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The immunosuppressant rapamycin inhibits Tor1p and Tor2p (tar-
get of rapamycin proteins), ultimately resulting in cellular re-
sponses characteristic of nutrient deprivation through a mecha-
nism involving translational arrest. We measured the immediate
transcriptional response of yeast grown in rich media and treated
with rapamycin to investigate the direct effects of Tor proteins on
nutrient-sensitive signaling pathways. The results suggest that Tor
proteins directly modulate the glucose activation and nitrogen
discrimination pathways and the pathways that respond to the
diauxic shift (including glycolysis and the citric acid cycle). Tor
proteins do not directly modulate the general amino acid control,
nitrogen starvation, or sporulation (in diploid cells) pathways. Poor
nitrogen quality activates the nitrogen discrimination pathway,
which is controlled by the complex of the transcriptional repressor
Ure2p and activator Gln3p. Inhibiting Tor proteins with rapamycin
increases the electrophoretic mobility of Ure2p. The work pre-
sented here illustrates the coordinated use of genome-based and
biochemical approaches to delineate a cellular pathway modulated
by the protein target of a small molecule.

Cells have the remarkable ability to adapt to the dynamic pool
of nutrients in their immediate environment. Mammalian

cells respond continually to changes in available blood glucose
and amino acids. Single cell organisms such as the budding yeast
Saccharomyces cerevisiae are able to adapt to more extreme
changes in nutrients such as a lack of fermentable carbon or of
metabolically accessible nitrogen. The sensing and integration of
such environmental cues require complex regulatory pathways
that remain poorly understood.

Yeast cells treated with the Streptomyces hygroscopicus-
derived small molecule rapamycin resemble ones deprived of
nutrients in many ways. Rapamycin induces G1 cell cycle arrest,
translation arrest, glycogen accumulation, sporulation, and au-
tophagy and represses rRNA transcription (1–5). In addition,
rapamycin was shown recently to reduce the level of mRNA
transcripts corresponding to several yeast ribosomal proteins,
independently of protein translation (6).

Rapamycin binds to Fpr1p (FKBP12 in mammalian cells), and
this complex binds to and inactivates Tor1p and Tor2p (FRAPy
RAFT1 in mammalian cells) with high specificity (7, 8). The
primary function of Tor and FRAP proteins is currently thought
to be the regulation of protein translation. These proteins are
members of a family of high molecular weight phosphatidyl
inositol kinase-related kinases that include ATM, ATR, and
DNA-PK, mediators of DNA damage pathways (9, 10). Because
Tor1py2p and FRAP inhibition elicits cellular responses indic-
ative of the physiologic state of starvation, these proteins are
thought to be mediators of nutrient-sensing pathways (2).

Starvation, however, is a broad term that encompasses several
diverse regulatory pathways. Prominent pathways in yeast in-
clude sporulation, general amino acid control, which regulates
amino acid biosynthesis (11), glucose activation, which regulates
hexose transport (12), the diauxic shift, which regulates the usage
of fermentable carbon, nitrogen discrimination (also named

nitrogen regulation, nitrogen catabolite repression), which re-
sponds to the quality of available nitrogen (13), and nitrogen
starvation, which responds to a lack of available nitrogen. Often,
activation of distinct nutrient-sensitive pathways results in gross
physiologic similarities (nitrogen starvation or lack of ferment-
able carbon both induce autophagy, for example). Therefore, the
physiologic response to rapamycin is insufficient to discriminate
which nutrient-sensitive pathways are modulated by Tor pro-
teins. To determine more accurately the cellular pathways
affected by rapamycin, we used DNA microarrays to examine the
genome-wide transcription program in yeast over a period of 2 h
after treatment with rapamycin.

Materials and Methods
Construction of Microarrays. A set of 6,220 verified ORFs from
Saccharomyces cerevisiae was obtained from Research Genetics
(Huntsville, AL). Each double-stranded ORF contains common
19-bp sequences at the 59 and 39 ends. Each ORF was amplified
to levels required for arraying by PCR using primers correspond-
ing to the common ends. Reactions (100 ml) containing 0.5 ng of
ORF DNA, 50 pmol of each primer, 5 units of Taq polymerase,
0.25 units of Pfu polymerase, 200 mM each deoxynucleotide, 1.5
mM MgCl2, 1 mM DTT in Taq reaction buffer were subjected
to 35 PCR cycles (1 min 92°C, 1 min 55°C, 4 min 72°C). Samples
(3 ml) from each amplification reaction were analyzed by agarose
gel electrophoresis to verify that the expected product was
formed. Reactions that failed to produce single bands of the
correct molecular weight were excluded from further analysis
('5%). Amplified ORFs were precipitated with isopropanol in
96-well V-bottom polypropylene microtiter plates, pelleted by
centrifugation, dried, and resuspended in 25 ml of Micro Spotting
Solution (Telechem International, Sunnyvale, CA). A portion
(12 ml) of each ORF was aliquoted to a second set of 96-well
plates from which microarrays were printed. ORFs (6,220) as
well as several internal quality controls were spotted onto
poly-L-lysine-coated glass microscope slides (Labscientific, Liv-
ingston, NJ) with a microarraying robot constructed from plans
published by the laboratory of Patrick Brown (http:yy
cmgm.stanford.eduypbrowny). One hundred and thirty-seven
copies of the microarray were produced in 75 h. Each cDNA spot
was '125 mm in diameter and was spaced 220 mm from its
neighbors in the 1.8- 3 1.8-cm arrays. Microarrays were stored
in the dark at room temperature until they were processed
immediately before hybridization according to published proto-
cols (14).

Growth of Saccharomyces cerevisiae Cultures. For expression pro-
filing experiments with rapamycin, a single colony of S. cerevisiae
strain BY4741 [MATa his3D1 leu2D0 met15D0 ura3D0) or
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BY4743 (diploid; BY4741yBY4742 (MATa his3D1 leu2D0 lys2D0
ura3D0)] was used to inoculate 50 ml of YPD medium (2%
glucosey2% peptoney1% yeast extract). The cells were grown at
30°C on a shaker at 225 rpm to a density of 1 3 108 cellsyml, were
diluted 1:200 in YPD prewarmed to 30°C, and then were allowed
to continue growing to a density of 1 3 107cellsyml (A600 5 1.0).
Rapamycin was added to a final concentration of 100 nM, and
40-ml aliquots of cells were harvested at the indicated times. The
harvested cells were pelleted by centrifugation for 10 min at
3,000 3 g and 30°C, flash-frozen in liquid nitrogen, and stored
at 280°C until RNA was extracted.

Preparation and Hybridization of cDNA Probes to Microarrays. Total
RNA was extracted with acidic phenol. Poly-A RNA was further
isolated from total RNA by using oligo(dT) resin (Oligotex, Qiagen,
Chatsworth, CA). Fluorescent cDNA probes were made by oli-
go(dT)-primed reverse transcription using Cy3-dUTP or Cy5-
dUTP and poly-A RNA template essentially as described (14).

Data Acquisition and Analysis. Fluorescent cDNA that bound to the
microarrays was detected with an ArrayWoRx microarray scanner
(Applied Precision, Issaquah, WA). The scanner uses a full spec-
trum illumination source in combination with user-selected exci-
tationyemission filter sets and a cooled-CCD camera. Each mi-
croarray was scanned as a series of image panels at a resolution of
5 mm per pixel (81 Cy3 panels, 81 Cy5 panels). The image panels
were stitched together in software to create high-resolution, two
channel images. The ARRAYWORX software package automatically
locates individual spots in the microarray, quantitates the Cy3 and
Cy5 fluorescence intensity at each spot, and determines back-
ground signal intensities (Applied Precision). Normalization be-
tween the Cy3 and Cy5 channels was achieved by calculating the
ratio of total Cy3 signal from all spots in the microarray to total Cy5
signal from all spots. Data from spots that were marred by dust
particles or hybridization artifacts were excluded from further
analysis. Cy5yCy3 intensity ratios were exported to GENESPRING, a
software package designed to display and analyze microarray data
(Silicon Genetics, San Carlos, CA).

Anti-Ure2p Immunoblots. Jk9–3da cells (15 ml of cells) (MATa trp1
his4 leu2 ura3 rme1 HMLa, kindly provided by Michael Hall,
University of Basel) in early log phase (A600 5 0.3) growing in
YPD at 30°C were treated with either no drug, 100 nM rapa-
mycin, 100 nM FK506, or poor-quality nitrogen for 15 min. After
15 min of incubation at 30°C, cells were pelleted and resus-
pended in ice-cold lysis buffer A (0.5% Triton X-100y20 mM
NaPO4, pH 7.2y2 mM EDTAy2 mM EGTAy25 mM NaFy100
mM Na3VO4y25 mM b-glycerophosphatey200 mM PMSFy1.5
mM b-mercaptoethanol). Cells were lysed by vortexing with 0.3 g
glass beads (prerinsed with lysis buffer A) eight times for 20
seconds (chilling on ice between vortexing). Cellular debris was
spun away, and equal volumes of lysate were resolved by
SDSyPAGE through a 12.5% gel. Proteins were transferred to
PVDF membrane (Immobilon-P, Millipore) and were blotted
with antibodies against Ure2p (kindly provided by Reed Wick-
ner, National Institutes of Health, Bethesda, MD) by using
enhanced chemiluminescence (Amersham Pharmacia). CY5754
cells (MATa SSD1-v ura3–1 leu2–3, -112 his3–11, -15 trp1–1
ade2–1 can1–100 tap42::TRP1 TAP42 on Leu2yCen, kindly
provided by Charles DiComo, Columbia University, New York)
were processed identically except they were treated for 5 min
with 20 nM rapamycin and were resuspended in lysis buffer B (20
mM Tris, pH 7.4y100 mM KCly2 mM MgCl2y0.1 mM EDTAy1.5
mM b-mercaptoethanol), and lysates were resolved on a 7.5%
gel. Cells in which the wild-type TOR1 gene was replaced with
a rapamycin-resistant TOR1 allele (tor1-S1972T) and the paren-
tal strain from which they were derived were also

treated similarly, except that they were treated for 30 min with
50 nM rapamycin.

Results and Discussion
DNA microarrays that simultaneously monitor genome-wide
transcriptional responses provide a unique approach to under-
standing complex processes. Microarrays containing 5,910
('92%) individual ORFs from S. cerevisiae were manufactured
in our laboratory following published methods (14–16). We
exposed either haploid or diploid yeast growing in rich media to
rapamycin and harvested cells 0, 15, 30, 60, and 120 min later.

During the 2-h time period examined, rapamycin increased the
expression of 154 genes (61 of unknown function) more than
four-fold and 78 genes more than five-fold relative to the t 5 0
time point. (The complete data sets from all experiments are
published as supplemental data on the PNAS web site, www.
pnas.org.) One hundred and forty-seven genes (sixty-three of
unknown function) were repressed at least four-fold at some
time during the 2-h period of treatment. Seventy-six genes were
repressed more than five-fold.

Fig. 1. The 297 genes whose mRNA transcript levels changed more than
four-fold after rapamycin exposure were clustered according to their expres-
sion profile over time by the GENESPRING software package. The expression
profile of each regulated gene is displayed as a row. Fold changes in expression
are indicated by color value according to the color bar at the bottom of the
figure (red, increased expression; yellow, no change in expression; green,
decrease in expression). Fluorescence signal strength from the microarray
is indicated by color brightness (saturated color, high fluorescence; black,
low fluorescence). Gray bars indicate missing data points. Genes regulated
similarly are labeled, and their general expression patterns over time are
displayed (A–D).
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We applied a clustering algorithm from the GENESPRING software
package to 297 genes that were activated or repressed more than
four-fold during the 2-h period of observation (Fig. 1). We found
four general expression patterns (Fig. 1 A–D) for these highly
regulated genes. Approximately 20% of the genes were repressed
strongly in initial timepoints but were repressed less strongly after
2 h (Fig. 1A). An additional 25% of the genes were repressed
rapidly and remained repressed for 2 h (Fig. 1B). Approximately
25% of the regulated genes were activated rapidly and remained
activated through 2 h (Fig. 1C), and 20% of the genes were activated
highly initially but became less activated or returned to untreated
levels during the 2-h period (Fig. 1D). The identities of the genes
in each of the four expression patterns are available in the online
supplemental data.

The profile confirms the published finding (6) that the tran-
scripts of ribosomal proteins are strongly and rapidly repressed
by rapamycin (70 ribosomal genes repressed three-fold, 27
repressed four-fold) but also revealed many previously unknown
effects. Unexpectedly, the general amino acid control pathway
was not activated. This is surprising because the availability of
amino acids to mammalian cells is sensed by FRAP, the mam-
malian homologue of the Tor proteins (17). The sporulation
pathway was not activated in diploid cells despite the previous
observation that rapamycin promotes sporulation in cells grown
to saturation in rich media (3, 18). It is likely that sporulation is
a late effect, only indirectly induced by treatment with rapamy-
cin. In addition, the nitrogen starvation pathway was not acti-
vated. In contrast, the profile clearly implicates Tor proteins in
other nutrient-sensitive pathways.

Yeast cells are atypical because they preferentially ferment
glucose to ethanol rather than respire glucose to carbon dioxide.
Fermentation, through glycolysis, provides most of the energy
for yeast growing exponentially in glucose-containing media. As
the media becomes depleted of fermentable carbon, cells begin

respiration and metabolize accumulated ethanol through the
citric acid cycle. This process is known as the diauxic shift. When
the published profile of yeast undergoing the diauxic shift was
compared with the rapamycin profile, significant similarities
were observed (Fig. 2). In both cases, genes involved in glycolysis
are increasingly repressed with time. Most glycolytic genes are
controlled by the transcription factor Gcr1p (19, 20), and,
interestingly, rapamycin (but not the diauxic shift) decreased
GCR1 transcription 4.3-fold in 15 min. Regulation of GCR1
transcription has not previously been demonstrated. Nearly all of
the citric acid cycle genes were induced in both profiles (Fig. 2).
This induction suggests that Tor proteins may be upstream of the
Hap2,3,4,5p complex known to regulate the transcription of
citric acid cycle genes (21–23). However, rapamycin induced
citric acid cycle gene expression slightly less strongly and more
transiently than the diauxic shift, indicating that other complex-
ities exist. Finally, rapamycin and the diauxic shift induce
comparable expression of some genes in the glyoxylate cycle and
in glycogen and trehalose synthesis (data not shown). Rapamycin
did not induce genes containing the carbon source-responsive
element, but we note that these genes are only activated late in
the diauxic shift profile. We conclude that these genes are not
under the direct control of the Tor proteins. Taken together,
these data indicate that the Tor proteins at least partially
regulate the switch from fermentation to respiration.

Rapamycin also controls glucose-sensitive signaling pathways
not regulated during the diauxic shift. Glucose activates hexose
transporter transcription via a membrane-to-nucleus signaling
pathway. When glucose is present in the extracellular medium,
the glucose receptors Rgt2p and Snf3p activate Grr1p that in
turn inhibits Rgt1p, a transcriptional repressor for hexose trans-
porter genes (12). The hexose transport gene HXT1, expressed
only at high glucose concentrations, is repressed 3.6-fold in 60
min by rapamycin. Surprisingly, rapamycin activated RGT1 and

Fig. 2. Rapamycin modulates genes involved in glycolysis and the citric acid cycle. (A) Values are reported as fold changes. Diauxic shift data is taken from DeRisi
et al. (16). The rapamycin data values represent the maximal fold change over the 2-h time course. (B) Expression of several glycolysis genes after treatment with
rapamycin. (C) Expression of several citric acid cycle genes after treatment with rapamycin.
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GRR1 transcription 4.5-fold and 3.3-fold, respectively, in 15 min.
These transcriptional effects (HXT1, RGT1, GRR1) are not seen
in the diauxic shift, implying that the Tor proteins control
multiple pathways involved in carbon metabolism.

The most striking rapamycin-induced transcriptional effects,
however, are not in carbon metabolism. Rapamycin rapidly and
strongly activated the nitrogen discrimination pathway that is
normally repressed in the presence of high quality nitrogen
sources (glutamine, asparagine, ammonia). When yeast cells lack
such sources, they activate a genetic program enabling them to
use poorer alternatives such as proline or allantoate. A variety
of permeases and metabolic enzymes are up-regulated to import
nitrogen metabolites and convert them into a useable form for
biosynthesis. Vacuolar proteases are also induced as the cells
presumably begin salvaging nutrients from their own macromol-
ecules through autophagy (24). A complex regulatory network
that is highly sensitive to the quality of nitrogen controls this
concerted response.

Rapamycin quickly and comprehensively activates this nitro-
gen discrimination pathway in yeast cells despite the presence of
high quality nitrogen sources in rich media. The membrane
permeases GAP1 (general amino acid permease) and MEP2 (an
ammonia sensor) are induced 27-fold and 19-fold, respectively,
within 15 min of treatment. Several other permeases (AGP1,
CAN1, DIP5, DUR3, MEP1, PTR2, ZRT1) are also induced.
Genes in the allantoin utilization pathway (DAL1, DAL4, DAL5,
DAL7, DAL80), the proline utilization pathway (PUT1, PUT2,
PUT4), and the glutamine biosynthetic pathway (GDH2, GLN1)
are also up-regulated, as they are when yeast cells are grown in
the absence of a high quality nitrogen source. Consistent with
published results that inhibiting the Tor proteins causes auto-
phagy (4), rapamycin also induced expression of vacuolar pro-
teases (PEP4, CPS1, LAP3, LAP4, PRB1) and APG1, a seriney
threonine kinase required for autophagy.

The nitrogen discrimination pathway genes activated by rapa-
mycin are under the direct control of the Ure2pyGln3p tran-
scription complex. In the presence of high quality nitrogen
sources, Ure2p binds the GATA-binding factor Gln3p and
thereby inhibits transcription. In a ure2D strain, the nitrogen
discrimination genes become derepressed, a phenotype similar
to that induced by treatment with rapamycin (25) (Fig. 3).

One nitrogen discrimination gene, PUT1, is expressed inde-
pendently of Gln3p, implicating Ure2p over Gln3p as a possible
downstream target of the Tor proteins (30). Because URE2
transcript levels are not affected by rapamycin treatment, we
hypothesized that inhibiting Tor proteins might induce post-

translational modification of Ure2p. We found that the electro-
phoretic mobility of Ure2p increases within 15 min of treatment
with rapamycin (Fig. 4A). To examine more precisely the kinetics
of the shift and to verify that this was not a strain-specific effect,
we tested a 5-min treatment with rapamycin in a strain of a
different background. The Ure2p shift was again observed (Fig.
4B). The nature of the shift, and the fact that rapamycin is known
to cause dephosphorylation of another downstream target,
Npr1p (31), within 5 min, suggests that Ure2p is being dephos-
phorylated. The phosphatase subunit Tap42p is known to mod-
ulate Npr1p dephosphorylation and, in mammalian cells, inac-
tivation of FRAP activates the cellular phosphatase PP2A, which
subsequently dephosphorylates p70S6K (32). We confirmed that
the rapamycin-induced shift in Ure2p mobility was completely
dependent on Tor function by performing the experiment in cells
in which TOR1 had been replaced with TOR1 (Ser19723Thr),
a mutant allele encoding a fully functional but rapamycin-
resistant form of the protein. We found that Ure2p did not shift
upon rapamycin treatment in these cells, indicating that Tor
proteins dominantly control Ure2p function.

Fig. 3. Rapamycin modulates expression of genes in the nitrogen discrimination pathway. (A) A selection of genes regulated by nitrogen source quality and
treatment with rapamycin. ND, nitrogen discrimination pathway (repressed on asparagine, derepressed on proline); R, repressed on proline (R* if remaining
expression has been shown to be ND); D, derepressed on asparagine; –, not determined. (B) Expression of several nitrogen source-sensitive genes after treatment
with rapamycin.

Fig. 4. Rapamycin increases the mobility of the transcriptional regulator
Ure2p by inhibiting Tor proteins. Anti-Ure2p immunoblots of whole cell
lysates were performed as described in Materials and Methods. (A) Jk9–3da
cells were treated with either 100 nM rapamycin or 100 nM FK506 for 15 min.
(B) CY5754 cells were treated with 20 nM rapamycin for 5 min. (C) Cells
expressing a mutant form of TOR1 (Ser19723Thr) that is unable to bind
rapamycin and the wild-type parental strain were exposed to 50 nM rapamy-
cin for 30 min.
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When yeast are completely starved of nitrogen, they activate
a pathway that is distinct from the quality-sensitive nitrogen
discrimination pathway. Thus, nitrogen starvation does not
merely result from extreme activation of the nitrogen discrimi-
nation pathway. The transcription profile revealed that rapamy-
cin does not cause yeast growing in rich media to appear
nitrogen-starved. Two genes that are normally induced by
nitrogen starvation, YVH1 and PTP2 (33), are repressed or
unchanged, respectively, after treatment with rapamycin. Also,
of 52 genes of unknown function that were shown to be sensitive
to nitrogen starvation (34), only 19% (10 genes) were appro-
priately modulated in the response to rapamycin. Thus, inacti-

vation of the Tor proteins activates the nitrogen discrimination
pathway, but not the nitrogen starvation pathway.

Before this work, the primary focus of research on the Tor and
FRAP proteins had been on their roles in signaling pathways
leading to the regulation of translation rather than transcription. In
addition, the signaling pathways that they impinge on had been
defined primarily in terms of an overall physiological response. We
have shown that Tor inhibition by the small molecule rapamycin
leads to modulation of at least three distinct pathways: the nitrogen
discrimination pathway (likely via an alteration in the phosphory-
lation of a transcription factor complex), the glucose activation
pathway, and pathways involved in the diauxic shift (Fig. 5). Our
data also show that three other nutrient-sensitive pathways are not
modulated by rapamycin in rich media: general amino acid control,
sporulation, and the nitrogen starvation pathways. The strongest
effects of rapamycin on transcription occurred between 15 and 30
min of treatment, with significant effects seen by 15 min. The
kinetics of these results strongly suggest a translation-independent
mechanism of rapamycin action. It remains to be determined
whether the Tor proteins sense intracellular amino acids, charged
or uncharged tRNAs, glucose, or some other indicator of nutrient
availability before signaling to both translational and transcriptional
complexes.

The analysis of nutrient-sensitive signaling pathways described
in this study suggests a general means for dissecting biological
pathways. Small molecules of high specificity (35) can lead to
modulation of pathways both rapidly and conditionally. Profiling
provides a means to perform a broad search for the resulting
transcriptional phenotype. Analyses of profiling data can suggest
biochemical experiments to probe specific components of small
molecule-sensitive pathways.
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