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The macrolide antibiotic rapamycin inhibits cellular proliferation by interfering with the highly conserved
TOR (for target of rapamycin) signaling pathway. Growth arrest of budding yeast cells treated with rapamycin
is followed by the program of molecular events that characterizes entry into G0 (stationary phase), including
the induction of polymerase (Pol) II genes typically expressed only in G0. Normally, progression into G0 is char-
acterized by transcriptional repression of the Pol I and III genes. Here, we show that rapamycin treatment also
causes the transcriptional repression of Pol I and III genes. The down-regulation of Pol III transcription is
TOR dependent. While it coincides with translational repression by rapamycin, transcriptional repression is
due in part to a translation-independent effect that is evident in extracts from a conditional tor2 mutant. Bio-
chemical experiments reveal that RNA Pol III and probably transcription initiation factor TFIIIB are targets
of repression by rapamycin. In view of previous evidence that TFIIIB and Pol III are inhibited when protein
phosphatase 2A (PP2A) function is impaired, and that PP2A is a component of the TOR pathway, our results
suggest that TOR signaling regulates Pol I and Pol III transcription in response to nutrient growth signals.

Gradual nutrient depletion in Saccharomyces cerevisiae pro-
vokes a broad spectrum of morphological and biochemical
changes that result in a terminal cell cycle arrest phenotype
called G0 or stationary phase (reviewed in references 44 and
45). Stationary-phase cells have a 1n DNA content, are uni-
formly large and unbudded, and display a prominent vacuole.
The G0 state is further characterized by reduced protein syn-
thesis, and the pattern of RNA polymerase (Pol) II transcripts
is distinct in cycling and G0 cells. Thus, more than 95% of Pol
II genes are repressed in G0, and a subset of Pol II genes whose
products promote survival under conditions of nutrient limita-
tion are massively induced at the transcriptional level (8). In-
duction of the G0 pattern of Pol II transcription in yeast ac-
companies the repression of transcription of the large rRNA
genes by Pol I and the tRNA and 5S rRNA genes by Pol III (9,
26, 33, 36). Since tRNA and rRNA synthesis accounts for
about 70% of nuclear transcription, this regulatory mechanism
may enhance survival in G0 by limiting the energetically costly
production of relatively stable RNA products not immediately
required for viability.

While there is striking repression of translation in G0, some
critical aspects of the stationary-phase response are not simply
downstream consequences of a decreased rate of protein syn-
thesis. For example, treatment of cultures with cycloheximide
does not cause the accumulation of large unbudded cells or
cells with a 1n DNA content (6), and in some strains there is no
inhibition of Pol I or Pol III transcription in extracts from cells
treated with cycloheximide (9). Key physiological steps in the
differentiation of a stationary-phase cell are therefore likely to
involve signaling mechanisms that act independently of, but in
parallel with, effects on translation.

The signaling pathway involved in setting the G0 pattern of
Pol II transcription is the TOR (for target of rapamycin) path-

way, which is comprised of the highly conserved TOR kinases
(Tor1p and Tor2p), protein phosphatase 2A (PP2A), and the
type 2A-related phosphatase Sit4p (4, 10). As its name indi-
cates, the TOR pathway was originally defined by the sensitiv-
ity of the TOR kinases to the macrolide antibiotic rapamycin,
and indeed, rapamycin treatment of yeast induces many as-
pects of the normal response to nutrient limitation, including
the induction of G0-specific Pol II genes (4, 10). The observa-
tion that TOR signaling is involved in setting the G0 pattern of
Pol II transcription raises the possibility that the repression of
Pol I and Pol III transcription in stationary phase is also under
TOR control. This possibility was tested by the experiments
described in the present study. We find that rapamycin re-
presses transcription initiation by RNA Pol I and Pol III. The
down-regulation of Pol III transcription is TOR-dependent,
and, although coincident with inhibition of protein synthesis by
rapamycin, it includes an effect that is independent of transla-
tional repression.

We have explored the biochemical basis of Pol III repression
by rapamycin. In all species, the core Pol III transcription
machinery consists of RNA Pol III, TFIIIC, a sequence-spe-
cific DNA binding factor, and TFIIIB, which is recruited to the
promoter by TFIIIC and in turn recruits Pol III (13, 47).
Biochemical experiments reveal that RNA Pol III and possibly
TFIIIB are repressed in extracts from rapamycin-treated cells.
The same components of the Pol III transcriptional machinery
are known to be inhibited when the regulation of PP2A, a
component of the TOR pathway, is perturbed by inactivation
of its noncatalytic A subunit (10, 41). Our results are consistent
with the proposal that Pol III transcription is regulated accord-
ing to nutrient availability by a signal transduction pathway
that includes the TOR kinases.

MATERIALS AND METHODS

Strains and extract preparation. Extracts were prepared from S. cerevisiae
W303-1A (a ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 [38]), JK9-3Da
(a ura3-52 leu2-3,112 his4 trp1-1 rme1 HMLa [7]), JHY3-3B (JK9-3Da fpr1::
URA3 [19]), MH346-1a TOR2 (Dtor1 Dtor2/TOR2 [7]), MH346-1a tor2-ts4 (Dtor1
Dtor2/tor2-ts4 [7]), and cdc28-1 (a cdc28-1 ade1 gal1 lys2 met14 his7 tyr1 [21]
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[Yeast Genetic Stock Center]) after breaking of frozen cells with a motorized
mortar grinder (large-scale extracts) or a hand-held coffee mill (34).

Yeast culture. For rapamycin experiments, extracts were prepared from strains
W303-1A, JK9-3Da, and JHY3-3B. Rapamycin treatment induced G0 arrest and
transcriptional repression in all FPR1 strain backgrounds, although the repres-
sion was more pronounced in extracts from rapamycin-treated JK9-3Da cells
than in extracts from treated W303-1A cells (not shown). Cells were cultured in
YPD (2% yeast extract–1% Bacto Peptone–2% dextrose) at 30°C with vigorous
shaking. The medium was supplemented at indicated points in the growth cycle
with the drug vehicle (in control cultures) or rapamycin (added from a 2 mM
stock solution in 90% ethanol–10% Tween 20). One hour of rapamycin treat-
ment was performed by adding the drug to a final concentration of 10 mg/ml
when the cells reached an optical density at 600 nm (OD600) of 1.0. For 24-h
treatments, rapamycin was added to a final concentration of 1 mg/ml when the
cells reached an OD600 of 0.1. Extracts from 24-h-treated cells were about half
the protein concentration of control extracts, indicating that cells are harder to
disrupt after rapamycin treatment. This phenotype is similar to the increased
zymolyase resistance of G0 cells (reviewed in reference 44). Strain cdc28-1 was
grown in YPD at 30°C to an OD600 of 1.0 and then incubated at 37°C for 4 h and
harvested. Strains MH346-1a TOR2 and MH346-1a tor2-ts4 were grown in YPD
at 25°C to an OD600 of 0.9 and harvested as usual.

Cell viability assay following rapamycin treatment. Strain W303-1A was
grown to an OD600 of 0.1 and treated with either rapamycin to 1 mg/ml or the
drug vehicle for 24 h. The OD600 was taken and aliquots (nominally 100 and 200
cells) of each culture were plated on YPD. The plates were incubated at 30°C for
3 days, and the number of colonies on each plate was counted. This assay was
performed in triplicate.

Measurement of bulk protein synthesis in vivo. In vivo labeling of total yeast
proteins was performed according to the method of Barbet et al. (4) with slight
modifications. One-milliliter cultures of JK9-3Da were grown to an OD600 of 1.0
and treated with either 10 mg of rapamycin per ml or the drug vehicle for 1 h at
30°C. The cells were then washed with ice-cold water and resuspended in 1 ml of
synthetic glucose-minus-methionine medium plus fresh rapamycin or vehicle.
Then, 500 mCi of [35S]methionine (NEN) was added, and the cells were labeled
with shaking for 20 min at 30°C. After incubation, 120 ml of each culture was
removed and transferred into separate screw-capped tubes containing 250 ml of
1 mM NaN3. Proteins were isolated as described by Werner-Washburne et al.
(43), modified as follows. The cells were pelleted and washed with 250 ml of
ice-cold NaN3 (1 mM) and with 250 ml of ice-cold water. They were then
resuspended in 300 ml of breaking buffer (10 mM Tris-HCl [pH 7.9]–5 mM
MgCl2–50 mg of RNase A per ml) with ;0.3 g of glass beads (0.3 to 0.5 mm in
diameter) and lysed by vortexing vigorously six times for 30 s each, with a 30-s
incubation on ice after each vortexing. The mixture was centrifuged and the
supernatant was acetone precipitated. The protein precipitate was resuspended
in 50 ml of lysis buffer (9.5 M urea–2% [wt/vol] Nonidet P-40–5% b-mercapto-
ethanol) and quantitated by scintillation counting. To control for the amount of
cell breakage, nonradioactive samples were prepared identically and measured
for protein concentration by the method of Bradford (5). The protein concen-
trations of samples obtained from rapamycin and control cultures were found to
be similar.

In vitro transcription reactions. Multiple-round transcription reactions were
performed as described previously (22, 33, 35). The templates for 5S rRNA
and tRNA runoff transcription were pY5S (400 ng/20-ml reaction mixture)
and pGE2, which contains the tRNALeu gene (25ng/20-ml reaction mixture).
RNA Pol III reactions were performed for 30 min at 30°C with [a-32P]UTP
(3,000 Ci/mmol; NEN). RNA Pol I transcription was assayed with pBYr11AL,
which contains the yeast 35S rDNA promoter (400 ng/20-ml reaction mixture).
pBYr11AL is identical to pBYr11A (33) except for the insertion of a linker
oligonucleotide (XbaI, SalI, BglII, BamHI) between the XbaI and BamHI sites.
The specific template was added after preincubation of the extracts with 400 ng
of HpaII-digested pBluescript II KS1 for 10 min at room temperature. Reac-
tions were stopped after 45 min at room temperature. Extract amounts are noted
in the figures. The products from pBYr11AL were detected by S1 nuclease
protection analysis using an end-labeled oligonucleotide probe (33). Pol III
reactions with MH346-1a TOR2 and MH346-1a tor2-ts4 extracts were performed
by incubating the extract with all components except the template and nucleo-
tides at the indicated temperature (22 or 37°C) for 5 min. A template-nucleotide
mix was then added, and transcription was performed at the indicated temper-
ature for 30 min. In one pair of extracts, the temperature-dependent repression
of Pol III transcription in tor2-ts4 extracts was accentuated by performing the
reactions with fivefold less unlabeled UTP than usual (10 mM final concentra-
tion). Quantitation of specific transcription was performed by phosphorimager
analysis (Fujix Bas 1000 bioimaging analyzer; MacBAS software). Background
was subtracted from all signals.

Purification and assay of Pol III transcription factors. Transcription factors
were prepared from large-scale whole-cell extracts of a YPH250 derivative,
YDH6 (18), grown to an OD600 of 2, and from the protease-deficient strain
BJ5626 (25), grown to an OD600 of 3. The methods of purification were adopted
from Kassavetis et al. (27), as described by Ghavidel and Schultz (15). TFIIIB
was purified to the hydroxyapatite step, and TFIIIC was obtained by oligonucle-
otide affinity chromatography and monitored for activity by a standard gel mo-
bility shift assay. After collection of the 300 mM Pol III–TFIIIC fraction from

DEAE-Sepharose, as described previously (15), the resin was eluted with 600
mM KCl to obtain crude RNA Pol III. The specific activities of Pol III in the Pol
III–TFIIIC and 600 mM fractions are similar (nonspecific activity assay, as
described below); however, the 600 mM fraction is devoid of TFIIIB and TFIIIC
(determined by Western blotting and gel mobility shift assay, respectively). The
600 mM fraction has no specific initiation activity on its own. The effect of
wild-type transcription factors added to extracts from rapamycin-treated cells
was tested by incubating whole-cell extracts with the indicated amount of factor
for 5 min at room temperature prior to adding the template and nucleotides.
Nonspecific (bulk) RNA Pol III reactions were performed according to pub-
lished methods (17, 32) for 20 min at 22°C in 25-ml mixtures containing 50 mM
Tris-HCl (pH 8), 200 mM (NH4)2SO4, 0.6 mM (each) ATP, CTP, and GTP, 0.06
mM UTP, 16 mg of sheared calf thymus DNA per ml, 2 mM MnCl2, 50 mg of
a-amanatin per ml, and 1 ml of [5,6-3H]UTP (36.1 Ci/mmol; NEN). Twenty
microliters of each reaction was stopped by spotting onto DE-81 paper and was
processed according to the method of Roeder (32).

CKII assay. The casein kinase II (CKII) assay was performed essentially as
described previously (reference 22, with modifications in reference 15). Reac-
tions were performed in 25-ml volumes with 6.25 mg of extract protein under the
conditions for Pol I and III transcription, except that a-amanatin was omitted.
Each data point is the mean result of four reactions.

RESULTS

Repression of translation and transcription resulting from
treatment of cells with rapamycin. The effects of rapamycin on
transcription were tested with extracts from cells treated for
1 or 24 h with the drug. Control extracts (cells treated only with
the rapamycin solvent) were prepared in parallel from cells har-
vested at the density recorded for cultures treated with rapa-
mycin. Extracts were made by a method that preserves tran-
scription by RNA Pol I, II, and III (33, 35), chromatin assembly
(34), and various physiological responses including down-reg-
ulation of the Pol I and Pol III transcription that occurs nor-
mally when yeast cells enter G0 (33, 49). The extracts were as-
sayed in parallel for the capacity to support transcription with
exogenous tRNA and 5S rRNA genes and a 35S rDNA promot-
er construct. Pol III transcription was measured by a runoff
assay, and Pol I transcripts were detected by S1 nuclease pro-
tection analysis. In order to establish that rapamycin was elic-
iting the expected cellular responses, we variously monitored
gross morphology, plating efficiency, and translation for com-
parison with effects that have been extensively documented
elsewhere (4, 19, 20).

As reported in the literature (4), rapamycin treatment for
1 h inhibited translation in vivo by approximately 80% (Fig.
1A) without changing the budding index of the cell population
as a whole (not shown). Extracts from 1-h-treated cells were
two- to fourfold less active for Pol III transcription than were
control extracts (Fig. 1B), suggesting that the transcriptional
machinery responds quickly to rapamycin treatment, although
in magnitude the effect is not comparable to repression of
translation. Rapamycin treatment for 24 h resulted in a uni-
form morphological phenotype (.90% large unbudded cells,
consistent with arrest in G0) but no cell death; plating efficien-
cies determined at the conclusion of the treatment period were
identical between rapamycin-treated and control cells (not
shown). Compared to extracts from cells treated for 1 h, a
substantially more severe repression effect on Pol III transcrip-
tion was observed in extracts from cells treated with rapamycin
for 24 h (Fig. 2A and B). We conclude that rapamycin treat-
ment in vivo leads to repression of Pol III transcription in vitro
and that repression occurs progressively rather than instanta-
neously.

Since Pol I and Pol III transcription are coordinately regu-
lated under many circumstances (see reference 9), we tested
whether Pol I transcription is also affected in extracts from
rapamycin-treated cells, compared to control cells. As shown,
Pol I transcription is repressed in extracts from cells treated for
24 h with rapamycin (Fig. 2C). Furthermore, the magnitude of
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this effect is similar to that observed for Pol III (Fig. 2B and C).
We conclude that long-term rapamycin treatment globally re-
presses transcription of the nuclear genes encoding the most
abundant nontranslated RNAs.

Rapamycin treatment does not result in the appearance of a
Pol III transcription inhibitor in extracts. The results in Fig. 1
and 2 could be explained if an excess of nonspecific inhibitor of
the transcriptional machinery is generated in the extract by
rapamycin treatment of cells (see, for example, reference 41).
In order to test this possibility, we performed a mixing exper-
iment using extracts from 24-h-treated and control cells (Fig.
3). This is a severe test because indirect inhibitory effects are
expected to be most pronounced in cells subjected to pro-
longed exposure to rapamycin. When 10 mg of extracts from
rapamycin-treated cells is mixed with 10 mg of control extracts,
the level of transcription (Fig. 3, lane 3) is intermediate be-
tween the levels obtained with 10 and 20 mg of control extracts
(Fig. 3, lanes 1 and 2) and is greater than the sum of the signal
from 10 mg of rapamycin and control extracts individually (Fig.
3, lanes 1 and 4). A similar result was obtained when a mixture
of 20 mg of each extract was compared to 40 mg of rapamycin
and control extracts alone (not shown). Therefore, the extracts
from rapamycin-treated cells do not contain an excess of a
transcription inhibitor, suggesting that a component of the
transcription machinery is directly repressed by rapamycin.
We further note that rapamycin extracts support normal
levels of a variety of biochemical activities, including chro-
matin assembly (not shown). Transcriptional repression in
extracts, therefore, is not due to a general inhibitory effect such
as would result from the activation of DNases or vacuolar
proteases.

Rapamycin treatment does not mimic a G1 effect on tran-
scription. Since rapamycin induces a transient G1 arrest in
yeast (4), our results may reflect inhibition of Pol III transcrip-
tion in G1 of the cell cycle. Indeed, White et al. (46) have
demonstrated in a mammalian system that Pol III activity is
very low in G1 extracts compared to extracts from asynchro-
nously growing cells. To test if rapamycin treatment mimics a

G1 Pol III transcription phenotype in yeast, we compared tran-
scription in extracts from rapamycin-treated cells and cdc28ts

cells cultured at the restrictive temperature for 4 h, at which
time ;90% of cdc28 cells are arrested in G1. As shown in Fig.
4, extracts from cdc28ts cells support a significantly higher level
of transcription than extracts from rapamycin treated-cells. We
conclude that in yeast, rapamycin treatment does not mimic
the phenotype of Pol III transcription in G1.

The rapamycin effect is TOR dependent. The inhibition of
TOR-dependent cellular functions by rapamycin requires the
presence of the intracellular ligand for rapamycin, FKBP12

FIG. 1. Translation and Pol III transcription are repressed by short-term
treatment (1 h) of cells with rapamycin. (A) Repression of translation. Transla-
tion was measured as [35S]methionine incorporation during a 20-min labeling
period at 30°C. Results are shown for two experiments. (B) Repression of Pol III
transcription. 5S rRNA transcription was measured in increasing amounts of
extracts from control and rapamycin-treated cells.

FIG. 2. Transcription by RNA Pol I and III is strongly repressed in extracts
from cells treated for 24 h with rapamycin. 5S rRNA (A), tRNALeu (B), and 35S
rRNA (Pol I) (C) transcription was assayed in increasing amounts of extracts
from control and treated cells. Note that the extracts from rapamycin-treated
cells support Pol III transcription over only a narrow range of protein concen-
trations and that there is an unusually sharp decline in 5S rRNA transcription
from 80 to 100 mg of extracts; these effects were reproducible but remain unex-
plained.

FIG. 3. Repression of Pol III transcription is not due to an excess of inhibitor
in extracts from rapamycin-treated cells. tRNALeu transcription was compared in
the indicated amounts of extracts from control cells and cells cultured in the
presence of rapamycin for 24 h.
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(encoded by FPR1 in yeast [7, 19, 30, 37, 50; reviewed in ref-
erence 28]). Therefore, rapamycin phenotypes that normally
result from interference with TOR signaling become insensi-
tive to rapamycin when FKBP12 is absent. Based upon this
fact, it was possible to examine the TOR dependency of the
rapamycin effect on Pol III transcription by comparing tran-
scription in extracts from rapamycin-treated wild-type (FPR1)
and fpr1 null (Dfpr1) strains. As expected, rapamycin treatment
of wild-type cells for 24 h strongly inhibits Pol III transcription
in vitro (Fig. 5A, top panel). In contrast, extracts from Dfpr1
cells show no decline in transcription in response to rapamycin
treatment for 24 h (Fig. 5A, bottom panel). We conclude that
the effect of rapamycin on Pol III transcription results from
interference with the TOR signaling pathway.

In mammalian cells (24), the rapamycin binding protein
FKBP25 is found in a complex with the highly conserved pro-
tein kinase CKII (reviewed in references 2, 29, 31, and 48).
CKII in yeast phosphorylates one member of the FKBP family,
Fpr3p (48), and is required for efficient Pol III transcription in
vivo and in vitro (15, 22). This evidence raises the possibility
that rapamycin interferes with Pol III transcription by inhibit-
ing CKII. We therefore tested whether the repression of Pol
III transcription in extracts from rapamycin-treated cells is
associated with reduced CKII activity. Figure 5B shows that
bulk CKII activity, as measured with a specific peptide sub-
strate of CKII (15, 22), is identical in extracts from control and
treated cells. This result argues that rapamycin does not exert
its effect on Pol III transcription by inhibiting CKII.

Conditional repression of Pol III transcription in extracts
from a temperature-sensitive tor2 mutant. Repression of Pol
III transcription in extracts from rapamycin-treated cells may
result from the inhibitory effect of rapamycin on translation,
resulting, for example, in inadequate synthesis of a labile tran-
scription factor in treated cells (11, 39, 40). We refer to this as
a “passive” mechanism of repression. However, our results do
not rule out the possibility that interference with TOR signal-
ing represses transcription by a “direct” mechanism that is
independent of interference with translation. We therefore
tested whether interference with TOR function is involved in
translation-independent repression by assaying transcription in
extracts from a temperature-sensitive mutant of tor2 and an
isogenic wild-type strain. Extracts were prepared in parallel
from TOR2 and tor2ts cells harvested at the permissive tem-
perature; at this temperature, Tor2p activity and abundance
are identical in these strains (7). Since the transcription reac-
tions do not support translation and are insensitive to 100 mg
of cycloheximide per ml (16), any difference in transcription

between wild-type and mutant extracts is independent of pro-
tein synthesis.

Figure 6 shows transcription in wild-type TOR2 and mutant
tor2ts extracts prepared and assayed in parallel. The extracts
support a high level of transcription when reactions are per-
formed at 22°C, and the wild-type extract is slightly more active
than the mutant at 15 and 30 mg of input protein. At 37°C, the
difference in activity between the extracts is substantially en-
hanced. This effect is most clearly revealed by plotting the ratio
of transcription in wild-type/mutant extract against the amount
of extract used (Fig. 6B). At 37°C, there is up to a 5.5-fold
inhibition of transcription in tor2ts extract, compared to 2.0-
fold inhibition at 22°C in reactions with the same amount of
protein. Similar results were obtained with two additional pairs
of extracts prepared independently from those used in the
experiments depicted in Fig. 6. We conclude that interference
with TOR function in vitro represses Pol III transcription by a
mechanism that is independent of TOR-mediated effects on
translation.

In the absence of the data in Fig. 6, it remained formally
possible that rapamycin represses transcription by an FPR1-
dependent but TOR-independent mechanism: for example,
direct binding of the drug to a component of the Pol III tran-
scription machinery. This scenario seems highly unlikely, given
that all documented effects of rapamycin act at the level of the
TOR kinases (see the introduction) and that we observed re-
pression in vitro using extracts from tor2ts cells without rapa-
mycin treatment.

FIG. 4. Repression of pol III transcription in extracts from rapamycin-
treated cells does not reproduce the transcription phenotype of G1 extracts.
tRNALeu transcription was compared in extracts from rapamycin-treated (24 h)
wild-type cells and from G1-arrested cdc28 cells.

FIG. 5. (A) Repression of Pol III transcription by rapamycin treatment in
vivo results from interference with TOR signaling. 5S rRNA transcription is
compared in parallel extracts from FPR1 wild-type and fpr1 null cells that were
or were not treated with rapamycin (24 h). An overexposure is shown for the
FPR1 experiment to demonstrate the low level of transcription in extracts from
treated cells (control extracts from FPR1 and Dfpr1 cells supported the same
level of transcription). (B) Inhibition of CKII does not account for the repression
of Pol III transcription by rapamycin. CKII activity is expressed as kilocounts per
minute incorporated during a 5-min reaction at 22°C in the presence (1) or
absence (2) of the specific peptide substrate for CKII. Results are shown for two
experiments using the FPR1 extract analyzed in panel A.
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Biochemical analysis of the transcription defect in extracts
from cells treated with rapamycin. Interference with TOR
function in vivo is likely to affect Pol III transcription by a
passive mechanism involving repression of translation and by
a direct mechanism that is independent of the inhibition of
translation. In order to gain an appreciation of the full spec-
trum of effects on the Pol III transcriptional machinery (i.e.,
passive and direct) resulting from short-term interference with
TOR function, we investigated the biochemical basis of the
modest transcription defect (two- to threefold in this experi-
ment) in extracts from cells treated for 1 h with rapamycin.

Since the pattern of labeled transcription products in ex-
tracts from treated and untreated cells is virtually identical in
standard 8% polyacrylamide sequencing gels, we conclude that
interference with TOR function affects transcription at the
level of initiation rather than of pausing, termination, or start
site selection. The effect of rapamycin is therefore likely to
impinge on the core Pol III transcription machinery, namely
RNA Pol III, TFIIIB, and TFIIIC. TFIIIB was considered a
likely target, since it is significantly down-regulated when cells

enter G0 (36) and, at least under some conditions, when cells
are treated with cycloheximide (11; compare with reference 9).
We therefore tested whether TFIIIB purified from untreated
cells could overcome the transcription defect of extracts from
rapamycin-treated cells. As shown in Fig. 7A and B, TFIIIB
slightly stimulates transcription in control extract, consistent
with reports that TFIIIB is normally limiting in vivo and in
vitro (see reference 36). An amount of TFIIIB that stimulates
wild-type extract by 31% rescues transcription in extract from
rapamycin-treated cells to the level observed in control extract
supplemented with the same amount of TFIIIB (Fig. 7B). This
result is consistent with repression of TFIIIB as a result of
short-term treatment with rapamycin.

Interestingly, a larger amount of TFIIIB further stimulates
control extracts but not rapamycin-treated extracts (Fig. 7A;
compare lanes 2 and 3 to lanes 5 and 6). Indeed, large amounts
of TFIIIB added to extracts from treated cells inhibit transcrip-
tion, perhaps by unproductive interaction of soluble TFIIIB
with another factor that has become limiting (see Fig. 4A in
reference 36 for a similar example). In other words, inhibition

FIG. 6. Temperature-dependent repression of Pol III transcription in ex-
tracts from a tor2ts mutant. (A) Pol III transcription is inhibited at the restrictive
temperature in tor2 extracts. tRNALeu transcription at 22 and 37°C was com-
pared in extracts from TOR2 and tor2ts cells harvested at the permissive tem-
perature. Although transcription is inhibited at 37°C in wild-type and mutant
extracts, the effect is more pronounced in the mutant. (B) Quantitation of the
experiment represented in panel A (bands indicated by the arrows were ana-
lyzed; see references 3 and 12). Data are plotted as the ratio of transcription in
wild-type/mutant extracts for the indicated amounts of protein. A quantifiable
signal was detected in lane 8 for the 37°C reaction upon long exposure of the film
and phosphorimager plate.

FIG. 7. Identification of TFIIIB as a possible target of repression by rapa-
mycin. (A) Extracts (40 mg) from control and rapamycin-treated (1 h) cells were
supplemented with TFIIIB (0, 5, and 10 ml) or buffer. (B) Quantitation of the gel
in panel A. (C) TFIIIC does not restore transcription in extracts from rapamycin-
treated (1 h) cells. TFIIIC was added in increasing amounts to extracts (25 mg)
in the presence (1) or absence (2) of a saturating amount of TFIIIB (as defined
in the experiments represented in panel A).
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of extracts from rapamycin-treated cells by large amounts of
TFIIIB suggests that a component of the transcription machin-
ery that is in excess of TFIIIB in control extracts is repressed
in treated extracts. We tested whether this component is
TFIIIC by adding a saturating amount of TFIIIB and increas-
ing amounts of affinity-purified TFIIIC to extracts from treated
cells. As shown in Fig. 7C, TFIIIC does not stimulate tran-
scription in treated extracts supplemented with a saturating
amount of TFIIIB. Therefore, rapamycin probably does not
repress TFIIIC.

Our next step was to test whether RNA Pol III is repressed
by rapamycin. Measurements of bulk Pol III activity in extracts
from treated and untreated cells revealed that Pol III is signif-
icantly inhibited in extracts from cells treated for 1 h with
rapamycin (by 49% at the 100-mg point in the titration in Fig.
8A). Bulk Pol III activity in 100 mg of extract from cells ex-

posed to rapamycin for 24 h is also inhibited (by 59% [not
shown]). To confirm that Pol III is repressed by rapamycin, we
titrated a crude Pol III preparation from untreated cells into
rapamycin-treated extracts (1 h) supplemented with a saturat-
ing amount of TFIIIB (Fig. 8B). In marked contrast to the
result obtained with TFIIIC, Pol III does stimulate transcrip-
tion in the presence of excess TFIIIB. Quantitation reveals a
2.1-fold effect (Fig. 8C). Therefore, rapamycin down-regulates
Pol III transcription in part by an effect on RNA Pol III.

DISCUSSION

A TOR-dependent mechanism induces the G0 program of
transcription in yeast. Previous studies have revealed that in-
terference with TOR signaling induces all aspects of the sta-
tionary-phase response so far examined, namely, cell cycle
arrest with 1n DNA content, repression of translation, cell wall
thickening, glycogen deposition, transcriptional induction of
G0-specific Pol II genes, vacuolar enlargement, and increased
thermotolerance (4, 7, 10). Our experiments with rapamycin
and a conditional tor2 mutant further demonstrate repression
of Pol I and Pol III transcription when TOR function is per-
turbed. Taken together, the available data support the notion
that TOR signaling in yeast occupies a central position in the
global regulation of nuclear transcription in response to nutri-
ent availability. Since a universal component of growth control
in eukaryotes is the down-regulation of Pol I and Pol III tran-
scription in G0, and since the kinase domain of a mammalian
TOR homolog can provide rapamycin-sensitive TOR function
in yeast (1), it is attractive to consider that in all eukaryotes
TOR signaling may be involved in establishing the pattern of
nuclear transcription in G0.

Transcriptional repression by a Tor2p-dependent mecha-
nism that does not involve translational repression. Interfer-
ence with Tor2p function in extracts from a temperature-sen-
sitive tor2 mutant represses transcription by a mechanism that
is independent of TOR effects on translation. Considering that
TOR kinases regulate a broad spectrum of cellular responses
associated with entry into stationary phase and our observation
that rapamycin treatment of cells represses Pol III transcrip-
tion in vitro, we take the tor2ts result to indicate that Pol III
down-regulation during entry into G0 is not exclusively a pas-
sive consequence of the inhibition of translation. Repression in
stationary phase indeed may result exclusively from direct reg-
ulation of the transcriptional machinery by a signaling network
involving the TOR kinases.

Effects of PP2A and TOR on transcription: how are they
related?. The defect in Pol III transcription in yeast mutants of
the regulatory A subunit of PP2A stems from the inhibition of
Pol III and TFIIIB under restrictive conditions (41). In this
instance, misregulated PP2A is proposed to dephosphorylate
and activate an inhibitor of transcription. Considering that
PP2A is a component of the TOR pathway (10) and that Pol
III and probably TFIIIB are under TOR control in yeast,
repression of Pol III transcription by rapamycin may reflect
interference with a TOR-PP2A signal transduction pathway
that regulates Pol III transcription. An appealing extension of
this model is that a TOR-responsive kinase and PP2A act on
the same transcriptional inhibitor, the TOR-dependent kinase
as a repressor of the inhibitor and PP2A as an activator. To
date, however, we have no evidence for such an inhibitor in
extracts from cells exposed to rapamycin, even in the extreme
case of a 24-h treatment. The precise relationship between the
dominant inhibitory effect involving PP2A and TOR-depen-
dent transcriptional repression, therefore, remains to be fully
elucidated.

FIG. 8. Identification of RNA Pol III as a target of repression by rapamycin.
(A) Measurement of bulk Pol III activity in extracts from control and rapamycin-
treated (1 h) cells. (B) Stimulation of specific transcription by addition of Pol III
to extracts (25 mg) from rapamycin-treated (1 h) cells. (C) Quantitation of the gel
in panel B.
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Since the TOR-PP2A pathway regulates the pattern of Pol II
transcription in G0 (4), alterations in PP2A function that per-
turb Pol III transcription might also be expected to affect Pol
II transcription. That the transcription of some Pol II genes
indeed is impaired in PP2A mutants (41) lends support to the
hypothesis that TOR-PP2A signaling is involved in setting the
overall pattern of nuclear transcription in G0.

What other protein kinases might be involved in TOR effects
on pol III transcription? The only protein kinase previously
shown to influence pol III transcription in yeast is CKII (14, 15,
22). Our results, however, argue against an involvement of
CKII in TOR signaling to the Pol III transcriptional machin-
ery. We were unable to detect any change in bulk CKII activity
in extracts from cells treated with rapamycin compared to
control extracts, and the elongation capacity of Pol III is not
affected when CKII is inactivated (15).

Recent evidence suggests that TOR functions related to the
control of progression into stationary phase involve genes im-
plicated in protein kinase C signaling (20). tor2 mutations
affecting translation and cell cycle arrest in yeast are sup-
pressed by overexpression of (i) MSS4, a phosphatidylinositol
4-phosphate kinase homolog that may be upstream of the yeast
protein kinase C (Pkc1p), and (ii) PLC1, a phosphoinositide-
specific phospholipase C homolog that is likely to function in
the same pathway as Pkc1p. These observations, in view of
reports that Pol III transcription is sensitive to protein kinase
C in metazoans (23, 42), suggest the intriguing possibility that
a TOR-protein kinase C signaling pathway impinges on the Pol
III transcriptional machinery in yeast.

Mechanism of repression at the level of transcriptional ma-
chinery. Our working model is that TOR signaling regulates
Pol III transcription by modulating the activity of TFIIIB and
Pol III. At present, however, it remains to be shown that
TFIIIB is defective in extracts in which TOR function is im-
paired, and the molecular basis of the repression of Pol III is
not known. Theoretically, the decreased Pol III activity in ex-
tracts from rapamycin-treated cells could be a secondary con-
sequence of the inhibition of TFIIIB. For example, when
TFIIIB is inhibited, Pol III could be released into the nucleo-
plasm, where it would be susceptible to inactivation by soluble
factors. We do not favor this possibility because in other cases
where TFIIIB is inhibited in vivo, there is no decline in Pol III
activity in vitro (11, 15, 36). Rather, based upon the observa-
tion that some subunits of Pol III are phosphoproteins in vivo
(see reference 41), we favor a model in which TOR-dependent
signaling regulates the phosphorylation state and therefore the
activity of Pol III. It remains possible, however, that TOR
signaling impinges on the Pol III transcriptional machinery not
by affecting the phosphorylation status of components of the
transcriptional machinery but by activating other regulatory
mechanisms such as, for example, targeted degradation path-
ways (see reference 11).

Previous studies of Pol III transcriptional repression in yeast
have not provided any evidence for regulation of the polymer-
ase (11, 36) except in a case in which perturbation of PP2A
function apparently induces a transcriptional inhibitor (41). In
these studies, transcription was analyzed in nuclear extracts or
in whole-cell extracts made by cell disruption nominally at 4°C.
On the other hand, using whole-cell extracts prepared from
cells broken open while they are frozen, we find that interfer-
ence with TOR function represses Pol III by a mechanism that
is distinct from the dominant-negative effect in PP2A mutants
(41). Our demonstration that Pol III activity is sensitive to
TOR kinases, which control all aspects of the stationary-phase
response so far examined, justifies reexamination of the phys-
iological regulation of Pol III in yeast.
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