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ABSTRACT

A secretory defect causes specific transcriptional
repression of both ribosomal protein and ribosomal
RNA genes, suggesting the coupling of plasma
membrane and ribosome syntheses. We previously
reported that the rap7-17 allele, which produced
C-terminally truncated Rapip, derepressed tran-
scription of ribosomal protein genes when the secre-
tory pathway was blocked. In this paper, we
demonstrate that the rap7-17 mutation also leads to
significant attenuation of transcriptional repression
of rRNA genes due to a secretory defect. In contrast,
the rap1-2 temperature-sensitive allele containing a
unique missense mutation in the middle of the
coding sequence has only a weak effect on repres-
sion. These results suggest that the C-terminal
silencing domain of Rap1p is required for transcrip-
tional repression of rDNA in response to a secretory
defect. We also demonstrated that transcriptional
regulation of ribosomal protein genes in response to
nitrogen limitation was not affected by the rap1-17

Table 1. Yeast strains used in this study

allele, suggesting that the mechanism of nitrogen
response is distinct from that of the secretory
response.

INTRODUCTION

The yeast ribosome consists of four rRNAs and 78 ribosomal
proteins (RP), which are encoded by 100-200 copies of rRNA
genes and 137 genes for 78 RP per haploid cell. Nevertheless,
the transcription of these genes appears to be coordinately
regulated in response to various kinds of stresses and environ-
mental changes (1). Recent genome-wide analysis also
suggested that almost all RP genes were coordinately regulated
in response to heat shock (2). A defect in the secretory pathway
causes transcriptional repression of the three sets of genes,
rRNA genes by RNA polymerase I (3), RP genes by RNA
polymerase II (3) and 5S rRNA genes and tRNA genes by
RNA polymerase III (4). This coupling of the secretion
pathway and ribosome synthesis apparently arises through
feedback from stretch sensors within the plasma membrane/
cell wall, as the plasma membrane is stressed by the increase in
cell mass without the possibility of a concomitant increase in

Strain Genotype Source or reference
W303a MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trp1-1 canl-100 R.Rothstein
KMO11 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpl-1 canl-100 rapl::LEU2 slyl [pRS313-RAP1] (6)

KMO013 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpl-1 canl-100 rap1::LEU2 slyl [pRS313-rap1-17] (6)

KMO014 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpl-1 canl-100 rap1::LEU2 [pRS313-RAP1] (6)

KMO016 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpI-1 canl-100 rap1::LEU2 [pRS313-rap1-17] (6)

KMO017 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpl-1 canl-100 rap1::LEU2 [pRS313-RAP1-HA] This study
KMO019 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpl-1 canl-100 rap1::LEU2 slyl [pRS313-RAP1-HA] This study
KM326 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpl-1 canl-100 rapl::LEU2 [pRS313-rap1-17-HA] This study
KM327 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpl-1 canl-100 rap1::LEU2 slyl [pRS313-rap1-17-HA] This study
KM309 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpl-1 canl-100 rapl::LEU2 [pRS413-rap1-2] This study
KM328 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpl-1 canl-100 rap1::LEU2 [pRS313-RAPI1, pRS414-ADE2-URA3] This study
KM329 MATa his3-11,15 ade2-1 ura3-1 leu2-3, 112 trpl-1 canl-100 rap1::LEU2 [pRS313-rap1-17, pRS414-ADE2-URA3] This study
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plasma membrane (4). As a candidate member of the signaling
pathway, we cloned RRSI and demonstrated that Rrs1p has a
role in 25S rRNA maturation and 60S ribosomal subunit
assembly (5). This suggested that the molecular mechanism of
signaling is closely related to that of normal ribosome biogenesis.

We previously demonstrated that the C-terminal region of
Raplp was also essential for transcriptional repression of RP
genes due to a secretory defect; a C-terminally truncated allele
of RAP1, rap1-17, caused substantial attenuation of repression
(6). Rapl is a relatively abundant, multifunctional protein in
yeast. It is involved in both transcriptional activation and
silencing. Transcription of many genes are regulated by
Raplp: the majority of RP genes, glycolytic genes, such as
PGK]I and PYKI, and others. The C-terminal region of Rapl
interacts with Rif proteins and Sir proteins and is implicated in
both silencing and telomere length (7-9). Recent studies
revealed that Rap1p has a function for chromatin opening (10).
Transcription of most RP genes is dependent on Raplp,
although a few RP genes, such as RPL3, have an Abflp
binding site but not a Rap1p-binding site upstream. Neverthe-
less, we showed that Rapl1p is responsible for the repression of
both sets of RP genes due to a secretory defect, suggesting that
the repression does not necessarily require a Raplp binding
site within the upstream activating sequence (UAS) (6).

Here we demonstrate that Raplp is responsible for the
repression of rRNA genes as well, indicating yet another role
for this remarkable protein.

MATERIALS AND METHODS

Yeast strains, media and plasmids

The yeast strains used in this study are listed in Table 1. Yeast
cells were grown in YPD (1% yeast extract, 2% peptone, 2%
glucose)-rich medium, synthetic complete medium containing
2% glucose (SC) or SC dropout medium depending on the
plasmid markers (11). Nitrogen-starvation medium (SC-N)
contained 2% glucose and 0.17% Yeast Nitrogen Base without
amino acids and without ammonium sulfate. Yeast transforma-
tion was performed by a lithium acetate procedure (12). For
epitope-tagging, an Nhel site was introduced by PCR into
pRAPI1 (6) just after the initiation codon. The DNA cassette
encoding three copies of the nine-amino acid influenza virus
hemaggulutinin (HA) epitope was obtained by the digestion of
pYT11 (13) with Nhel and was inserted in-frame into the Nhel
site of pRAPI. The digested DNA fragment including epitope-
tagged RAPI was subcloned into pRS313 (14), designated
pRS313-RAPI1-HA. pRS313-rapl-17-HA was constructed by
replacing the Sacl-Sphl region of pRS313-rapl-17 (6),
including the upstream region and part of the ORF, with the
corresponding region of pRS313-RAP1-HA. A plasmid
containing the rapl-2 allele in pRS413 was generously
provided by H. Uemura (National Institute of AIST, Japan).

Northern blot analysis

Northern blot analysis was carried out using 1.5% agarose gels
as described previously (3,15). 32P-labeled probes for mRNAs
were prepared by random priming and a 32P-labeled oligo-
nucleotide probe for snoRNA U3 was prepared using poly-
nucleotide kinase. Northern blots were hybridized with
32P-labeled probes and radioactivity of each band was quantified
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Figure 1. Transcription of rDNA is repressed apparently earlier than that of RP
genes in response to a secretory defect. Wild-type cells (W303a) were grown
to early log phase in SC-Met medium at 30°C and treated with tunicamycin
(2.5 pg/ml). Each culture at the indicated times was taken for (A) pulse-chase
analysis with [methyl-*H] methionine or (B) northern analysis. (C) Closed
circle, incorporation of [*H] into RNA [as in (A)]; square, open circle and
triangle, levels of mRNA for RPL28, RPL7 and RPL3, respectively [as in (B)].
Nomenclature of RP genes follows Mager et al. (18).

using BAS-1800 (Fuji Photo Film Co.). The radioactivity was
normalized by the level of snoRNA U3.

[Methyl-H]methionine pulse-chase analysis

[Methyl-*H]methionine pulse-chase analysis was carried out as
previously described (16). Total RNA was prepared and 20 g



of each sample was analyzed by electrophoresis and blotted to
a Nytran membrane. The blot of the upper portion of the gel
was sprayed with En*Hance (NEN) and exposed to a film for 4
days. The blot of the lower portion was probed for snoRNA
U3. Incorporation of [*H] into RNA was determined by
counting the radioactivity of TCA precipitates in a liquid
scintillator.

Western blot analysis

Western blotting followed standard techniques, and signals
were visualized by Enhanced Chemiluminescence (Amersham).

RESULTS

Transcriptional repression of rDNA appears not to be
secondary event following that of RP genes in response to a
secretory defect

A secretory defect causes transcriptional repression of both
rRNA and RP genes (3). In order to elucidate the relationship
between these two sets of the repression, the time-courses of
transcriptional repression of rRNA genes and that of RP genes
were compared with each other when the secretory pathway
was blocked by addition of tunicamycin. We detected the
synthesis and processing of rRNA by [methyl-*H]methionine
pulse-chase analysis, since newly synthesized precursor rRNA
is methylated immediately (17). Northern analysis and
[methyl-3H]methionine pulse-chase analysis showed that tran-
scription of RP genes and that of rRNA genes were gradually
repressed after addition of tunicamycin (Fig. 1A and B),
consistent with previous data (3). Comparison of data from
northern blot and [methyl->H]methionine pulse suggest that
transcription of rDNA was repressed at the same time or
slightly earlier than that of RP genes (Fig. 1C, see Discussion).
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The rap1-17 mutation leads to attenuation of
transcriptional repression of rDNA as well as that of RP
genes due to a secretory defect

We previously reported that the C-terminal silencing domain
of Raplp is required for transcriptional repression of RP genes
in response to a secretory defect. This is true for both
Raplp-dependent and -independent RP genes, suggesting that
the Raplp-binding element of the RP gene upstream is not
required (6). Thus, we examined whether the rapl-17 muta-
tion, a C-terminally truncated allele of RAP1, had any effect on
the repression of rDNA as well. As shown in Figure 2A, a
secretory defect by shifting a temperature-sensitive sly/
mutant, which is defective in endoplasmic reticulum-to-Golgi
trafficking (3,19), to the restrictive temperature led to strong
repression of rDNA transcription (lanes 4-6 and 13-15),
consistent with the previous data (3). On the other hand, in
rapl-17 mutant cells, a secretory defect did not cause repres-
sion of rDNA transcription (lanes 10-12 and 16-18), indi-
cating that the rapl-17 mutation also affects the signaling
pathway from a secretory defect to the repression of rDNA
transcription. A similar result was obtained after inhibiting the
secretory pathway with tunicamycin (Fig. 2B), indicating that
the effect of rapl-17 is not specific to the slyl allele.

Protein concentration of neither wild-type nor C-
truncated form of Rap1p changes due to a secretory defect

In order to compare the expression between wild-type and
mutant Raplp when the secretory pathway is blocked, three
tandem copies of a sequence encoding an epitope from the
influenza virus HA protein was inserted just after the initial
codon of RAPI or rapl-17. Each of the fused genes was
subcloned into a CEN-plasmid, pRS313. The plasmid
containing either RAPI-HA or rap1-17-HA could complement
the lethality of the rapl null mutation (data not shown).
The HA-tagged wild-type protein and C-truncated protein,
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Figure 2. The rap1-17 mutation affects the transcriptional repression of rDNA due to a secretory response. (A) Strains KMO11 (slyl RAP1, lanes1—6 and 13-15)
and KMO13 (sly! rap1-17,lanes 7—12 and 16—18) were grown to log phase (ODy, = 0.5—0.6) in SC-Met medium at 25°C. One-third of the culture was shifted to
33 or 36°C for 90 min. (B) Strains KM014 (SLY! RAP1, lanes 1—6) and KMO16 (SLY! rapl-17, lanes 7—12) were grown in SC—Met medium at 25°C. Half of the
culture was treated with tunicamycin at a final concentration of 1 pLg/ml for 4 h at 25°C. Each culture was pulsed with [methyl-*H]methionine and chased with non-
radioactive methionine. Samples were taken at the time of addition of cold methionine (¢ = 0) and after a chase time of 3 or 10 min to prepare total RNA.
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designated Rapl-HA and rapl-17-HA, were detected as 104-
and 87-kDa bands on SDS—polyacrylamide gel, respectively
(data not shown). These are considerably larger than the
predicted molecular weights of the proteins as previously
described for Raplp without tag (6). The protein level of
neither Rap1-HA nor rapl-17-HA changed in response to a
secretory defect, indicating that the effect of the rapi-17 muta-
tion was not due to a change in concentration of the products
(data not shown). It is noteworthy that the stability of the trun-
cated protein appears to be similar to that of the wild-type
protein.

The rap1-2 mutation has only a weak effect on
transcriptional repression of both rRNA and RP genes due
to a secretory defect

To determine whether the effect of the rapl mutation is
specific to the rapl-17 allele or not, we used the rapl-2
mutant, in which DNA-binding activity was heat labile,
leading to a temperature-sensitive phenotype (20). The rapi-2
allele has a missense mutation, A458T. Although the rapI-17
cells are not temperature-sensitive, they grow more slowly
than wild-type cells. We set up experimental conditions under
which the two kinds of rapl mutant cells have similar growth
defect. As at 33°C, rapl-2 and rapl-17 strains grew at a
similar rate (Fig. 3A) and thus the cells were cultured at 33°C
to examine the secretory response. Induction of a secretory
defect by addition of tunicamycin shows that, compared to the
effect of the rapl-17 allele, the rapi-2 allele had only a weak
effect on the repression of both IDNA and RP gene transcrip-
tion in response to a secretory defect (Fig. 3B and C). These
results suggest that the C-terminal region of Raplp is impor-
tant for the signaling.

The rap1-17 allele does not affect transcriptional
regulation of RP genes in response to N-starvation

We previously demonstrated that the rap-17 allele affects the
secretory response but not heat shock response (6). As it is
known that ribosome synthesis is also regulated by limitation
and re-addition of nitrogen source (21), we next examined the
effect of rapl-17 on N-starvation and ammonium chloride
addition to a N-starved cells. As shown in Figure 4, the rap1-17
allele had little effect on the repression of RP gene transcrip-
tion in response to N-starvation as well as induction by
addition of ammonium chloride. These results suggest that the
signaling pathway in response to a secretory defect is distinct
from the nitrogen regulation.

DISCUSSION

As a large number of ribosomes are synthesized in growing
cells, its regulation is essential for the normal growth of the
cells, especially in microorganisms (22). Indeed, ribosome
biosynthesis in yeast is regulated in response to various kinds
of environmental changes such as carbon-source upshift
(23,24), mild heat shock (25,26), amino acid starvation (27),
nitrogen limitation (21) and a secretory defect (3,28). Recently
we described that Rrslp, which was an essential nuclear
protein required for pre-rRNA processing/ribosomal subunit
assembly, had an important role in the signaling due to a
secretory defect (5). This suggests that pre-rRNA processing/
ribosomal subunit assembly is related to regulation of rRNA
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Figure 3. The rapl-2 allele has only weak effect on the secretory response.
Strains KMO14 (RAPI, square), KMO16 (rapl-17, triangle), and KM309
(rapl-2, circle) were grown in SC-Met medium at 30°C overnight, diluted and
shifted to 33°C. (A) Growth curves at 33°C. (B) [Methyl-*H]methionine pulse-
chase analysis before and after the secretory block. The cells were grown for
2.5 h at 33°C and half of the culture was treated with 2.5 pg/ml tunicamycin
for 4 h. Each culture was pulsed for 3 min with [methyl-*H]methionine and
chased with non-radioactive methionine. Samples were taken at the time of
addition of cold methionine (¢ = 0) and after a chase time of 10 min to prepare
total RNA. (C) Northern analysis before and after the secretory block. The
cells were grown for 2.5 h at 33°C and half of the culture was treated with
2.5 pg/ml tunicamycin. Samples were taken to prepare total RNA.

synthesis. Fath er al. (29) isolated nucleolar subcomplexes
active for both transcription and processing of rRNA and
proposed the idea that synthesis and processing of rRNA are
coupled. The idea is consistent with our model and suggests



Nucleic Acids Research, 2001, Vol. 29, No. 16 3301

RAP1 rap1-17
SC-N¢(thy 0 1 2 4 6 8 0o 1 2 4 6 8
+NH4CI (min) 0 15 30 60 0 15 30 60
RPL26 | atts (M. e
e [ 0 T s (@ -
s [ s oo o B | W o o AR
U | - - - o S S s s

9 i0 11 12 13 14 15 16 17 18

Figure 4. The rap1-17 allele has little effect on N-starvation response. Strains KM328 (RAP1) and KM329 (rap1-17) were grown to ODgy, = 0.3-0.4 in SC medium
at 25°C, harvested by filtration and resuspended in SC—N medium. The culture was incubated at 25°C until >95% of the cells were unbudded (for 8 h), at which
time ammonium chloride was added to a concentration of 5 g/l. Samples were taken 1, 2, 4, 6 and 8 h after shifting of the cells to SC—N medium prior and at 15,
30 and 60 min after nitrogen addition to prepare total RNA. Northern blots were hybridized to the probes specific for ribosomal proteins (RPL28, RPL7 and RPL3)

or snoRNA U3.

that transcriptional repression of rRNA genes might be a
primary event in secretory signaling. This urged us to deter-
mine the timing of these two sets of transcriptional repression.
rRNA synthesis measured by [methyl-*H]methionine pulse
declined apparently earlier than mRNA level of RP genes by
15-30 min (Fig. 1). Considering that the half-life of RP mRNA
is 5-9 min (30), it is estimated that transcription of rRNA
synthesis is repressed at the same time or slightly earlier than
that of RP genes.

Most RP genes are driven by Rapl-binding site(s) (31). A
few RP genes including RPL3 have no site for Rap1, but have
a single Abfl-binding site instead (32-34). Nevertheless, the
transcription of all the RP genes appears to be coordinated in
the several experimental conditions. A secretory defect also
causes the coordinated repression of RP genes (3). We previ-
ously showed that transcriptional repression of both RPL28
(Rapl-driven) and RPL3 (Abf1-driven) was diminished by the
C-terminally truncated rap-17 mutation (6). Furthermore, not
only the Raplp binding sites, but also promoter proximal
regions of a RP gene can mediate repression of transcription in
response to a secretory defect (30). These results suggest that
Raplp is essential for the repression in response to a secretory
defect, but that Raplp-binding sites are not necessary as
cis-acting elements for repression. In this paper, we have
demonstrated that the rapl-17 mutation attenuated transcrip-
tional repression of both genes encoding RP and rRNA. It is
interesting that different classes of promoters were defined by
their transcriptional requirement for TATA-binding protein
(TBP)-associated factors (TAFs) and many RP genes were
classified to have TAF-dependent promoter (35).

It has been suggested that transcriptional repression of pol I,
II and III genes due to a secretory defect requires the cell integrity
pathway including the Wsc family of putative plasma
membrane sensors and protein kinase C (Pkclp) (4,36). We
have shown that RAPI is required for the repression of tran-
scription of both rRNA and RP genes. In contrast, it was
reported that the rapl-17 mutation did not affect repression of
transcription of pol III genes (4), suggesting that the signaling
pathway due to a secretory defect diverges downstream of
Pkclp. Also, the target of Pkclp in this signaling pathway

remains to be elucidated; it was suggested that the signaling
pathway was not mediated by the downstream mitogen-
activated protein kinase cascade (36). Raplp is one of the
candidates that are phosphorylated by Pkclp in response to a
secretory defect; it was suggested that phosphorylation might
affect its binding to and/or transcriptional activity of Raplp
(37,38). However, simple modification of Rap1 activity cannot
explain the repression of RP transcription, because not only RP
genes but also other genes such as glycolytic genes are
controlled by Rap1p and because RP genes without Rapl sites
upstream are repressed in response to a secretory defect as
mentioned above.

The rap1-2 allele had only a weak effect on the repression of
rDNA transcription due to a secretory defect, suggesting that
the C-terminal silencing domain of Raplp is important for
repression (Fig. 3). Raplp has a direct role in silencing at HM
mating-type loci and telomeres. A balance between silencing at
HM loci and telomeres is maintained by telomere length and by
interactions between the C-terminal domain of Raplp and Sir-
proteins (39). The rapl-17 allele affects silencing of HM loci
and telomere length. As Sir-proteins appeared not to be impli-
cated in this repression (30), it is unlikely that a defect in inter-
action between Raplp and Sir-proteins in rapl-17 is
responsible for its effect on the repression. However, we
cannot deny the possibility that some factor whose activity or
localization is influenced by the status of the telomeres may be
involved in the repression.

There is increasing evidence for acetylation/deacetylation of
histones on conserved lysine residues within N-terminal tails
modifying activities to specific promoters. Esalp, essential
histone acetylase in yeast, is the catalytic subunit of the NuA4
(nucleosome acetyl-transferase of histone H4) complex that
acetylates histone H4 and H2A (40). It has recently been
reported that Esalp is specifically recruited to RP promoters,
suggesting that Esalp recruitment to RP promoters correlates
with coordinate regulation of RP genes in response to growth
stimuli. Specifically, the decrease in RP transcription that
occurs under condition of heat shock or amino acid starvation
is accompanied by a corresponding decrease in Esalp
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occupancy at RP promoters (41). It remains to be seen whether
Esalp is implicated in the secretory response.

The detailed mechanism of transcriptional repression of both
rRNA and RP genes in response to a secretory defect remains
to be elucidated. However, we showed that regulation of rRNA
transcription is important in the mechanism and that Rap1p has
an essential role. As far as we know, this is the first demonstra-
tion of the role of Rap1p on Pol I transcription.
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