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Regulation of ribosome biogenesis is a key element of cell biology, not only because ribosomes are directly
required for growth, but also because ribosome production monopolizes nearly 80% of the global
transcriptional activity in rapidly growing yeast cells. These observations underscore the need for a tight
regulation of ribosome synthesis in response to environmental conditions. In eukaryotic cells, ribosome
synthesis involves the activities of the three nuclear RNA polymerases (Pol). Although postulated, there is no
clear evidence indicating whether the maintenance of an equimolar supply of ribosomal components reflects
communication between the nuclear transcriptional machineries. Here, by constructing a yeast strain
expressing a Pol I that remains constitutively competent for the initiation of transcription under stress
conditions, we demonstrate that derepression of Pol I transcription leads to a derepression of Pol II
transcription that is restricted to the genes encoding ribosomal proteins. Furthermore, we show that the level
of 5S rRNA, synthesized by Pol III, is deregulated concomitantly with Pol I transcription. Altogether, these
results indicate that a partial derepression of Pol I activity drives an abnormal accumulation of all ribosomal
components, highlighting the critical role of the regulation of Pol I activity within the control of ribosome
biogenesis.
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Biosynthesis of ribosomes monopolizes up to 80% of the
transcriptional activity of rapidly growing cells through
transcription of 35S rDNA genes by Pol I, ribosomal pro-
tein (r-protein) genes by Pol II, and 5S rRNA synthesis by
Pol III. A large body of evidence indicates that synthesis
of all of these components is tightly coupled to environ-
mental conditions, and it has become clear that the regu-
lation of ribosome biogenesis is a determinant parameter
of cell-growth control (discussed in Rudra and Warner
2004). The elucidation of the molecular mechanisms in-
volved in this regulation would thus provide the foun-
dation stone to our understanding of the economics of
cell growth.

In yeast, ribosome biosynthesis is primarily regulated
at the level of transcription (Warner 1999, 2001) and nu-
merous data highlight the critical role of the conserved
TOR (Target of Rapamycin) kinases in the expression of
genes specifying ribosome components (Schmelzle and
Hall 2000; Crespo and Hall 2002). Despite intensive ef-

forts, the cascade of molecular events by which the in-
hibition of the TOR signaling pathway drives the global
repression of the synthesis of ribosome components by
all three transcriptional machineries remains largely un-
known. Nevertheless, many studies have recently under-
scored the key role of transcription factors involved in
the rapamycin-dependent repression of Pol I, Pol II, or
Pol III for the transcription of ribosome component
genes. The case of r-protein gene transcription is the
most documented, and several groups have identified the
interactions of the transcription factor Fhl1 with its co-
activator Ifh1 or its corepressor Crf1 as critical events for
r-protein gene expression (Martin et al. 2004; Schawalder
et al. 2004; Wade et al. 2004; Rudra et al. 2005). Other
effectors have been implicated in the regulation of r-pro-
tein gene expression in response to rapamycin treat-
ment, such as the transcription factor Sfp1 (Jorgensen
et al. 2004; Marion et al. 2004), or the histone modify-
ing factors Esa1 and Rpd3 (Reid et al. 2000; Rohde and
Cardenas 2003). Rapamycin-dependent repression of Pol
I transcription in yeast and mammalian cells targets the
general transcription factor Rrn3/TIF-IA, leading to its
dissociation from the rDNA promoter and its transloca-
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tion from the nucleolus to the cytoplasm (Claypool et al.
2004; Mayer et al. 2004). At variance with this proposal,
phosphorylation of the Upstream Binding Factor was
suggested to play a role in the TOR-dependent repression
of Pol I activity in mouse cells (Hannan et al. 2003). In
addition to these mechanisms that target the formation
of the transcription initiation complex, it was suggested
that the histone deacetylase Rpd3 controls the nucleolar
structure and function in response to nutrient conditions
(Tsang et al. 2003). Finally, the yeast Maf1 protein was
identified as an essential and a specific mediator of Pol III
transcriptional repression under a wide variety of stress
conditions and, in particular, when cells exit the expo-
nential growth phase (Pluta et al. 2001; Upadhya et al.
2002; Desai et al. 2005).

In cells defective for the secretory pathway or in re-
sponse to nutrient starvation or rapamycin treatment,
several reports have revealed a simultaneous decrease in
the level of a selection of mRNAs encoding r-proteins
and in the level of either the 35S rRNA (Mizuta and
Warner 1994; Powers and Walter 1999) or the 5S rRNA
(Li et al. 2000), or a simultaneous decrease in the levels
of 35S rRNA and 5S rRNA (Clarke et al. 1996; Zaragoza
et al. 1998). These observations led to the proposal that
the transcription by Pol I, Pol II, and Pol III of genes
specifying rRNAs or r-proteins was coregulated. No di-
rect evidence, however, was provided to demonstrate
that the concomitant deregulation of these RNAs was
exerted at the transcriptional level. Thus, whether the
maintenance of an equimolar supply of ribosomal com-
ponents reflects the existence of communication be-
tween two, if not all three, nuclear transcriptional ma-
chineries remains an open question.

In this study, we addressed this central issue by inter-
fering with the regulatory mechanisms of Pol I transcrip-
tion and by determining the consequences of this deregu-
lation on Pol II and Pol III transcription. We show that an
attenuation of the rapamycin-dependent repression of
Pol I activity leads to a concomitant attenuation of the
repression of r-protein gene transcription by Pol II and to
an attenuated decrease of the level of 5S rRNA, synthe-
sized by Pol III. In addition, we demonstrate that the
cross-talk between the Pol I and Pol II machineries is
specific and restricted to only a minor subset of class II
genes, including all r-protein genes. These data are the
first clear demonstration of a coupling between the syn-
thesis of the RNA and protein moieties of the eukaryotic
ribosome. Altogether, our results are consistent with a
working model in which Pol I activity plays a determi-
nant role within the control of the level of ribosome
biogenesis.

Results

The dissociation of the Pol I–Rrn3 complex mediates
the rapamycin-dependent repression of Pol I

Pol I has the sole essential purpose of transcribing the
ribosomal RNA precursor gene (Nogi et al. 1991). In Sac-
charomyces cerevisiae, four general transcription factors

are specifically required for initiation of Pol I transcrip-
tion (Nomura 2001; Grummt 2003): the multimeric
complexes UAF and CF, which bind the rDNA promoter
in association with TBP, and the monomeric transcrip-
tion factor Rrn3, which interacts with Pol I to form the
Pol I–Rrn3 complex. Both in yeast and mammals, the
initiation-competent subpopulation of Pol I is the Pol
I–Rrn3 complex (Milkereit and Tschochner 1998; Miller
et al. 2001; Nomura 2001; Grummt 2003). The formation
and/or stability of this complex likely constitutes a key
regulatory switch of Pol I transcription (Brun et al. 1994;
Milkereit and Tschochner 1998). In particular, down-
regulation of rRNA synthesis during stationary phase of
growth correlates with a lower recovery of Pol I–Rrn3
complexes (Milkereit and Tschochner 1998).

To interfere in vivo with the mechanisms controlling
Pol I activity via the level of Pol I–Rrn3 complex, we
constructed a yeast strain expressing a nondissociable
complex. The two essential genes encoding Rrn3 and
A43, the Pol I subunit interacting with Rrn3 (Peyroche et
al. 2000), were inactivated and complemented by a gene
encoding the Rrn3-A43 fusion protein (see Materials and
Methods). This strain, named CARA (for Constitutive
Association of Rrn3 and A43), was viable and displayed
the same doubling time as a wild-type strain (Supple-
mental Fig. S1).

Pol I purified from CARA cells lacked the A43 poly-
peptide as expected, but otherwise displayed a canonical
subunit composition and contained an additional
polypeptide of 120 kDa that matched the estimated mo-
lecular weight of the fusion protein. This 120-kDa poly-
peptide was recognized by anti-Pol I (Fig. 1A), by anti-
Rrn3 (Supplemental Fig. S2), and by anti-A43 antibodies,
which generated a signal of similar intensity with the
endogenous A43 subunit in the wild-type Pol I when
identical amounts of enzymes were analyzed (Fig. 1A).
These data indicated that the intact Rrn3-A43 fusion
protein was stably and stoichiometrically assembled
within the enzyme. In view of the proposed regulatory
role of the Pol I–Rrn3 complex, we investigated the re-
sponse of CARA cells to rapamycin. This inhibitor of
TOR kinases, which mimics nutrient-starvation condi-
tions (Crespo and Hall 2002), leads to Pol I and Pol III
transcriptional repression (Zaragoza et al. 1998; Powers
and Walter 1999) and to a drastic modification of the
mRNAs expression profile with a global decrease of Pol
II transcription (Shamji et al. 2000; Preiss et al. 2003). In
vitro Pol I-specific transcription was carried out using
partially purified extracts (PA600) prepared from wild-
type or CARA cells treated or not with rapamycin and
containing similar amounts of Pol I (Supplemental Fig.
S3). Similar levels of in vitro Pol I-specific transcrip-
tional activity were detected in extracts from untreated
wild-type or CARA cells (Fig. 1B, lanes 1,2). Remarkably,
while extracts from rapamycin-treated wild-type cells
lost most rDNA transcriptional activity as previously
reported (Fig. 1B, lane 3; Hannan et al. 2003; Mayer et al.
2004), extracts from rapamycin-treated CARA cells re-
tained the same level of activity as untreated wild-type
or CARA cell extracts (Fig. 1B, lane 4). The inactive ex-
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tract from rapamycin-treated wild-type cells was fully
reactivated by adding-back Pol I purified from untreated
CARA cells (Fig. 1C, lanes 1,3) or from rapamycin-
treated CARA cells (Fig. 1C, lane 4). In contrast, a prepa-
ration of purified Pol I isolated from untreated wild-type
cells, which does not contain any detectable amount of
Rrn3 (Supplemental Fig. S2), was not able to reactivate
the extract from rapamycin-treated wild-type cells (Fig.
1C, lane 2). Addition of purified recombinant Rrn3 had
no impact on reactivation by wild-type or CARA Pol I of
the inactive, rapamycin-treated wild-type extracts
(Supplemental Fig. S4). These results demonstrate that
Pol I purified from the CARA strain mimics an active,
nondissociable Pol I–Rrn3 complex resistant to rapamy-
cin treatment. In addition, these data confirm that the
rapamycin-dependent repression of Pol I targets Rrn3
(Claypool et al. 2004; Mayer et al. 2004) and demonstrate
that the Pol I–Rrn3 interaction is the major target of
TOR-dependent regulation of rDNA transcription, rein-

forcing recent observations reported in mouse cells dur-
ing oxidative or ribotoxic stress (Mayer et al. 2005).

The abundance of ribosome components is dependent
on Pol I transcriptional activity

Next, we investigated the in vivo effect of rapamycin
treatment on Pol I transcription. The decrease of the 35S
rRNA level was considerably delayed in CARA cells
compared with wild-type cells as monitored by primer
extension analysis (Fig. 2A). In contrast, repression of the
control gene encoding actin was similar in both strainsFigure 1. Pol I from CARA cells mimics a nondissociable Pol

I-Rrn3 complex. (A) Western blot analysis of purified Pol I. The
subunit composition of the same amount of Pol I purified from
wild-type (WT) or CARA cells grown in rich medium to mid–log
phase was analyzed by Western blot using anti-Pol I or anti-A43
antibodies. Both forms of enzyme display the same subunit
composition, except that the A43 protein is missing in the Pol
I purified from CARA cells and is replaced by the Rrn3-A43
fusion protein (�), which is stably and stoichiometrically as-
sembled. (B) Repression of in vitro Pol I transcription by rapa-
mycin. WT or CARA cells were grown in rich medium to mid–
log phase, treated with rapamycin for 30 min (Rapamycin) or
not (Control), and then harvested at the same optical density
(OD600 = 1.5). Partially purified extracts (PA600) from WT (lanes
1,3) or CARA cells (lanes 2,4) containing the same amount of
Pol I (see Supplemental Fig. S3), were assayed for in vitro Pol
I-specific transcription using a mini-rDNA gene as template.
Without rapamycin treatment, efficient Pol I transcription is
observed in both WT and CARA extracts (lanes 1,2). When cells
were treated with rapamycin, traces of Pol I transcription were
detected in WT extract (lane 3), whereas CARA extract re-
mained fully active (lane 4). (C) Reactivation of rapamycin-
treated WT cell extract. Extracts prepared from rapamycin-
treated WT cells, deficient for Pol I transcription (lane 1) were
complemented by addition of 200 ng of Pol I purified either from
untreated WT cells (lane 2), untreated CARA cells (lane 3), or
rapamycin-treated CARA cells (lane 4). Enzyme prepared from
untreated and rapamycin-treated CARA cells reactivates Pol I
transcription of rapamycin-treated WT cell extract, whereas Pol
I prepared from WT cells has no effect.

Figure 2. In vivo deregulation of Pol I transcription in CARA
cells. (A) Primer extension analyses of 35S rRNA and ACT1
mRNA. Wild-type (WT) or CARA cells were grown in rich me-
dium to mid–log phase and rapamycin was added (t = 0 min). At
the indicated times, the same number of cells were harvested,
total RNAs were extracted, and the amount of 35S rRNA and
ACT1 mRNA was determined by primer extension analysis.
The decrease of the 35S rRNA level is attenuated in CARA cells
compared with WT cells (see quantification in Supplemental
Fig. S6), whereas the ACT1 mRNA level is identical in the two
strains. (B) ChIP analysis of the occupancy of the 35S rDNA by
Pol I. Chromatin extracts were prepared from the same number
of WT or CARA cells grown in rich medium to mid–log phase
either in the absence of rapamycin (white histograms) or after a
20-min rapamycin treatment (gray histograms). ChIP experi-
ment was performed using anti-A190 antibodies. Quantifica-
tion was performed by Real-Time PCR, and the occupancy of
the 35S rDNA by Pol I at the promoter region (P) or along the
transcribed region (E1 [+1430, +1536], E2 [+3551, +3657], and E3
[+5648, +5740] as indicated) after the rapamycin treatment is
represented as a percentage of the occupancy without rapamy-
cin. Standard deviation is calculated from two independent ex-
periments. During the rapamycin treatment, the decrease of Pol
I occupancy of the 35S rDNA is attenuated in CARA cells com-
pared with WT cells.
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(Fig. 2A), suggesting that the modification of the 35S
rRNA level in CARA cells does not reflect a global de-
regulation of nuclear transcription. Importantly, the
level of 35S rRNA monitored by primer extension analy-
sis is a measurement of the equilibrium between rDNA
transcription and pre-rRNA processing. Because of the
strategy used to generate the CARA strain, it was likely
that the delay observed in CARA cells reflected a deregu-
lation of Pol I transcription, even if we could not for-
mally exclude that an impaired processing of the 35S
rRNA may have also been involved. To confirm that the
deregulation of the 35S rRNA level in CARA cells in the
presence of rapamycin occurred at the transcriptional
level, we monitored the occupancy of the 35S rDNA by
Pol I using chromatin immunoprecipitation (ChIP) ex-
periments. As expected, the decrease in the level of Pol I
on the 35S rDNA was significantly attenuated in CARA
cells compared with wild-type cells following rapamycin
treatment (Fig. 2B), whereas Pol II recruitment on the
promoter of the control gene ACT1 was similar in both
strains (see Fig. 5D, below). Note that in CARA cells this
attenuation was observed up to 100 min of rapamycin
treatment (Supplemental Fig. S5). Altogether, these data
indicate that upon rapamycin treatment, the transcrip-
tion of the 35S rDNA in CARA cells is deregulated.

To reinforce this conclusion, we performed in vivo
[3H]-uracil RNA pulse-labeling experiments. The level of
class I mature rRNAs (25S, 18S, and 5.8S) neosynthe-
sized in the presence of rapamycin was significantly
higher in CARA cells than in wild-type cells (Fig. 3A).
Uracil uptake between the two strains being similar
(data not shown), we concluded that the in vivo repres-
sion of Pol I transcription was markedly attenuated in
the CARA strain in the presence of rapamycin.

Unexpectedly, the in vivo [3H]-uracil RNA pulse-label-
ing experiments revealed that the level of 5S rRNA was
deregulated in the CARA strain concomitantly with the
deregulation of rRNA synthesis by Pol I (Fig. 3A), sug-
gesting that the rapamycin-dependent decrease in the
level of 5S rRNA was correlated to the control of Pol I
activity. To determine whether Pol I activity directly
impacted Pol III transcription of the 5S rDNA, we moni-
tored the occupancy of the 5S rDNA promoter by Pol III
using a ChIP assay. Upon rapamycin treatment (Fig. 3B,
gray histograms), the level of Pol III on the 5S rDNA was
significantly lower in both wild-type and CARA cells
compared with the nontreated cells. This result sug-
gested that 5S rDNA transcription by Pol III was re-
pressed in vivo in the presence of rapamycin, as demon-
stated in vitro in cell free extracts (Zaragoza et al. 1998).
Importantly, the extent of this transcriptional repres-
sion, as judged by the level of occupancy of the gene by
Pol III, was not significantly different between wild-type
and CARA cells (Fig. 3B). These data suggested that the
attenuation of the decrease of the level of 5S rRNA
monitored by RNA pulse labeling in CARA cells during
rapamycin treatment did not reflect an attenuation of
the repression of 5S rDNA transcription.

The above results showed that, upon rapamycin treat-
ment, the level of all rRNAs was prolonged in cells in

which repression of Pol I transcription was specifically
attenuated. This observation prompted us to determine
whether the partial deregulation of Pol I activity during
rapamycin treatment also impacted the level of particu-
lar Pol II transcripts. To address this question, we com-
pared the global Pol II activity in the wild-type and
CARA strain upon rapamycin treatment using genome-
wide analysis. Total RNAs from rapidly growing wild-
type and CARA cells were extracted, labeled with Cy5
and Cy3, respectively, and used to probe a microarray
harboring all yeast ORFs. Without rapamycin, the
mRNA expression profiles of the two strains were indis-
tinguishable (Fig. 4). In particular, the level of mRNAs
encoding r-proteins (black spots) was identical in wild-
type and CARA cells. This observation was consistent
with their identical doubling times during the exponen-
tial phase of growth. Upon rapamycin treatment, we ob-
served that almost all mRNAs (97%) were similarly
regulated in both strains, except for 147 mRNAs (i.e.,
2.5% of the mRNAs analyzed), which were significantly
and specifically over-represented in CARA cells (Fig. 4;
Supplemental Table S1). Spot per spot analysis revealed
that 128 of those 147 mRNAs species encoded r-proteins.
For these 128 transcripts, the average ratio of abundance
in CARA versus wild-type cells was 7.7 in the presence
of rapamycin (1.0 without rapamycin). Over the 138
genes specifying r-proteins in the genome of S. cerevi-
siae, 131 were represented on the microarray, indicating

Figure 3. Attenuated repression of Pol I transcription triggers
deregulation of the 5S rRNA level. (A) In vivo labeling of mature
rRNAs. Wild-type (WT) or CARA cells were grown in rich me-
dium to mid–log phase before the addition of rapamycin (t = 0
min). At the indicated times, the same number of cells were
collected and incubated with 150 µCi of [3H]-uracil for 20 min.
Total RNAs were extracted and the same amount (3 µg; see
Supplemental Fig. S7) was analyzed by gel electrophoresis under
denaturating conditions prior to autoradiography. Attenuated
repression of the synthesis of 25S, 18S, and 5.8S rRNAs by Pol
I and of the level of 5S rRNA, synthesized by Pol III, is observed
in CARA cells (see quantification in Supplemental Fig. S7). (B)
ChIP analysis of the occupancy of the 5S rDNA by Pol III. Chro-
matin extracts were prepared from the same number of WT or
CARA cells containing a HA-tagged C160 Pol III subunit (see
Materials and Methods). Cells were grown in rich medium to
mid–log phase either in the absence of rapamycin (white histo-
grams) or after a 20-min rapamycin treatment (gray histograms).
ChIP experiment was performed using anti-HA antibodies.
Quantification was performed by Real-Time PCR, and the oc-
cupancy of the 5S rDNA by Pol III after the rapamycin treat-
ment is represented as a percentage of the occupancy without
rapamycin. Standard deviation is calculated from five indepen-
dent experiments. During the rapamycin treatment, the de-
crease of Pol III occupancy onto the 5S rDNA is not significantly
different between WT and CARA cells.

Control of ribosome biogenesis

GENES & DEVELOPMENT 2033



that the level of all mRNAs encoding r-proteins is spe-
cifically deregulated in CARA cells during rapamycin
treatment. Note that the level of total RNAs extracted
from the same number of wild-type and CARA cells in
the presence of rapamycin was about half of that ex-
tracted when cells were untreated. However, for each
condition (i.e., without or with rapamycin), the amounts
of total RNAs recovered from CARA or wild-type cells
were identical.

The specific overrepresentation of mRNAs encoding
r-proteins in CARA cells during the rapamycin treat-
ment was confirmed by Northern blot (Fig. 5A) and
primer extension analyses (Fig. 5B). In the presence of
rapamycin, the decrease in the level of mRNAs encoding
r-proteins was strongly attenuated in CARA cells,
whereas down-regulation of the control mRNA encoding

actin was similar in both strains. To determine whether
this specific deregulation of the level of mRNAs encod-
ing r-proteins in CARA cells was exerted at the tran-
scriptional level, we monitored the occupancy of the
promoter of r-protein genes by Pol II using ChIP experi-
ments. As shown in Figure 5C, upon rapamycin treat-
ment (gray histograms), the recruitment of Pol II to
r-protein gene loci was significantly higher in CARA
cells than in wild-type cells. In contrast, Pol II re-
cruitment on the control genes (ACT1 and ADH1) was
undistinguishable between the two strains (Fig. 5D).
Altogether, the above data indicated that, during rapa-
mycin treatment, the repression of r-protein gene expres-
sion by Pol II was reduced in cells where repression of
Pol I transcription was specifically attenuated.

The transcriptional activity of Pol I is a key parameter
for the level of ribosomes

We next wondered whether, during rapamycin treat-
ment, the relative accumulation of 35S rRNA, 5S rRNA,
and mRNAs encoding r-proteins in CARA cells led to an
increased number of assembled ribosomes compared
with wild-type cells. To address this issue, we compared
the amount of ribosomes present in the same number of
wild-type or CARA cells during rapamycin treatment by
estimating the amount of 40S and 60S ribosomal par-
ticles after dissociation of polysomes and 80S particles.
As depicted in Figure 6, the amount of 40S and 60S ri-
bosomal particles was nearly identical in the two strains
before rapamycin treatment and decreased gradually in
the presence of the drug but to a lower extent in CARA
cells. After 180 min of rapamycin treatment, CARA cells
contained twice the amount of 40S and 60S observed in
wild-type cells, indicating that the partial derepression
of all classes of genes specifying ribosomal components
in CARA cells led to an attenuated decrease of the
amount of assembled ribosomal particles. This observa-
tion suggests that in the presence of rapamycin, the rela-
tive excess of ribosomal components in CARA versus
wild-type cells is indeed properly assembled into ribo-
somal particles. In addition, when ribosome analysis was
performed under nondissociating conditions, we did not
observe the presence of half-mers during rapamycin
treatment (data not shown), suggesting an equimolar
production of 40S and 60S particles in wild-type and
CARA cells.

The critical impact of Pol I activity on the level
of ribosome components is not restricted
to rapamycin treatment

Next, we investigated whether the influence of Pol I ac-
tivity on the other two transcriptional machineries was
restricted to rapamycin treatment or whether it was a
general feature of the transcriptional control of genes
encoding ribosome components. Because the stability of
the Pol I–Rrn3 complex was suggested to be a key pa-
rameter for Pol I repression during stationary growth

Figure 4. Attenuation of rapamycin-dependent Pol I transcrip-
tion repression impairs specifically the level of mRNAs encod-
ing r-proteins. Genome-wide analysis of expression levels of
class II genes. Wild-type (WT) or CARA cells were grown in rich
medium to OD600 = 1 (mid–log phase) and further incubated for
60 min with rapamycin (“+ Rapamycin”) or without rapamycin
(“No rapamycin”). Cells were harvested and total RNAs were
extracted. RNAs (20 µg) were labeled by reverse transcription in
the presence of Cy5 dUTP (WT) or Cy3 dUTP (CARA) (see Ma-
terials and Methods) and used to probe a microarray harboring
all yeast ORFs. Results were analyzed using the GeneSpring
software (Silicon Genetics). A scatterplot representation of ex-
pression levels is displayed. Each individual spot corresponds
to a gene, and its location on the diagonal indicates that the
abundance of the corresponding mRNA is similar in both
strains. mRNAs encoding r-protein genes (black spots) are pres-
ent at the same level in untreated WT and CARA cells but are
specifically overrepresented in CARA cells in the presence of
rapamycin (from a threefold to a 13-fold factor, with an average
factor of 7.7).
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phase (Milkereit and Tschochner 1998; Grummt 2003;
Mayer et al. 2004), we might infer from our data obtained
during rapamycin treatment that an attenuation of the
repression of ribosome-component synthesis should be
observed as CARA cells enter post-diauxic growth phase.
To test this hypothesis, we harvested wild-type and
CARA cells either in mid–log phase or at the same stage
of diauxic growth transition (i.e., at the same OD600, the
growth curves of wild-type and CARA culture being
identical) (Supplemental Fig. S1). Pol I activity was as-
sessed by an in vitro transcription assay, primer exten-
sion analysis, and in vivo RNA pulse labeling, whereas
Pol III transcriptional activity was estimated by in vivo
RNA pulse labeling. As expected, we observed that the
repression of Pol I activity was attenuated in CARA cells
compared with wild-type cells and that the level of 5S
rRNA synthesized by Pol III was deregulated to the same
extent (data not shown). Pol II activity was evaluated by
microarray analysis. As reported above, the distribution
of expression ratios for all mRNAs between rapidly
growing wild-type and CARA cells, including those of
r-proteins, was identical (Fig. 7, mid–log phase). During
the diauxic transition, this distribution was unchanged
for the vast majority of mRNAs. In contrast, the genes
encoding r-proteins were significantly more expressed in
CARA cells compared with wild-type cells (Fig. 7, di-
auxic transition), suggesting that the relation between
the level of r-protein gene transcription and Pol I activ-
ity, which was revealed under rapamycin treatment, was
also relevant under physiological conditions.

Discussion

Here, we demonstrate that the regulation of Pol I activity
is a key player for the control of the level of all ribosome

Figure 5. The deregulation of mRNAs encoding r-proteins in
CARA cells during rapamycin treatment is exerted at the tran-
scriptional level. (A,B) Northern blot and primer extension
analyses. Wild-type (WT) or CARA cells were grown in rich
medium to mid–log phase before rapamycin treatment (t = 0
min). At the indicated times, the same number of cells was
harvested and total RNAs were extracted. (A) Northern blot
analyses were performed using probes hybridizing to four r-pro-
tein mRNAs and to the control ACT1 mRNA, as indicated. (B)
Using primer extension analyses, the amount of two r-protein
mRNAs was determined, and the ACT1 mRNA was used as
a control. For both experiments, the decrease in the level of
mRNAs encoding r-proteins is attenuated in CARA cells com-
pared with WT cells, while the level of the control ACT1
mRNA is similarly down-regulated in the two strains (see quan-
tification in Supplemental Fig. S8A,B). (C,D) ChIP analysis of
the occupancy of RPL9a, RPL17a (C) and ACT1, ADH1 (D) pro-
moters by Pol II. Chromatin extracts were prepared from the
same number of WT or CARA cells grown in rich medium to
mid–log phase either in the absence of rapamycin (white histo-
grams) or after a 20-min treatment (gray histograms). ChIP ex-
periments were performed using anti-CTD antibodies. Quanti-
fication was performed by Real-Time PCR, and the occupancy
of the different promoters by Pol II is represented as a percentage
of the occupancy without rapamycin. Standard deviation is cal-
culated from three independent experiments. During rapamycin
treatment, the level of Pol II on the promoters of r-protein genes
is higher in CARA cells than in WT cells, whereas the level of
Pol II on the promoter of the two control genes ACT1 and ADH1
is identical in the two strains.

Figure 6. The excess of ribosomal components in CARA vs.
wild-type cells is assembled into ribosomes during rapamycin
treatment. Quantification of 40S and 60S ribosomal particles.
Rapamycin was added to a mid–log phase culture of wild-type
(WT) or CARA cells grown in rich medium. At the indicated
times, 109 cells were withdrawn, resuspended in a buffer with-
out MgCl2 (see Materials and Methods), and disrupted by vig-
orous vortexing in the presence of glass beads. After clarifica-
tion, the lysate was loaded onto a 5%–35% linear gradient of
sucrose, and 40S and 60S ribosomal particles were separated by
centrifugation under dissociating conditions. Fractions were
collected from the bottom, and the amount of 40S and 60S ri-
bosomal particles was determined by measuring the absorbance
at 254 nm. During rapamycin treatment, the amount of ribo-
somal particles decrease in WT and CARA cells, but this reduc-
tion is strongly attenuated in CARA cells.
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components. Numerous studies have previously investi-
gated the transcriptional repression of genes specifying
ribosome components (r-protein genes, 35S rDNA, and
5S rDNA) in response to different stresses. As mentioned
in the introduction, these studies have reported a con-
comitant down-regulation of the transcription of a selec-
tion of r-protein genes with either 35S rDNA or 5S rDNA
or 35S rDNA concomitantly with 5S rDNA. Such obser-
vations of a concomitant repression led to the proposal
that these genes are subject to coordinated regulation.
Indeed, if a set of genes is coregulated, these genes should
be concomitantly down-regulated under repressive con-
ditions. However, the reverse does not necessarily hold
true. At least two important criteria should be fulfilled
to firmly conclude that two genes are coregulated when
they are concomitantly down-regulated under given re-
pressive conditions. First, this down-regulation should
be selective, i.e., restricted to a limited number of genes.
This requires estimating the regulation of a large number
of genes, if not all. Second, it should be observed in cells
whose physiological state is as close as possible to that of
wild-type cells (i.e., displaying comparable doubling
times). These two criteria were not met in the previous
studies. Here, we attenuated in vivo the rapamycin-
dependent repression of the Pol I transcription (CARA
strain) and investigated the impact of this deregulation
on the level of class II and class III RNAs. Notably, in the

absence of stress, the CARA cells display a wild-type
phenotype. During rapamycin treatment, we observed a
concomitant deregulation of the level of the 5S rRNA
synthesized by Pol III as well as an attenuation of repres-
sion of r-protein gene transcription by Pol II. Impor-
tantly, the concomitant deregulation of Pol II transcrip-
tion was selectively restricted to a very small subset of
class II genes, including all r-protein genes and 19 addi-
tional class II genes (nine specifying proteins involved in
ribosome biogenesis or translation, four encoding pro-
teins of unrelated function, and six corresponding to hy-
pothetical ORFs) (see Supplemental Table S1). These
genes, however, are not systematically deregulated in
CARA cells under all stress conditions (diauxic transi-
tion and tunicamycin treatment, for example; data not
shown), contrary to r-protein genes. Altogether, these re-
sults demonstrate unambiguously for the first time a co-
regulation between the Pol I and Pol II transcriptional
machineries with respect to the synthesis of ribosome
components. Other studies on ribosome assembly have
demonstrated the coordinated regulation at the tran-
scriptional level of >100 genes encoding proteins other
than r-proteins implicated in rRNA processing and ribo-
some assembly, which form the Ribi regulon (Jorgensen
et al. 2004). Remarkably, none of the Ribi regulon genes
was specifically deregulated in CARA cells during rapa-
mycin treatment, demonstrating that the cross-talk be-
tween the Pol I and the Pol II systems is limited to the
synthesis of ribosome components.

Another striking observation made in this study is the
higher level of 5S rRNA in CARA cells compared with
wild-type cells during rapamycin treatment, as judged by
in vivo [3H]-uracil RNA pulse-labeling experiments. In
the particular case of the 5S rRNA, the amount of labeled
RNA is commonly thought to directly reflect the level of
Pol III transcription of the 5S rDNA. Therefore, it is
tempting to conclude that during rapamycin treatment
the repression of 5S rDNA transcription by Pol III was
attenuated in cells where repression of Pol I transcrip-
tion was specifically relieved. Pol III occupancy of the 5S
rDNA gene, monitored by ChIP experiments, does not,
however, support this hypothesis. Upon rapamycin
treatment, the decrease in enzyme occupancy of the 5S
rDNA observed in both CARA and wild-type cells cor-
roborates studies demonstrating a rapamycin-dependent
repression of class III gene transcription by Pol III
(Upadhya et al. 2002; Oficjalska et al. 2006) and con-
firms, in particular, in vitro data showing the repression
of the 5S rDNA transcription under similar conditions
(Zaragoza et al. 1998). Surprisingly enough, we did not
evidence any significant difference in 5S rDNA occu-
pancy by Pol III between CARA and wild-type cells in
the presence of rapamycin. Because recent ChIP analyses
highlighted a correlation between the level of Pol III oc-
cupancy of a gene and its level of expression under dif-
ferent stress conditions (Harismendy et al. 2003; Roberts
et al. 2003; J. Soutourina, pers. comm.), our data suggest
that during rapamycin treatment the attenuated de-
crease of the level of the 5S rRNA in CARA cells does
not result from an attenuation of the transcriptional re-

Figure 7. Pol I activity impacts the transcriptional regulation
of r-protein genes during diauxic growth transition. Genome-
wide analysis of expression levels of class II genes. Wild-type
(WT) or CARA cells were grown in rich medium either to mid–
log phase or 90 min after the end of the log phase at the diauxic
transition (as indicated in Supplemental Fig. S1). After total
RNA extraction, 20 µg of RNAs were labeled by reverse tran-
scription in the presence of Cy5 dUTP (WT) or Cy3 dUTP
(CARA) (see Materials and Methods) and used to probe a micro-
array harboring all yeast ORFs. Results were analyzed using the
GeneSpring software (Silicon Genetics). For all mRNAs, the ra-
tio of expression in CARA cells over WT cells (CARA/WT) was
calculated. These values were transformed to a log2 scale, and
the resulting distribution of ratios is depicted (r-protein genes,
black histograms; non-r-protein genes, white histograms). Dur-
ing the mid–log phase, the distribution of expression ratios for
r-protein genes is centered on zero, indicating that these genes
are similarly expressed in both strains. During diauxic transi-
tion, mRNAs encoding r-protein are significantly overrepre-
sented in CARA cells compared with WT cells.
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pression of the 5S rDNA. Because RNA levels estimated
by in vivo [3H]-uracil RNA pulse-labeling experiments
result from an equilibrium between synthesis, process-
ing, and degradation, we propose that, under rapamycin
treatment, the attenuated decrease of the level of the 5S
rRNA in CARA cells may reflect its stabilization by the
excess of r-protein able to interact with this RNA species
(Ulbrich et al. 1980; Deshmukh et al. 1993).

In conclusion, our results demonstrate that, during
rapamycin treatment, the repression of r-protein gene
expression by Pol II and the decrease of the level of 5S
rRNA were attenuated in cells where repression of Pol I
transcription was specifically attenuated. We evidence
the existence of a cross-talk between the Pol I and the
Pol II transcriptional machineries that is restricted to the
synthesis of ribosome components. While Pol III tran-
scription does not appear to be coregulated with Pol I
activity, the amount of 5S rRNA is concomitantly de-
regulated with that of the 35S rRNA.

Our data support the idea that the regulation of Pol I
activity plays an important role within the control of the
supply of ribosomes components. This suggestion is
reminiscent of the situation observed in Escherichia
coli, where the control of ribosome synthesis depends on
the control of rRNA transcription (Gourse et al. 1996).
Although additional mechanisms linking Pol I activity
to the processing and/or stability of class II and class III
RNAs may exist (Briand et al. 2001), the concept that the
synthesis of r-protein mRNAs by Pol II and the level of
5S rRNA depend, at least under some conditions, on the
level of Pol I activity is consistent with several former
observations: (1) Under certain environmental condi-
tions, rRNA transcription can occur in the absence of
r-protein synthesis (Warner 1999); (2) conditional inacti-
vation of Pol II machinery does not appear to affect di-
rectly Pol I and Pol III activities (Cormack and Struhl
1992); and (3) derepression of Pol III transcription has no
impact on Pol I activity and r-protein gene transcription
(Upadhya et al. 2002). In apparent contrast with this pro-
posal, Pol II transcription was found to be uncoupled in
mutant cells with defective Pol I assembly (Wittekind et
al. 1990). More recently, it was observed that cells were
able to adjust their transcription of the 35S rDNA to a
reduced production of r-proteins in a �fhl1 context
(Rudra et al. 2005). However, in these cases, the data
were obtained in mutant cells whose physiology (i.e., the
cell growth rate) was severely and deleteriously affected.
The concerted regulation of the transcriptional systems
for the supply of the ribosome components demon-
strated in our work does not display such limitations.
Indeed, in the absence of a repressive stimulus (i.e., with-
out rapamycin or during the exponential phase of
growth), CARA cells display a wild-type phenotype (as
evidenced by their doubling time, mRNA expression pat-
tern, and the amount of assembled ribosomal particles
identical to those of isogenic wild-type cells), allowing
the characterization of physiological responses of the
nuclear transcriptional machineries under relevant regu-
latory pressure.

The possibility that Pol I activity is a determinant for

the level of ribosome components raises the important
question of how the cell senses the level of Pol I activity
and how this information is transmitted to Pol II to ad-
just the level of mRNAs encoding r-proteins. Schemati-
cally, at least two generic types of mechanisms can be
envisaged. Firstly, the cell could sense 35 rRNA levels
directly (for example, by titrating parts of the transcript
that are stoichiometrically produced during the process-
ing of the primary transcript) or indirectly (by sensing
the number of activated rDNA promoters or the amount
of activated Pol I molecules). Secondly, given that the
nucleolus appears as a steady-state compartment di-
rectly linked to Pol I transcriptional activity (Mayer and
Grummt 2005), one might hypothesize that the forma-
tion and/or the maintenance of this nuclear territory in-
fluences transcription of nearby genes. In this respect, it
is tempting to speculate that the genes encoding ribo-
somal proteins might be close or linked in some way to
the nucleolus and that their transcriptional activity
might depend on the integrity of the nucleolar structure,
paralleling the situation reported for other class II genes
whose transcriptional state was shown to be dependent
on their nuclear localization (Dernburg et al. 1996; Gera-
simova et al. 2000; Feuerbach et al. 2002). The verifica-
tion or otherwise of these hypothesis would require ex-
haustive studies that should, in turn, be invaluable in
deciphering the complex network of molecular mecha-
nisms controlling the production of ribosome compo-
nents.

Materials and methods

Plasmids, strains, and medium

RRN3 and RPA43 open reading frames were fused using a two-
step PCR strategy. Briefly, RRN3 was amplified by PCR with
the SC46 primer introducing a BamHI restriction site at the 5�

end of RRN3 and the SC47 primer replacing the Stop codon of
RRN3 by a HindIII restriction site and introducing 21 bp of the
5� sequence of RPA43. RPA43 was amplified by PCR with the
SC48 primer introducing 21 bp of the 3� sequence of RRN3 (the
Stop codon being replaced by a HindIII restriction site) at the 5�

end of RPA43 and the SC49 primer introducing a EcoRI restric-
tion site at the 3� end of RPA43.

SC46: 5�-TCAGCGGGATCCATGATGGCTTTTGAGAATA
CAAG-3�

SC47: 5�-GGCTCTTTTTACTTGTGACATAAGCTTGTCAT
CCGACCCATCACTTTC-3�

SC48: 5�-GAAAGTGATGGGTCGGATGACAAGCTTATGT
CACAAGTAAAAAGAGCC-3�

SC49: 5�-TCAGCGGAATTCCTAATCACTATCACTCGATT
CACC-3�

The two PCR products were mixed and used as a template for
a second-step PCR using SC46 and SC49 as primers. The final
PCR product was cloned between the BamHI and EcoRI restric-
tion sites of the yeast expression vector pGEN (2 µ, TRP1, PGK1
promoter) to give the pGEN-RRN3-RPA43 plasmid. CARA
strain was obtained by transforming the YPH500 strain (Sikor-
ski and Hieter 1989) with the pGEN-RRN3-RPA43 plasmid and
disrupting the endogenous RRN3 (�rrn3�his5+) and RPA43
(�rpa43�kanr) genes by homologous recombination (Longtine
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et al. 1998). The control strain, considered as the wild-type
strain, was constructed by transforming the YPH500 strain with
an empty pGEN vector. The level of expression of the fusion
protein and of the endogenous A43 subunit was monitored by
Western blot analysis (Supplemental Fig. S9). For 5S rDNA ChIP
experiments, a 3HA-tag was introduced at the C terminus of the
C160 subunit of Pol III by homologous recombination (Longtine
et al. 1998).

Cells were grown in YPD medium at 30°C. Doubling times of
wild-type and CARA cells are identical (92 min; see Supplemen-
tal Fig. S1). Rapamycin (Sigma) was used at a final concentra-
tion of 0.1 µg � mL−1 for Pol I purification experiments and of
0.5 µg � mL−1 in other experiments.

Protein purifications and analyses

Pol I purification and Western blot analysis using polyclonal
anti-Pol I and anti-A43 antibodies were performed as described
(Riva et al. 1982; Peyroche et al. 2000). Treated for 30 min with
rapamycin or not, yeast cells were harvested in mid–log phase
(OD600 = 1.5). Specific in vitro transcription assays using par-
tially purified extracts (PA600) was prepared as previously de-
scribed (Milkereit and Tschochner 1998). Add-back experi-
ments were performed by addition of 200 ng of purified Pol I to
the inactive PA600 extract prepared from wild-type cells treated
with rapamycin.

RNAs extraction and analyses

For total RNAs extraction, 108 cells from mid–log phase culture
were recovered by centrifugation, resuspended in 0.5 mL of AE
buffer (50 mM sodium acetate buffer at pH 5.3, 10 mM EDTA)
with 1% sodium dodecyl sulfate, and mixed with an equal vol-
ume of acid-buffered phenol (equilibrated in AE buffer). Cells
were disrupted by vortexing (1 min) at room temperature,
heated at 65°C for 5 min and frozen at −80°C. After thawing at
room temperature, samples were centrifuged (15,000g, 5 min,
room temperature) and 0.45 mL of the aqueous phase was re-
covered. An equal volume of phenol-dichloromethane-isoamyl
alcohol (25:24:1) was added, and samples were vortexed at room
temperature before being centrifuged (15,000g, 5 min, room
temperature). The aqueous phase was recovered, and nucleic
acids were precipitated by the addition of 2.5 vol of ethanol and
0.1 vol of 3 M sodium acetate (pH 5.3). The pellet was rinsed
with 80% ethanol and dissolved in 40 µL of RNase-free water
treated with diethyl pyrocarbonate.

For pulse-labeling experiments, total RNAs were labeled for
20 min by adding 150 µCi of [5,6-3H]-uracil (1 mCi � mL−1) to
cells in 5 mL of YPD medium as described (Hermann-Le Den-
mat et al. 1994). For each point of the time-course analysis, 3 µg
of total RNAs was analyzed (note that the amount of total
RNAs extracted from the same number of wild-type and CARA
cells decreased during the rapamycin treatment, but that for
each point of the time-course analysis this amount was identi-
cal for the wild-type and the CARA cells).

For primer extension and Northern blot experiments, total
RNAs extracted from 5 × 106 cells in mid–log phase were ana-
lyzed at each point of the time-course analysis.

Primer extension experiments were performed as described
(Claypool et al. 2004) using the following oligonucleotides as
primers:

35S rRNA: 5�-ACACGCTGTATAGACTAGGC-3�

RPL30: 5�-CACAGTCATGGAGAAGCATCC-3�

RPS6a: 5�-CGCCACAAACGCATCAATTAG-3�

ACT1: 5�-GATGCCAGATCTTTTCCATATCGTCCC-3�

Northern blot analyses were performed using 300-bp DNA
probes generated by PCR on genomic DNA with the following
oligonucleotides:

5�-RPL30: 5�-AATCCCAAGAATCTATCAACC-3�

3�-RPL30: 5�-AGCCAAGGTGGTCAAGATATC-3�

5�-RPS6A: 5�-GAAGCCGTTGGTGACGAATTC-3�

3�-RPS6A: 5�-GCTCTCTTTGGACCCAATCTC-3�

5�-RPL7A: 5�-TGAACCATACGTTGCTTACGG-3�

3�-RPL7A: 5�-TTACCGAAAGAACCACCTTGG-3�

5�-RPL5: 5�-TCACTGGTGATGTCGTCTTAG-3�

3�-RPL5: 5�-CGTCAGAAGCACCCTTTAGAG-3�

5�-ACT1: 5�-CAAGACACCAAGGTATCATGG-3�

3�-ACT1: 5�-TTGGATGGAAACGTAGAAGGC-3�

PCR products were labeled with �[32P]dCTP by random prim-
ing (Kit Prime-it II, Stratagene).

For microarray experiments, wild-type or CARA cells were
either harvested at mid–log phase (OD600 = 1.0) or after an ad-
ditional hour in the presence of rapamycin, or 90 min after the
end of the log phase (during the diauxic transition). Microarray
analyses were performed as described (Fauchon et al. 2002). Hy-
bridized microarrays were scanned using a GenePix 4000A scan-
ner (Axon Instruments, Inc.), and fluorescence ratio measure-
ments were determined with the GenePix Pro 3.0 software
(Axon Instruments, Inc.). To account for dye swap, the signal-
channel and control-channel measurements for duplicated
samples were reversed. A scaling factor was calculated and ap-
plied in each microarray experiment so that the median ratio
value of all experiments was equal to 1. Data analysis was per-
formed using GeneSpring software (Silicon Genetics).

Chromatin immunoprecipitation

Chromatin immunoprecipitations were performed essentially
as described (Kuras and Struhl 1999). A total of 50 mL of wild-
type and CARA yeast cultures treated (20 min) or not with
rapamycin were harvested in mid–log phase (OD600 = 1.0) and
fixed with 1% formaldehyde for 10 min at room temperature.
Glycine was added to a final concentration of 0.4 M and incu-
bation continued for 5 min. Cells were collected by centrifuga-
tion, washed once with cold 20 mM Tris-HCl (pH 8.0) and once
with cold FA-lysis buffer (50 mM Hepes-KOH at pH 7.5, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium de-
oxycholate, 0.1% SDS, 1 mM PMSF), and resuspended in 500 µL
of cold FA-lysis buffer. A volume of 750 µL of glass beads (425–
600 microns Glass Beads, Sigma) was added, and cells were dis-
rupted by vortexing for 15 min at 4°C. The lysate was diluted
into 1.4 mL of cold FA-lysis buffer and the glass beads were
discarded as described (Strahl-Bolsinger et al. 1997). The cross-
linked chromatin was pelleted by centrifugation (15,000g,
20 min, 4°C), washed with 1.6 mL of cold FA-lysis buffer for 1
h at 4°C, resuspended in 1.6 mL FA-lysis buffer after centrifu-
gation, and sonicated to yield an average DNA fragment size of
400 bp (range 100–1000 bp). Finally, the samples were com-
pleted with 0.4 mL of cold FA-lysis buffer and clarified by cen-
trifugation (15,000g, 30 min, 4°C).

Chromatin extract (500 µL) was incubated either with mono-
clonal anti-CTD antibodies (8WG16, Abcam) or monoclonal
anti-HA antibodies (12CA5) coupled to Dynabeads pan mouse
IgG (Dynal) or polyclonal anti-A190 antibodies (Riva et al. 1982)
coupled to Dynabeads sheep anti-rabbit IgG (Dynal). After 2 h at
RT, beads were washed once with 1.4 mL of FA-lysis buffer,
three times with 1.4 mL of FA-lysis buffer with final concen-
tration of 500 mM NaCl, once with 1.4 mL of 10 mM Tris-HCl
(pH 8.0), 250 mM LiCl, 1 mM EDTA, 0.5% IGEPAL CA630
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(NP-40), 0.5% sodium deoxycholate, and once with 1.4 mL of
TE (10 mM Tris-HCl at pH 8.0, 1 mM EDTA). Immunoprecipi-
tated material was eluted from the beads by heating for 20 min
at 65°C in 125 µL of 25 mM Tris-HCl (pH 7.5), 5 mM EDTA,
0.5% SDS. After recovering, the cross-link was reversed by in-
cubating the samples with 1 mg � mL−1 of Pronase (Roche) for 1
h at 37°C and then overnight at 65°C. Samples were treated
with 25 µg � mL−1 of RNase (Eurogentec) for 1 h at 37°C, and
then DNA was purified using a Qiaquick spin column (Qiagen).

Immunoprecipitated and total DNA samples were quantified
in triplicate by real-time PCR using the Platinum SYBR Green
kit (Invitrogen) and the 7300 real-time PCR System (Applied
Biosystems). Sequences of the oligonucleotide primers are avail-
able upon request. The relative IP value for a given locus is
expressed as a percentage of the occupancy without rapamycin
and was calculated as the ratio between the IP signal and the
respective total DNA signal to correct for variation between
different samples and primer pairs.

Ribosomal particles analyses

During rapamycin treatment, 109 cells were harvested every 60
min, pelleted by centrifugation, and resuspended in 1 mL of
dissociating buffer (without MgCl2) (50 mM Tris-HCl at pH 7.5,
50 mM NaCl, 1 mM DTT) before addition of glass beads
(0.5 mL, 425–600 microns Glass Beads, Sigma). Cells were dis-
rupted by vortexing at 4°C (10 times, 20 sec), and the recovered
lysate was clarified by centrifugation (15,000g, 10 min, 4°C).
The lysate (0.4 mL) was loaded onto a 5%–35% linear gradient
of sucrose (Foiani et al. 1991) and ribosomes particles were sepa-
rated by centrifugation (38,000 rpm, 4 h, 4°C) using a Beckman
SW41 rotor. Ribosome particles were quantified by measuring
the A254 of fractions collected from the bottom of the gradient.
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