efficiently chased
into mature forms of rRNA, particularly at the 20- and
30-min time points (Figure 9B, bottom, lanes 9 and 10).
This latter result is consistent with the expected de-
pletion of available r-proteins for use in ribosomal
assembly (Woolford and Warner, 1991). These results
indicate that the function of the TOR pathway is re-
quired for both rRNA transcription as well as process-
ing and, together with our results presented above,
lead to the conclusion that this pathway plays an
essential role in general ribosome biogenesis.

DISCUSSION

We have demonstrated the importance of TOR signal-
ing in the regulation of ribosome biogenesis in
S. cerevisiae. In particular, we have shown that a func-
tional TOR pathway is required for continued tran-
scription of r-protein genes, as well as for the synthesis
and processing of 35S precursor rRNA. Moreover, we
have shown that this pathway is essential for modu-
lation of r-protein gene expression in response to
changes in nutrient conditions. Thus in yeast, TOR
signaling couples nutrient availability to the transcrip-
tion of genes involved in the formation of ribosomes.

Our results also indicate that control of transcription
of rRNA and r-protein genes represents a branch of
the TOR pathway that is distinct from its regulation of
translational initiation (Figure 10). This conclusion is
supported by the rapid decrease in r-protein mRNA
levels observed when TOR signaling is blocked by
rapamycin, in which levels decline by half in ,15 min.
Because this rate corresponds to the measured half-
lives of these mRNAs (Kim and Warner, 1983) and
because rapamycin acts at the level of transcription
(Figure 6), drug treatment must result in an essentially
immediate block in r-protein gene transcription. Sim-
ilarly, synthesis of 35S rRNA is severely inhibited after
only brief exposure of cells to the drug. These effects
rank among the earliest detectable consequences of
rapamycin treatment, occurring either before or in
parallel with changes in protein synthesis and in ad-
vance of any physiological sign of G1 arrest. Taken

Figure 8. Rapamycin blocks r-protein gene expression in the ab-
sence of ongoing protein synthesis. Cells were grown in SC ethanol
to 0.4 OD600/ml, the culture was subdivided, and cells were treated
with either rapamycin, cycloheximide, or both as indicated for 10
min. Glucose was then added to a final concentration of 2% (wt/vol)
as indicated, and cells were incubated for an additional 30 min and
then harvested (this time of incubation corresponded to the peak
induction of r-protein gene expression observed during glucose
upshift [see Figure 7A, lane 3]). RNA was then isolated and ana-
lyzed by Northern blotting.
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together, these results argue for direct involvement of
this pathway in the transcription of genes involved in
ribosome synthesis. While this manuscript was in
preparation, Schultz and coworkers reported, using an
independent approach, that the TOR pathway is di-
rectly involved in the regulation of RNA Pol I and Pol
III activity (Zaragoza et al., 1998). Because these poly-
merases are essential for the synthesis of 35S rRNA
(Pol I) and 5S rRNA as well as tRNA (Pol III), their
data are in agreement with our results.

To date, relatively few components in the TOR path-
way have been identified in yeast (Figure 10). In ad-
dition to Tor1 and Tor2, other proteins include 1)
Pph21 and Pph22, the catalytic subunits of type 2A
phosphatase (PP2A), 2) Sit4, a type 2A-related phos-
phatase, and 3) Tap42, a protein of unknown function
that interacts with each of these phosphatases to form
one or more protein complexes (collectively referred
to as Tap42/PPase in Figure 10) (Di Como and Arndt,
1996; Thomas and Hall, 1997). A mutation in TAP42
inhibits polyribosome formation, suggesting that
Tap42/PPase functions upstream of translational ini-

tiation (Di Como and Arndt, 1996). It is likely that
Tap42/PPase also functions upstream of r-protein and
rRNA gene expression for the following reasons (Fig-
ure 10). First, either a mutation in TAP42 or overex-
pression of SIT4 confers rapamycin resistance, indicat-
ing that these proteins are likely to act before any
major branch point in the TOR pathway (Di Como and
Arndt, 1996). Second, mutations in TPD3, the gene for
the regulatory A subunit of PP2A, lead to defects in
the transcription of genes under control of RNA Pol III
(van Zyl et al., 1992). Third, Sit4 has been implicated in
RNA Pol II activity, and furthermore, deletion of the
SIT4 gene displays synthetic lethality with a tpd3 de-
letion (van Zyl et al., 1992). These latter results provide
evidence of direct involvement of type 2A phospha-
tases in transcription. Precisely how these phospha-
tases and their associated subunits regulate both pro-
tein synthesis and the activity of each of the three
RNA polymerases is presently unknown.

Our results are consistent with a large body of evi-
dence indicating that r-protein synthesis is regulated
primarily at the level of transcription (Woolford and

Figure 9. Rapamycin inhibits synthesis and processing of 35S precursor rRNA. (A) [C3H3]Methionine was added to cells treated with
rapamycin for the time indicated, and the amount of label taken up by cells (top) or incorporated into total RNA (bottom) is indicated.
Unlabeled l-methionine was added to a final concentration of 1 mM to the sample in lane 1 before addition of [C3H3]methionine to control
for uptake of the label. (B) [C3H3]Methionine pulse-chase analysis of rRNA after treatment with rapamycin, with both the ethidium
bromide–stained gel (top) and the fluorograph of the gel (bottom), is shown. Unlabeled l-methionine was added to a final concentration of
1 mM to samples in lanes 1 and 6 before addition of [C3H3]methionine to control for uptake of the label.
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Warner, 1991). Indeed, it has become evident in recent
years that great complexity exists in the regulation of
r-protein genes in response to changes in nutrient avail-
ability. For example, it has been shown that these genes
display a biphasic response during nutritional upshift, in
which distinct regulatory mechanisms appear to govern
an initial as well as a sustained increase in transcription
(Griffioen et al., 1996). A model derived from these stud-
ies suggests that the initial response is independent of
the growth potential of the cell, requires protein kinase
A, and is regulated both by the Ras-adenylate cyclase
pathway and by what has been termed the fermentable
growth medium–induced pathway. This latter pathway
is defined at present primarily operationally, where a
strong initial increase in r-protein gene expression in the
absence of adenylate cyclase activity requires a rich
growth medium containing a fermentable carbon source
(Thevelein, 1994). In contrast, a sustained increase in the
transcription of r-protein genes does not require protein
kinase A function but depends on the continued ability
of cells to grow at an accelerated rate (Griffioen et al.,
1996). Our results demonstrate that TOR signaling is
essential for both of these steps because rapamycin treat-
ment both inhibits steady-state expression of the r-pro-

tein genes as well as prevents their induction during
nutritional upshift. The failure to induce r-protein genes
during nutrient upshift in the presence of rapamycin
could simply reflect a requirement for TOR signaling in
general r-protein gene transcription under all conditions.
Alternatively, TOR may be involved directly in the reg-
ulated expression of these genes in response to changes
in nutrient availability. According to this second possi-
bility, the TOR pathway is likely to be intimately tied to
other signaling pathways involved in r-protein gene ex-
pression, possibly regulating their activity or sharing one
or more components and/or targets. In this regard, it is
interesting to note that the Ras-adenylate cyclase path-
way affects many of the same functions regulated by
TOR signaling, including nutritional control of the cell
cycle, synthesis of storage carbohydrates, and entry into
G0 (Thevelein, 1994). Furthermore, it has been demon-
strated recently that BMH1 and BMH2, which encode
yeast homologues of 14-3-3 proteins, are involved in the
TOR pathway (Bertram et al., 1998). Because these pro-
teins have been shown previously to be involved in Ras
signaling, these results provide direct evidence of at least
one shared component between these pathways.

At present we do not understand how loss of TOR
function results in inhibition of r-protein gene tran-
scription. We have shown this inhibition does not
require ongoing protein synthesis, apparently exclud-
ing the requirement for de novo synthesis of a tran-
scriptional repressor. We therefore favor the idea that
repression involves modification of the activity of one
or more factors involved in r-protein gene activation.
One obvious candidate is Rap1, a DNA-binding pro-
tein that interacts with many r-protein gene promoters
and is essential for r-protein gene expression (Wool-
ford and Warner, 1991). Rap1 has been shown to be
involved in r-protein gene activation by the Ras-ade-
nylate cyclase pathway (Neuman-Silverberg et al.,
1995). This factor is also involved in transcriptional
silencing at the mating type loci and at telomeres
(Shore, 1994). Recently Rap1 has been shown to be
involved in repression of r-protein gene transcription
in response to perturbation of the secretory pathway
(Mizuta et al., 1998). Specifically, it has been observed
that cells expressing a deletion mutation in the RAP1
gene, the rap1-17 allele, fail to repress r-protein gene
transcription at the nonpermissive temperature in
temperature-sensitive sec mutants. In contrast, we
have found that rapamycin inhibits r-protein gene
expression equally well in both wild-type and rap1-17
cells (our unpublished results). These results suggest
that the TOR pathway regulates r-protein gene expres-
sion by a mechanism that is distinct from the signaling
pathway that responds to secretory defects. These re-
sults do not exclude the possibility, however, that
Rap1 is nevertheless important for regulation of
r-protein genes by the TOR pathway. Other candidate
factors include Abf1, which also controls the activity

Figure 10. Model for involvement of the TOR pathway in control of
protein synthesis as well as transcription of genes encoding ribosomal
components (adapted from Thomas and Hall, 1997). Broken arrows
indicate that direct interactions between components have not been
demonstrated. See text for details. Not depicted in the figure are Bmh1
and Bmh2, the yeast homologues of 14-3-3 proteins, which have been
shown recently to be involved in TOR signaling (Bertram et al., 1998).
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of many r-protein genes, as well as Gcr1, a protein
required for the activity of both r-protein genes as well
as genes involved in glycolysis (Santangelo and Tor-
now, 1990; Tornow et al., 1993). In support of possible
involvement of Gcr1 in TOR signaling, we have ob-
served that rapamycin also severely inhibits expres-
sion of several glycolytic genes, including ADH1,
ENO1, and PGK1 (our unpublished results).

Our results presented here are in apparent contrast
to what has been reported previously for mammalian
cells, in which regulation of r-protein synthesis by the
TOR pathway is at the level of translational initiation
(Jefferies and Thomas, 1996; Meyuhas et al., 1996;
Thomas and Hall, 1997). These differences are consis-
tent with the fact that in yeast r-protein mRNAs lack
59TOP sequences and phosphorylation of ribosomal
protein S6 is not essential for normal cell growth
(Johnson and Warner, 1987), features that are required
for the observed translational regulation in mamma-
lian cells. On the other hand, it has not been reported
whether rapamycin affects r-protein gene transcrip-
tion in mammalian cells. Thus it is conceivable that the
shift in distribution of 59TOP mRNAs from polyribo-
somes to lower molecular weight ribonucleoprotein
particles, observed after serum starvation or upon
rapamycin treatment, pertains only to previously syn-
thesized transcripts. According to this scenario, tran-
scriptional control of r-protein gene expression would
be a common feature among all eucaryotes, whereas
translational regulation, via 59TOP sequences, would
represent an additional level of complexity that is
restricted to metazoans. This scenario is consistent
with evidence indicating that transcription of rRNA
genes by RNA Pol I is inhibited by rapamycin in
mammalian cells (Mahajan, 1994; Leicht et al., 1996).

Direct control of rRNA and r-protein gene expres-
sion by the TOR pathway is consistent with the ob-
served tight coupling that exists between nutrient
availability and ribosome synthesis in yeast (Woolford
and Warner, 1991; Kraakman et al., 1993; Ju and
Warner, 1994). Moreover, as in mammalian cells, by
regulating both translational initiation as well as pro-
duction of new ribosomes, this pathway provides an
efficient means by which to alter the overall protein
biosynthetic capacity of the cell. The challenge now at
hand is to understand how these processes are con-
trolled at the molecular level. Furthermore, TOR sig-
naling governs many important physiological changes
in response to nutrient status, many of which require
complex changes in gene expression (Barbet et al.,
1996) (Cao and Brown, personal communication).
Whether each of these responses is strictly the result of
changes in protein biosynthesis or whether the TOR
pathway plays additional, possibly more direct roles
in these processes is an important question. Finally,
the mechanism by which the presence of nutrients
activates this pathway remains unknown. Only by

identifying additional components within this path-
way and by understanding their function can we ex-
pect to provide answers to these questions.
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