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Nutrient starvation promotes condensin loading

to maintain rDNA stability
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Nutrient starvation or rapamycin treatment, through
inhibition of target of rapamycin, causes condensation
of ribosomal DNA (rDNA) array and nucleolar contraction
in budding yeast. Here we report that under such condi-
tions, condensin is rapidly relocated into the nucleolus
and loaded to rDNA tandem repeats, which is required for
rDNA condensation. Rpd3-dependent histone deacetyla-
tion is necessary and sufficient for condensin’s relocaliza-
tion and loading to rDNA array, suggesting that histone
modification plays a regulatory role for condensin target-
ing. Rapamycin independently, yet coordinately, inhibits
rDNA transcription and promotes condensin loading to
rDNA array. Unexpectedly, we found that inhibition of
rDNA transcription in the absence of condensin loading
leads to rDNA instability. Our data suggest that enrich-
ment of condensin prevents rDNA instability during
nutrient starvation. Together, these observations unravel
a novel role for condensin in the maintenance of regional
genomic stability.
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Introduction

Control of cell growth requires that cells rapidly change their
protein biosynthetic capacity by altering ribosome concentra-
tion in response to nutrient availability. In budding yeast, this
is accomplished by regulating the transcription of ribosomal
protein (RP) and ribosomal RNA (rRNA) genes, which re-
present over 90% of total transcription (Warner, 1999; Moss,
2004; Rudra and Warner, 2004). In budding yeast, there are
on average 150 tandem copies of TRNA genes located on
chromosome XII. In addition to encoding for 35S and 5S
rRNAs, ribosomal DNA (rDNA) array serves as an organizer
of the nucleolus. rDNA array is unique in two ways: first, it is
the most highly transcribed region of the genome; second, it
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is intrinsically unstable because of the highly repetitive
nature that makes it an easy target for homologous recombi-
nation. Extrachromosomal rDNA circle (ERC) is a hallmark
for the instability of rDNA repeats. When there is a double-
strand break at rDNA, the free DNA end will invade a
complementary sequence within rDNA array. After recombi-
nation, this may lead to the formation of an ERC containing
varying number of rDNA repeats, depending on which repeat
is being paired, and a loss of the same number of repeats
from rDNA array. Under normal conditions, nevertheless,
rDNA array remains stable, as indicated by its relatively
stable size and lack of detectable ERCs. Under certain patho-
logical situations such as aging, however, the number of
rDNA repeats can fluctuate, which is accompanied by ERC
accumulation as the recombination by-product. Mutations in
genes such as SIR2, TOP1/2 and RPA135 are known to cause
formation of ERCs and/or shrinkage of rDNA array (Brewer
et al, 1992; Kaeberlein et al, 1999).

Condensation of chromosomal DNA is pivotal for chromo-
some segregation and accurate transmission of genetic in-
formation during cell divisions. Chromosome condensation
is mediated by a highly conserved protein machinery called
condensin, an abundant non-histone component of the me-
taphase chromosomes, which belongs to the structural main-
tenance of chromosomes (SMC) protein family (Milutinovich
and Koshland, 2003; Legagneux et al, 2004; Hirano, 2005).
Condensin is a large five-subunit complex with two core
components of Smc2 and Smc4, and three non-SMC subunits
called Brnl, Ycs4 and Yes5/Ycgl in yeast (Legagneux et al,
2004; Hirano, 2005). Both genetic and biochemical evidences
indicate that condensin is critical for mitotic chromosome
compaction and segregation. For example, mutations in
different condensin subunits block chromosome condensa-
tion and subsequent chromosome segregation (Strunnikov
et al, 1995; Lavoie et al, 2000; Ouspenski et al, 2000; Bhalla
et al, 2002). In a Xenopus in vitro chromosome assembly
assay, antibody blocking or immunodepletion of condensin
subunits abrogates mitotic DNA condensation (Hirano and
Mitchison, 1994). Condensin compacts DNA in an ATP-
dependent manner: the binding of condensins to DNA
in vitro in the presence of ATP introduces global positive
writhe and produces positive supercoils (Kimura and Hirano,
1997; Kimura et al, 1999). A recent study with a single DNA
molecule nanomanipulation technique shows in real time
that condensin is able to physically compact DNA in the
presence of ATP (Strick et al, 2004). In budding yeast,
condensin is especially important for promoting the conden-
sation and resolution of rDNA sister chromatids at anaphase
(D’Amours et al, 2004; Sullivan et al, 2004; Wang et al, 2004).
This process requires the Cdc14 phosphatase, but the mecha-
nism is still unclear. More recently, condensin mutations have
been found to affect non-mitotic/meiotic events linked to
chromatin dynamics such as transcriptional repression
and recombination (Hirano, 2005). However, more direct
evidence is needed to rule out the possibility that global
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defects in chromatin structure are responsible for these
diverse phenotypes observed in the condensin mutants.

Target of rapamycin (TOR) is a key regulator of ribosome
biogenesis in yeast and mammals in response to nutrient
conditions (Schneper et al, 2004; Tsang and Zheng, 2004).
TOR regulation of ribosome biogenesis involves all three RNA
polymerases, and inhibition of TOR by rapamycin or starva-
tion leads to a rapid decrease in the expression of ribosomal
genes, including 35S rRNA (by Pol I), RP (by Pol II) and 5S
rRNA (by Pol III) (Zaragoza et al, 1998; Powers and Walter,
1999). We have recently observed that nutrient starvation or
rapamycin treatment rapidly causes rDNA condensation and
nucleolar contraction (Tsang et al, 2003). Here we present
new results on the mechanism and physiological role of
rDNA condensation. Our data suggest that starvation-induced
rDNA condensation is a condensin-mediated and histone
deacetylation-regulated event, which is important for
preventing rDNA instability after rDNA transcription is
turned off.

Results

Condensin is required for initiation and maintenance
of rDNA condensation and nucleolar contraction

The role of condensin in mitotic chromosomal compaction
suggests that condensin or a condensin-like factor is involved
in starvation-induced rDNA condensation. To explore this
possibility, we examined the ability of TDNA to undergo
condensation when condensin is inactivated using the tem-
perature-sensitive alleles. In the rich medium, rDNA staining
of the wild-type (WT) cells typically shows large, punctate
structure organized in a crescent shape in the periphery of
the nucleus, occupying approximately 1/3 of the nucleus.
Shifting to the starvation medium (—N) leads to rapid con-
densation of rDNA into a single granular or fibrillar structure

Figure 1 Condensin is required for condensation of rDNA array
during starvation. (A) Loss of condensin blocks rDNA condensation
during starvation. Early log-phase WT and ycs4-2 cells in synthetic
complete (SC) medium (+ N) were shifted from 23 to 37°C or were
allowed to remain at 23°C for 2h and then changed to the nutrient
starvation (—N) medium or fresh SC medium (+ N) and incubated
for 30min. rDNA structure was analyzed by FISH with a 25S
rDNA probe (bright white). The boxed cell is enlarged on the
right. Nuclear DNA was stained with DAPI (light gray). A color
version of this figure is available at The EMBO Journal Online.
(B) Condensin is required for rDNA condensation during rapamycin
treatment. Early log-phase cultures of WT, brni-9, ycs4-2 and ycs5-1
cells in YPD were shifted from 23 to 37°C or were allowed to remain
at 23°C for 2h, which was followed by incubation without or with
200 nM rapamycin for 30 min. rDNA and nuclei were analyzed by
FISH (bright white) and DAPI (light gray), respectively. A color
version of this figure is available at The EMBO Journal Online.
(C) Condensin is required for rapamycin-induced nucleolar con-
traction. The same as Figure 1B except nucleolar structure was
analyzed by IF with a Nop1 antibody (bright white). Nuclear DNA
was stained with DAPI (light gray). A color version of this figure is
available at The EMBO Journal Online. (D) Condensin is required
for maintaining the condensed nucleolar structure in the presence
of rapamycin. Early log-phase WT and ycs4-2 cells were treated with
200 nM rapamycin for 1h at 23°C to induce nucleolar contraction
and then shifted to 37°C. The condensed nucleolus is quantitated
(N=100 for each data point) and plotted against Ycs4-2 level.
(E) Rapid loss of Ycs4-2 at the restrictive temperature. Ycs4-2
with chromosomally tagged Myc12 in the ycs4-2 strain is analyzed
by Western blot at different conditions.
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(Figure 1A) (Tsang et al, 2003). The same result is obtained
with ycs4-2 mutant at the permissive temperature (23°C).
When Ycs4-2 is inactivated, however, rDNA structure remains
in the large, crescent shape during starvation (—N).
Inhibition of TOR by rapamycin also causes rDNA conden-
sation (Tsang et al, 2003), which is also blocked by the
condensin mutations (Figure 1B). Identical results were
obtained for two other non-SMC condensin mutants (brnl-9
and ycs5-1) (Supplementary Figure 1A and C). These obser-
vations indicate that a functional condensin is required for
starvation-induced rDNA condensation.

As condensin mutations may globally affect the overall
genomic structure, we analyzed rDNA structural change
using the restriction ratio (the area of rDNA fluorescence
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in situ hybridization (FISH) signal divided by the area of
DAPI signal) (Freeman et al, 2000). This measurement more
accurately reflects the intrinsic change of rDNA by taking the
entire nuclear DNA into consideration. Cells with a restriction
ratio >0.3 are scored as having a normal or open rDNA (O),
whereas a restriction ratio <0.15 indicates a condensed
rDNA (C). At both temperatures, rDNA structure in the
majority of WT cells is in the open conformation (O) in
the rich medium, but changes to the closed conformation
upon starvation (Supplementary Figure 1B and D). Essen-
tially, the same results were obtained with condensin
mutants at the permissive temperature. After condensin is
inactivated in ycs4-2 cells at 37°C, however, TDNA structure
remains largely in the open conformation during starvation.
The nucleolus undergoes contraction during starvation or
rapamycin treatment, which is closely correlated with rDNA
condensation (Tsang et al, 2003). By indirect immuno-
fluorescence (IF) staining, we found that nucleolar contrac-
tion is similarly blocked by the condensin mutations
(Figure 1C). Because rDNA condensation is always accom-
panied by nucleolar contraction, for convenience, we typi-
cally use IF to follow both nucleolar contraction and
rDNA condensation in our subsequent experiments.

We next asked whether condensin is necessary for main-
taining the contracted state of the nucleolus. To address this
question, we first contracted the nucleolus of ycs4-2 cells by
treating them with rapamycin at the permissive temperature
(23°C). Cells were then shifted to 37°C to inactivate conden-
sin and the nucleolar structure was followed by Nopl stain-
ing. The nucleolus begins to resume the large, crescent shape
within 2h of shifting to 37°C and the nucleolar structure
in nearly all of the cells has de-contracted by 3 h (Figure 1D
and Supplementary Figure 1F). Nucleolar de-contraction
is closely correlated with the disappearance of Ycs4-2
(Figure 1E). Taken together, the above results demonstrate
that condensin is essential for both initiation and mainte-
nance of rDNA condensation and nucleolar contraction
during nutrient starvation.

Rapamycin causes enrichment of condensin to

the nucleolus and rDNA array

To better understand how condensin is involved in rDNA
condensation, we examined Ycs4-Mycl2 localization by
IF. Ycs4 is distributed throughout the entire nucleus during
normal growth in rich medium (Figure 2A). The same whole-
nucleus localization pattern of Ycs4 during normal growth is
also observed by Murray and co-workers (Bhalla et al, 2002)
and Amon and co-workers (D’Amours et al, 2004). Upon
rapamycin treatment, however, Ycs4 is found almost exclu-
sively in the nucleolus. Rapamycin does not affect Ycs4
protein level (Supplementary Figure 2B). Similarly, Smc2-
HAG6 and Smc4-HAG6 are distributed throughout the nucleus
in early log-phase cells in rich medium, but become highly
concentrated in the nucleolus upon rapamycin treatment
(Supplementary Figure 2C). Thus, rapamycin treatment
appears to relocate the entire canonical condensin complex
into the nucleolus.

To determine whether condensin is loaded to the rDNA,
we performed chromatin immunoprecipitation (ChIP). In the
absence of the Myc tag or Myc antibody, little or no detectable
DNA was precipitated, demonstrating the specificity of the
ChIP assay (Figure 2B-D). Ycs4 normally associates with
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Figure 2 Rapamycin causes rapid relocation of condensin into the
nucleolus and loading of condensin to rDNA array. (A) Rapamycin
causes Ycs4 to rapidly relocate into the nucleolus. Early log-phase
cultures of untagged (BLY03) and Ycs4-Mycl2 chromosomally
tagged (ZW206) cells in YPD were treated with or without 200 nM
rapamycin for 1h at 23°C. Nucleolar structure and distribution
of Ycs4-Mycl2 were examined by IF with a monoclonal Nopl
antibody (bright white) and the A14 rabbit polyclonal anti-Myc
antibody (bright white), respectively. The nuclei were stained with
DAPI (light gray). A color version of this figure is available at The
EMBO Journal Online. (B) Rapamycin causes enrichment of Ycs4
on rDNA array. Early log-phase untagged (BLY03) and Ycs4-Myc12
(ZW206) cells were treated with 200nM rapamycin for 30 min.
Ycs4-Mycl2 protein associated with rDNA chromatin was deter-
mined by ChIP with an anti-Myc antibody (9E10). Polymerase chain
reactions (PCR) were performed with rDNA primer pairs as indi-
cated in Supplementary Figure 2D. -Ab, no antibody as a negative
control. The right-hand panel shows quantification of the level of
Ycs4-Mycl2 bound to rDNA chromatin. (C) Rapamycin causes
dissociation of Ycs4 from other chromosomal regions. Samples
from (B) were analyzed for Ycs4-Mycl2 associated with CUP1 and
ACT1. The right-hand panel shows quantification of the level of
Ycs4-Mycl2 bound to the CUPI and ACT! loci. (D) Rapamycin
causes dissociation of Ycs4 from ribosomal protein (RP) genes.
Samples from (B) were analyzed for Ycs4-Mycl2 associated with
RPL30 and RPS26A. The right-hand panel shows quantification of
the level of Ycs4-Mycl12 bound to the RPL30 and RPS26A loci.
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rDNA at a low level (Figure 2B). Upon rapamycin treatment,
however, rDNA-bound Ycs4 is significantly increased.
Interestingly, the highest Ycs4 level is found at the promoter,
which is followed by 18S, 25S and NTS (non-transcribed
spacer) (Figure 2B). This condensin gradient may be gene-
rated by loading condensin first at the promoter and then
spreading unidirectionally toward the transcribed regions.
Alternatively, it may reflect a functional need for loading
variable amount of condensins to different rDNA sequences.
Further study in this area is needed to clarify these possibi-
lities. In contrast, Ycs4 association with CUP1, ACT1 and RP
genes is significantly decreased by rapamycin treatment
(Figure 2C and D). These observations suggest that rapamy-
cin causes a redistribution of condensins to rDNA array from
other genomic regions, and possibly from an unbound pool
of condensins as well.

Histone deacetylation promotes condensin enrichment
to the nucleolus and the rDNA

Rpd3 is a yeast histone deacetylase (HDAC) that becomes
associated with rDNA array upon nutrient starvation, which
is responsible for histone H4 deacetylation at K5,12 in the 35S
rDNA chromatin region (Tsang et al, 2003). To ask whether
histone deacetylation plays a role in condensin recruitment,
we analyzed Ycs4-Myc9 localization in the absence of Rpd3.
Upon rapamycin treatment, Ycs4 becomes highly enriched in
the nucleolus in the WT but not rpd3A strain (Figure 3A). In
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addition, rpd3A mutation abrogates rapamycin-induced Ycs4
loading to the rDNA (Figure 3B and Supplementary Figure
3B). As the rpd3A mutation does not affect Ycs4-Myc9
protein level (Supplementary Figure 3C), these results indi-
cate that Rpd3 is required for condensin enrichment to the
nucleolus and the rDNA. To further study the role of H4
deacetylation, we analyzed Ycs4 localization in histone H4
K5,12G and K5,12R mutant strains. H4 K5,12G mutant mi-
mics the acetylated state of histone H4, whereas H4 K5,12R
resembles the deacetylated state (Megee et al, 1990; Ma et al,
1998). We found that Ycs4 is distributed throughout the
entire nucleus of the H4 K5,12G mutant, even after the cells
are treated with rapamycin (Figure 4A). In contrast, Ycs4 is
enriched in the nucleolus of H4 K5,12R cells even in the rich
medium in the absence of rapamycin. Ycs4 is enriched to
the rDNA in H4 K5,12R cells, but not in H4 K5,12G cells,
regardless of the presence of rapamycin (Figure 4B and
Supplementary Figure 4B). These H4 mutations do not affect
Ycs4 protein level (Supplementary Figure 4C). Together, the
above data suggest that Rpd3-dependent histone H4 deacety-
lation is necessary and sufficient to cause condensin enrich-
ment to the nucleolus and the rDNA.

Nucleolar contraction and condensin loading to the
rDNA are independent of rDNA transcription

It is generally anticipated that transcriptionally repressed
chromosomal domains have a more compacted chromatin
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Figure 3 Rpd3 is required for rapamycin-induced nucleolar contraction and condensin loading to rDNA. (A) Rpd3 is required for rapamycin
induction of condensin relocation to the nucleolus and nucleolar contraction. WT and rpd3A cells expressing Ycs4-Myc9 were treated with
200 nM rapamycin for 1 h. Nucleolar structure and Ycs4-Myc9 localization were analyzed by IF staining with Nopl (bright white) and Myc
antibodies (bright white), respectively. Nuclear DNA was stained with DAPI (light gray). A color version of this figure is available at The EMBO
Journal Online. (B) The samples in (A) were analyzed for Ycs4 loading to the promoter of 35S rDNA by ChIP. CUP1 was used as a control.
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Figure 4 Histone deacetylation at H4 K5,12 is necessary and sufficient to cause condensin enrichment to the nucleolus and rDNA array.
(A) Deacetylation at H4 K5,12 is necessary and sufficient to relocalize Ycs4-Myc9 to the nucleolus. WT, H4 K5,12G and H4 K5,12R strains
carrying Ycs4-Myc9 were treated without or with rapamycin for 1h and analyzed for Ycs4-Myc9 localization by IF with a Myc antibody.
The nucleolus and nucleus are marked by IF with a Nop1 antibody and DAPI staining, respectively. A color version of this figure is available at
The EMBO Journal Online. (B) Deacetylation at H4 K5,12 is necessary and sufficient to cause condensin loading to rDNA. The samples

in Figure 4A were analyzed for Ycs4 loading to 35S rDNA promoter by ChIP.

structure. Hence, condensin loading and condensin-mediated
DNA condensation during starvation may simply be an
indirect effect of rDNA transcriptional repression. To test
this idea, we used the rrn3-1/sycl-8 mutation to repress
rDNA transcription. Rrn3 is a crucial transcription factor
for Pol I, which is required for 35S rRNA synthesis and
cell growth (Cadwell et al, 1997). After extended incubation
at the restrictive temperature (38°C), however, the nucleolus
remains in the large crescent shape (Figure 5A). Under such
condition, condensin is loaded to the rDNA only in the
presence but not in the absence of rapamycin (Figure SB).
Essentially, the same results were obtained with rpa190-1 and
rpal90-3 mutants. Rpal90 is the largest subunit of Pol I
Incubation of these mutant cells at the restrictive temperature
inhibits cell growth and 35S rRNA synthesis (Wittenkind
et al, 1989). However, it does not induce nucleolar contrac-
tion (Figure 5C). In addition, histone H4 acetylation is not
affected (Figure 5D). Together, these results show that repres-
sion of rDNA transcription per se is insufficient to cause
histone deacetylation, condensin loading or rDNA condensa-
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tion. Therefore, histone deacetylation and condensin
loading appear to operate independent of rDNA transcription.
Rapamycin also inhibits the transcription of RP genes
(Powers and Walter, 1999), but causes condensin dissociation
from these genomic loci (Figure 2D). Therefore, condensin
association also is not related to the transcription of Pol II-
dependent genes.

Condensin is required for maintaining the integrity of
the nucleolus and the rDNA when rDNA transcription
is inhibited by rapamycin

We have noticed that prolonged rapamycin treatment (>3 h)
of the ycs4-2 mutant at the restrictive temperature leads to
many cells with a fragmented nucleolus (Figure 6A and B and
Supplementary Figure 5A). This phenotype has been pre-
viously shown as a result of accumulation of ERCs (Sinclair
and Guarente, 1997). The toplAtop2-4 mutant also contains
elevated ERCs (Kim and Wang, 1989). We found indeed that
top1Atop2-4 cells have the same fragmented nucleolar pheno-
type (Figure 6C), suggesting that the fragmented nucleolar

©2007 European Molecular Biology Organization
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Figure 5 Transcriptional repression does not cause nucleolar contraction and condensin loading. (A) Loss of Rrn3 is insufficient to cause
nucleolar contraction. Early log-phase WT and rrn3-1 cells carrying chromosomally tagged YCS4-Myc9 in YPD were shifted from 23 to 38°C and
incubated for 3 h. Merged pictures of nuclear (bright white) and nucleolar (light gray) staining are shown. (B) Loss of Rrn3 is insufficient to
cause condensin loading to rDNA array. Samples in (A) were examined for Ycs4-Myc9 association with 35S rDNA promoter and CUPI by ChIP
with Myc antibody (9E10). -Ab, no antibody was used as a negative control. (C) Loss of Pol I is insufficient to cause nucleolar contraction.
Early log-phase WT (RPA190), rpal90-1 and rpal90-3 cells in YPD were shifted from 23 to 37°C and incubated for 3 h. Merged staining of Nop1
and DAPI is shown. (D) Loss of Pol I is insufficient to cause H4 deacetylation. Samples in (C) were examined for H4 acetylation level at 35S
rDNA promoter and 25S transcribing regions by ChIP with anti-hyperacetylated histone H4 antibody. CAb, rabbit pre-serum was used as a

negative control.

phenotype is a common feature for ERCs. Because ERCs are
extrachromosomal, we hypothesized that cells with a high
ERC content would show rDNA distributed throughout the
entire nucleus. Indeed, FISH staining indicates that rDNA
is dispersed throughout the entire nucleus in toplAtop2-4
cells (Figure 6C). Similarly, rDNA is distributed throughout
the entire nucleus in a same percentage of ycs4-2 cells as that
with fragmented nucleolus (Figure 6D). These results show
that FISH staining of rDNA is a good method for detecting
cells with a high ERC content.

To confirm that rapamycin-treated condensin mutants ac-
cumulate ERCs, we isolated total DNA from WT and ycs4-2
cells cultured under different conditions and performed
Southern blot analysis with a 3?P-labeled 25S rDNA probe.
Different ERCs migrate slower or faster than chromosome XII
DNA during gel electrophoresis in the absence of ethidium
bromide, which has been used to detect ERCs (Kim and
Wang, 1989; Sinclair and Guarente, 1997). As expected, WT
and ycs4-2 cells contain little or no ERCs (Figure 6E).
Rapamycin treatment causes a significant increase of ERCs
in ycs4-2 but not in WT strain. toplAtop2-4 cells were used
as a positive control. They contain a significantly higher ERC

©2007 European Molecular Biology Organization

level that is likely to be due to the continuous propagation of
ERCs during many passages. We have found that rapamycin
still significantly inhibits rDNA transcription in condensin
mutants (data not shown), suggesting that condensin may
be used to protect rDNA integrity when rDNA transcription
is repressed by starvation.

rpal90 mutations repress rDNA transcription, but do not
induce condensin loading (Figure 5). We reasoned that if
condensin is important to protect the rDNA in the absence of
active transcription, elevated ERCs should occur in the Pol I
mutants. To test this hypothesis, we incubated rpal90-1 and
rpal90-3 cells at 37°C for different times in the rich medium.
Indeed, a large population of Pol I mutants show a fragmen-
ted nucleolus phenotype and the rDNA is distributed in the
entire nucleus after incubation for 4-5 h (Figure 7A and B and
Supplementary Figure 6A). The cells with a high ERC content
do not show uniform morphology. For example, rpal90-1
cells with a high ERC content after incubation at 37°C for 5h
have the following cell cycle distribution: 44% unbudded
with one nucleus (early G,); 51 % small and big budded with
one nucleus (late G;-early M); 0% big budded with nucleus
at the bud neck (metaphase); and 4% big budded with two

The EMBO Journal VOL 26 | NO 2 | 2007 453
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Figure 6 Rapamycin treatment in the absence of condensin causes the fragmented nucleolus phenotype as a result of ERC formation.
(A) Rapamycin treatment of condensin mutant causes fragmented nucleolus phenotype. Early log-phase WT and ycs4-2 cells in YPD were
shifted from 23 to 37°C for 2 h, followed by incubation with 200 nM rapamycin (+ Rap) or a drug carrier (—Rap) for 0, 1, 3 and 6 h. Nucleolar
structure was visualized by IF with a Nop1 antibody (bright white). Merged images of representative cells with DAPI staining (light gray) are
shown. A color version of this figure is available at The EMBO Journal Online. (B) Quantification of results from (A). N=100. (C) topIlAtop2-4
cells show similar fragmented nucleolus phenotype and distribution of rDNA throughout the entire nucleus. toplAtop2-4 cells cultured at 23°C
were analyzed for nucleolar and rDNA structures by IF and FISH, respectively. Merged images with DAPI staining are shown. A color version of
this figure is available at The EMBO Journal Online. (D) Rapamycin treatment in the absence of condensin causes rDNA to distribute
throughout the entire nucleus. Early log-phase ycs4-2 cells in YPD were shifted from 23 to 37°C for 2 h, followed by incubation with 200 nM
rapamycin (+ Rap) or drug carrier (—Rap) for 6h. rDNA structure was visualized by FISH with a 25S rDNA probe (bright white). Merged
images with DAPI staining are shown. The arrowhead points to a cell containing rDNA distributed throughout the entire nucleus. A color
version of this figure is available at The EMBO Journal Online. (E) Loss of condensin causes accumulation of extrachromosomal rDNA circles
(ERCs). Early log-phase WT and ycs4-2 (y-4) cells in YPD were shifted from 23 to 37°C for 0 and 6 h. Total DNA was isolated, separated by
agarose DNA gel electrophoresis and analyzed by Southern blot with a 3*P-labeled 255 rDNA probe. toplAtop2-4 cells cultured at 37°C for 2h
were used as a control. Gen rDNA, genomic rDNA.

segregated nuclei (anaphase). This observation suggests that
rDNA instability is not caused by a cell cycle-specific event.
As rapamycin still induces condensin loading when Pol I
is inactive (Figure 5B), we hypothesized that rapamycin
treatment would stabilize rDNA in a Pol I mutant if condensin
loading is indeed important as suggested from the above
experiments. To test this, we first inactivated rpal90-1 and
rpal90-3 at 37°C for 2.5 h to inhibit Pol I-dependent transcrip-
tion. At this point, significant ERCs have not yet appeared
(Supplementary Figure 6A). We then used rapamycin to
induce condensin loading. We found that rapamycin treat-
ment not only causes rDNA condensation, but also efficiently
suppresses ERC formation (Figure 7C and Supplementary
Figure 6C and D). To confirm that the protective effect of
rapamycin is due to condensin, we generated an rpal90-1
ycs4-2 double mutant and repeated the experiment. In
rpal90-1 ycs4-2 cells, rapamycin fails to suppress ERC
formation (Figure 7D and Supplementary Figure 6F),
confirming that condensin is required to prevent ERC
formation. Condensin loading to the rDNA and rDNA tran-
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scription are regulated separately but in a coordinated man-
ner, likely through parallel pathways controlled by TOR in
response to nutrient availability. This ensures rapid repres-
sion of rDNA transcription while maintaining stability in
this region.

Discussion

In contrast to global chromosomal DNA compaction during
mitosis, DNA condensation during nutrient starvation/rapa-
mycin treatment is restricted to the rDNA, a subchromosomal
domain of chromosome XII. In fact, DAPI staining indicates
that the size of nuclear DNA increases slightly during starva-
tion or rapamycin treatment (data not shown), possibly
reflecting reduced condensin occupancy outside rDNA
array. The difference in the scale of the two DNA condensa-
tions underscores their specific physiological roles. The
global condensation of mitotic chromosomes ensures faithful
segregation and transmission of the entire duplicated genome
into daughter cells. In contrast, as shown by this study,
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Figure 7 Condensin maintains rDNA stability during transcriptional repression. (A) rpal90-1/3 mutations cause fragmented nucleolus
phenotype. Early log-phase WT and rpal90-1/3 cells were shifted from 23 to 37°C in YPD for different times. Merged images of the nucleolus
with the nucleus at 5h are shown. Images of other time points and a color version of this figure are available at The EMBO Journal Online.
(B) rpa190-1/3 mutations cause accumulation of cells with rDNA distributed throughout the entire nucleus. rpa190-1/3 cells were incubated
at 37°C for 5h and then analyzed for the nucleolar and rDNA structures by IF and FISH, respectively. Typical images of cells containing
fragmented nucleolus or high levels of ERCs are shown. A color version of this figure is available at The EMBO Journal Online. (C) Rapamycin
treatment suppresses the ERC formation in Pol I mutants. Early log-phase WT and rpal90-1/3 cells were shifted from 23 to 37°C for 2.5h to
inactivate Pol I, followed by incubation with or without rapamycin for different times. rDNA was analyzed by FISH. The upper panel shows the
experimental strategy. Boxed cells were enlarged for better visualization. Images of other time points and a color version of this figure are
available at The EMBO Journal Online. (D) Condensin is required for suppression of ERC formation in Pol I mutant in the presence of
rapamycin. Single mutant (rpal190-1 YCS4) and double mutant (rpal90-1 ycs4-2) were shifted from 23 to 37°C for 2.5h to inactivate Pol I and
condensin, followed by incubation with or without rapamycin for 3 h. Merged images of the nucleolus with the nucleus are shown. A color
version of this figure is available at The EMBO Journal Online.

condensation of rDNA appears to maintain rDNA stability DNA compacting machinery. Therefore, the rDNA is likely to
when rDNA transcription is repressed during starvation. be compacted in a similar manner (Kimura and Hirano, 1997;
Nonetheless, both processes use condensin as the common Kimura et al, 1999). However, the degree of DNA condensa-
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tion may differ, which is likely to be influenced by other
specific factors involved in each process.

Although mitotic DNA condensation generally correlates
with transcriptional repression in higher eukaryotes, this is
not the case in budding yeast. In fact, rDNA transcription
appears to continue during mitosis because Cdcl4-induced
condensation does not reduce the levels of nascent rRNA
transcripts (Sullivan et al, 2004). In addition, we found that
shutting down Pol I-dependent rDNA transcription per se is
not sufficient to cause condensin loading to rDNA array
(Figure 5). These observations strongly suggest that the
TOR-mediated condensin loading on rDNA is independent
of rDNA transcription activity, and that TOR regulates these
two processes by parallel pathways but in a coordinated
manner.

Condensin is controlled in a cell cycle-dependent manner
for its mitotic/meiotic functions. Phosphorylation has been
shown to play an important role in condensin regulation. In
fission yeast, most condensin molecules are cytoplasmic
during interphase, and are transported into the nucleus
during mitosis in a Cdkl-dependent manner (Sutani et al,
1999). In vertebrates, condensin II is predominantly nuclear,
whereas condensin [ is sequestered in the cytoplasm during
interphase and becomes nuclear during mitosis (Ono et al,
2004). In addition, Cdkl-dependent phosphorylation has
been found to stimulate condensin’s chromosomal compact-
ing activity in Xenopus egg extracts (Kimura et al, 1998).
In budding yeast, condensin is constitutively nuclear
throughout the cell cycle (Bhalla et al, 2002), but becomes
enriched in the nucleolus during anaphase in a Cdcl4-
dependent manner, which is important for the resolution of
cohesin-independent chromosome linkages at repeated DNA
(D’Amours et al, 2004; Sullivan et al, 2004; Wang et al,
2004). In addition, Ycgl/Ycs5 is phosphorylated during mi-
tosis, which is dependent on the mitotic kinase Ipll/aurora
(Lavoie et al, 2004). These observations demonstrate that
post-translational modification of condensin itself plays an
important role in the global regulation of condensin during
mitosis. In this study, we show that histone H4 deacetylation
at K5,12 by Rpd3 is necessary and sufficient to control
condensin loading to the rDNA during starvation, suggesting
that histone modifications have a role in targeting condensins
to a specific chromosomal domain. In contrast to the global
change of condensin activity by condensin post-translational
modifications, chromatin modifications may be advanta-
geous for localizing condensin to a subchromosomal region.

As an expansive tandem repeat, the rDNA is inherently
susceptible to homologous recombination. Certain mutations
such as those in DNA topoisomerases, or physiological con-
ditions such as aging are known to cause rDNA instability. In
WT cells, however, the rDNA is relatively stable, suggesting
that there is a mechanism that protects its integrity. Sir2 is an
NAD " -dependent HDAC essential for the formation of sev-
eral silent chromatin domains in yeast, including the rDNA
(Smith et al, 1998). In sir2A mutant, there is an increase
in interchromosomal rDNA recombination during normal
growth (Kobayashi et al, 2004) and a higher ERC content,
especially in aged sir2A cells (Sinclair and Guarente, 1997).
Unexpectedly, we found that sir2A mutation does not affect
nucleolar contraction, rDNA condensation or rDNA stability
during rapamycin treatment (unpublished data). These ob-
servations suggest that Sir2 is mainly involved in maintaining
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rDNA stability during normal growth, which is consistent
with a model proposed recently (Kobayashi and Ganley,
2005). Sir2 may even cooperate with a low concentration
of condensin on rDNA under such condition (Machin et al,
2004), although the precise role of condensin in this parti-
cular situation is not clear. Our results show that transcrip-
tional repression without condensin loading is a catastrophic
event for rDNA integrity. Sir2 physically interacts with the
RNA Pol I transcription machinery (Huang and Moazed,
2003) and mutations in Pol I subunits disrupt Sir2-dependent
rDNA silencing (Cioci et al, 2003). One possible scenario is
that Sir2 is no longer properly localized to the rDNA when
transcription is inhibited. In the absence of condensin loading
in Pol I mutants, this could lead to increased rDNA instability
and elevated ERC level.

Our results show that rDNA transcriptional repression
in the absence of condensin leads to rDNA instability and
accumulation of ERCs (Figures 6 and 7), indicating a role of
condensin in maintaining rDNA integrity. Our data are also
consistent with a recent report that rDNA array is severely
shortened in condensin mutants (Johzuka et al, 2006). The
elevated rDNA recombination in Pol I mutants we have
observed is further in agreement with a much shortened
rDNA repeat in these cells (Brewer et al, 1992; Kobayashi
et al, 1998). A prevailing model proposes that collision
between DNA replication fork and the Pol I transcription
machinery causes elevated rDNA recombination and changes
in TDNA repeat numbers (Takeuchi et al, 2003). However,
a collision is observed only in a fobl mutant whose rDNA is
engineered to ~20 repeats that are mostly actively tran-
scribed (Takeuchi et al, 2003). It remains to be determined
whether such a collision occurs in a fobl mutant with a
normal rDNA array (~ 150 repeats). RFB is thought to arrest
replication fork in the presence of Fobl to avoid collision
between Pol I machinery and replication fork moving in an
opposite direction (Brewer et al, 1992; Kobayashi et al, 1992).
It is unclear whether such collisions occur in cells with
normal Fobl-mediated RFB activity. A recent study showed
that the rDNA can undergo intrachromosomal recombination
in the absence of DNA replication (Burkhalter and Sogo,
2004). Together with our data, these new studies indicate
that intrachromosomal recombination is not absolutely
dependent on DNA replication or active transcription, and
that there are potentially multiple mechanisms for homo-
logous recombination within the rDNA.

Materials and methods

Yeast strains and antibodies

The genotypes of yeast strains are shown in Supplementary Table 1.
They were obtained from the following sources: BLY03 (WT),
BLY04 (ycgl-1) and ZW206 (ycs4-2) (B Lavoie) (Lavoie et al, 2002);
MYA-1404 (brnl-9) (ATCC); NBYS14 (toplAtop2-4) (A Murray)
(Bhalla et al, 2002); rrn3-1 (J Carbon) (Cadwell et al, 1997); rpal90-
I and rpal90-3 (M Nomura) (Wittenkind et al, 1989). The rpa190-1
ycs4-2 double mutant was constructed by mating of rpal90-1
(NOY259) and ycs4-2 (ZW206) strains and sporulation of the diploid
progeny as described (Burke et al, 2000). Yeast strains containing
the chromosomal 9xMyc epitope-tagged allele of YCS4 or 6xHA
epitope-tagged allele of SMC2 and SMC4 at the C-terminus were
generated by the PCR integration approach, as described earlier
(Bertram et al, 2000). The antibodies used are as follows: mouse
anti-Nopl (EnCor Biotechnology); rabbit anti-hyperacetylated
histone H4 (Upstate); Alexa Fluor 594-conjugated goat anti-mouse,
Alexa Fluor 594-conjugated rabbit anti-goat and Alexa Fluor 488-
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conjugated goat anti-rabbit (Molecular Probes); rabbit anti-Myc
(A14) (Santa Cruz Biotechnology); mouse anti-digoxigenin (DIG)
(Roche Molecular Biochemicals Diagnostics); mAb anti-Myc (9E10)
and anti-HA (12CAS5) (Harlan Laboratories); and rat anti-tubulin
(Sigma).

Indirect immunofluorescence and fluorescence in situ
hybridization

Yeast IF studies were performed as described (Burke et al, 2000).
Primary antibody dilution used are as follows: 1:500 anti-Nopl,
1:100 anti-Myc (A14), 1:100 monoclonal anti-HA (12CAS5) and 1:500
rabbit polyclonal anti-HA. Alexa Fluor 594- or Alexa Fluor 488-
conjugated secondary antibodies were used at a dilution of 1:200.
Nuclear DNA was stained with 50 ng/ml DAPI in antifade mounting
medium for 15min. Fluorescent signals were analyzed using an
Olympus fluorescence microscope equipped with a digital camera.
FISH was preformed as described with minor modifications (Guacci
et al, 1994). A DNA probe for 25S rDNA was generated by PCR as
described (Kennedy et al, 1997). It was labeled with digoxigenin
(DIG) using the BIONICK Labeling System (Invitrogen) and
visualized by Alexa Fluor 594-conjugated secondary and tertiary
antibodies. TDNA FISH signal was quantified by Quantity One
software (Bio-Rad). The restriction ratio was calculated by dividing
the area of rDNA FISH signal by the area of DAPI signal. A
restriction ratio <0.15 is scored as condensed, whereas a restriction
ratio >0.3 is scored as open or puff.

Western blot and chromatin immunoprecipitation assays

Western blot was performed as described before (Ai et al, 2002).
ChIP assays were performed as described before (Lieb et al, 2001).
For IP, 1 mg of total protein was incubated with 10 ul of anti-Myc
(9E10) or 8 pl of anti-hyperacetylated histone H4 overnight at 4°C.
Protein G-Sepharose beads were used to recover the antibody-
antigen-DNA complexes in all experiments. The total input DNA
(input) was prepared in the same way except that the IP steps were
omitted. As an internal control, no antibody (—Ab) or rabbit per-
serum (CAb) was added to the lysate in parallel to the IP samples.
The isogenic WT strains without tagged protein were used as a
control to access the background PCR signals. The primer pairs
used for PCR detection are as follows: the 35S rDNA promoter,
5'-GTTTTGGTTTCGGTTGTGAA-3" and 5-GAAGTACCTCCCAACTAC
TT-3'; 18S rDNA-encoding region, 5-TGGCTAACCTTGAGTCCTTG-3'
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and 5'-CTTTCTTGTTTCTACCGTTGG-3'; RPL30, 5-GGCGGGAAATA
AGAGGTTCA-3' and 5'-GTTATACTGACCATCTCTGCG-3'. Quantifica-
tion of ChIP results was performed using Quantity One software
(Bio-Rad).

Analysis of extrachromosomal rDNA circles

ERC was detected by Southern blot (D Sinclair, personal commu-
nication) with minor modifications. Briefly, cells were sphero-
plasted by incubating in 500l sorbitol solution (0.9M sorbitol,
0.1 M Tris-HCl, pH 8, 0.1 M EDTA) containing 150 pg/ml zymolyase
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3min at top speed, the supernatant was removed and the DNA
was precipitated with 1ml 100% ethanol. The DNA pellet was
resuspended in 300pul TE containing 0.1 mg/ml RNase and
incubated at 37°C for 30 min. The purified DNA was heated with
a loading buffer at 55°C for 10 min before loaded onto a 0.6% TBE-
buffered agarose gel. Electrophoresis was preformed without
ethidium bromide at 2 V/cm for 30 h. Southern blot hybridization
was carried out with a 3*P-labeled 255 rDNA probe.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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