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Abstract
Chromosome condensation is established and maintained by the condensin complex. The
mechanisms governing loading of condensin onto specific chromosomal sites remain unknown.
To elucidate the molecular pathways that determine condensin binding to the nucleolar organizer,
a key condensin binding site, we analyzed the properties of condensin-bound sites within the
rDNA repeat in budding yeast and demonstrated that the bulk of mitotic condensin binding to
rDNA is reduced or eliminated when Pol I transcription is elevated. Conversely, when Pol I
transcription is repressed either by rapamycin treatment or by promoter shut-off, condensin
binding to rDNA is increased. This novel potential role for constitutive and/or periodic repression
of Pol I transcription in rDNA condensin loading is an important factor in determining the
segregation proficiency of NOR-containing chromosomes.
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INTRODUCTION
The condensin complex drives chromosome condensation in Eukaryota and Prokaryota, thus
facilitating sister chromatid compartmentalization and faithful chromosome segregation
during cell division. While nematodes and yeast have a single condensin complex,
vertebrates and plants have two condensin complexes: condensin I and condensin II.1
Eukaryotic condensin complexes have similar structures and are composed of five conserved
subunits. These subunits are Smc2p and Smc4p, which form a heterodimer, and three
auxiliary subunits, Brn1p, Ycs4p and Ycs5p in budding yeast,2 that bind to the globular
(ATPase) domains of Smc2p and Smc4p.3,4 Dysfunction of any condensin subunit results in
impaired mitotic and meiotic chromosome segregation.2,5–10 While condensin can
positively supercoil DNA in vitro in the presence of ATP,11 the actual mechanism of
chromosome condensation in vivo is not understood.
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Eukaryotic condensin complexes are distributed over the length of mitotic chromosomes
with a specific pattern.6,7,12–14 In higher eukaryotes, condensin is enriched in the nucleoli
only in interphase, with notable distinct dynamics for condensin I and II, while in S.
cerevisiae, the nucleolar organizer (NOR) has been identified as a main target of mitotic
condensin activity.2 Condensin binding dramatically increases in the nucleolar area in
mitosis2 and particularly in anaphase.15 This enrichment is a reflection of an essential role
condensin plays in the mitotic segregation of the rDNA-containing chromosome XII2,15–18
and of any other chromosome in which rDNA repeats have been inserted.2 However, in
contrast to higher eukaryotes and fission yeast, where condensin defects lead to
missegregation of all chromosomes, the functional role of budding yeast condensin binding
to non-NOR chromosomal sites14 remains uncharacterized.

The single rDNA repeat in budding yeast includes all genes for ribosomal RNAs, with 5S
gene transcribed by Pol III and the rest by Pol I as a large 35S precursor. In addition to the
transcribed portions and their regulatory sequences rDNA also includes functional sites
crucial for nucleolus formation and stable maintenance: replication fork block (RFB), origin
of replication and amplification control elements.19 S. cerevisiae presents a unique
opportunity to dissect the functional interface between the features of rDNA chromatin and
condensin activity. First, it is possible to rearrange/homogenize the tandemly repeated NOR
locus, so that all rRNA genes are episomal, and thus amenable to mutation analysis in cis.
20–22 Second, it is possible to manipulate the copy number23,24 and transcription25,26 of
tandem chromosomal rDNA repeats. Finally, multiple conserved rDNA elements19 required
for nucleolar maintenance have been identified in budding yeast, so they can be tested for a
potential role in the recognition of the nucleolar chromatin sites by condensin. Existing
studies on condensin function in rDNA do not address the role that NOR architecture plays
in the nucleolar function of condensin. In this report we identify the mechanism behind the
significant role condensin plays in rDNA segregation and propose a role for transcriptional
heterogeneity of individual rDNA repeats27,28 in NOR segregation.

MATERIALS AND METHODS
Yeast culture and genetic methods

Yeast culture conditions were as described.29,30 Yeast strains are shown in Table 1. For G1
arrest, cells were treated with 5 μM alpha factor (US Biological). After 3 h incubation, up to
95% cells were arrested. For mitotic arrest, cells were synchronized in G1, alpha factor was
washed off and cells were released into medium with 15 μg/ml nocodazole (Sigma) for 2.5
hr. After a 2-hr incubation, 99% cells achieved mitotic arrest, as determined by cell
morphology and FACS. For time course experiments, cdc15-ts cells were arrested in late-
mitotic phase after incubation for 3 h at the nonpermissive temperature (37°C), and then
released by shifting to 23°C. Samples were taken every 20 min for FACS, ChIP and
transcript analysis.

For rapamycin (200 nM) and cycloheximide (25 mg/ml) treatment, cdc15-ts cells were
arrested for 2.5 hr at 37°C, drugs were added to cultures for 30 min, and cells were then
released to 23°C in the presence of drugs. Samples were harvested every 30 min for
microscopy (Smc4p-GFP and Sik1p-mRFP) or ChIP/qPCR (Smc2p-HA). All cultures
contained DMSO (1μg/ml) to mimic the rapamycin solvent.

For glucose shut-off of 35S rRNA transcription from pGAL7: RDN, the ErDNA strain 532-
NOY891/pNOY353 was cultured in YPGal medium and arrested in mitosis with
nocodazole. Cells were spun down, washed twice with fresh YPGal medium and released
into the fresh YPD medium. A time course ChIP analysis was performed with Smc2p-HA
after cells were transferred to YPD.

Wang et al. Page 2

Cell Cycle. Author manuscript; available in PMC 2011 November 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Flow cytometry analysis (FACS) was done as following: yeast cells (1 ml, OD600 of 0.3–
0.4) were pelleted and resuspended in 300 μl of 50 mM Tris pH 7.5 and 700 μl of EtOH,
repelleted and resuspended in 100 μl RNAse (10mg/mL in 50 mM Tris pH 7.5) for 2 hr at
37°C. The cell suspension was treated with 5 μl of proteinase K (15 mg/ml) for 60 min at
50°C. The suspension was mixed with 900 μl of 15 μg/ml propidium iodide, sonicated and
analyzed with a BD FACSCalibur System (BD Biosciences).

The smc2–8 allele marked with LEU2 was introduced into strains via SMC2 gene
replacement as in.14 FOB1 disruption was done by transformation with fob1-Δ::TRP1or
fob1-Δ::HIS3PCR products made using specific FOB1-targeting primers. All integration/
disruptions were verified by diagnostic PCR.

rDNA plasmids were as following: pRDNwt was from,20 pNOY353 was from,22 pBW1065
was constructed by inserting the rDNA repeat (PstI-BamHI fragment) from pNOY37322
into pRS416 cut with NsiI and BamHI. YP377 strain and derivatives contain unnamed 2-
micron-based URA3 rDNA plasmid as in.32 Minichromosome loss rates were quantified as
in,14,31 except cells were shifted to 37°C for 3 h before plating.

Microscopy
Still image microscopy was performed with a wide-field AxioVert (Zeiss) microscope with
epifluorescence equipped with a cooled CCD camera. Twenty 0.2 μm-step Z-axis frames
were captured for each field. Prior to microscopy, cells were briefly (5 min) fixed with 4%
paraformaldehyde, washed with PBS and kept on ice. Live cells time-lapse microscopy was
done with Olympus inverted IX2-SP microscope equipped with the Perkin Elmer Ultra
View ERS Rapid Confocal Imager (“spinning disc”). For prolonged imaging cells were
placed on gelatine slab as described.33 Twenty eight 0.2 μm-step Z-axis frames were
captured for each timepoint (1 min). Volocity software package was used for image
deconvolution (with fine setting) and 3D rendering. The SMC4:GFP fusion/replacement
(pLF640 plasmid integration) was as described.2 The SIK1:mRFP fusion/replacement was
constructed as in.15 The pMET:SCC3:GFP plasmid was constructed using the p413Met
vector.

Molecular methods
ChIP and quantitative real time PCR (qPCR) analyses were performed as described.14 For
Pol I transcript analysis, 10 ml of culture were harvested at each time point, pelleted and
resuspended in 400 μl of AE buffer (50 mM Na acetate, pH 5.3, 10 mM EDTA). Cells were
transferred to a 1.5 ml microcentrifuge tube, 40 μl of 10% SDS was added with mixing. An
equal volume of phenol was added with mixing, and tubes were incubated for 4 minutes at
65°C. Tubes were then rapidly chilled in dry ice/ethanol bath until phenol crystals appeared,
and were centrifuged for 2 minutes at 18000g at room temperature. The aqueous phase was
transferred to a new tube, and an equal volume of phenol/chloroform/isoamyl alcohol
(24:24:1) was added, mixed by vortexing, and spun for 5 minutes at 18000 g at room
temperature. The aqueous phase was transferred to a new tube, mixed with 1/10 volume of 3
M Na Acetate (pH 5.3), 2.5 volumes of ethanol, and then ethanol-precipitated. The RNA
pellet was washed with 80% ethanol, dried, and resuspended in 20 μl diethylpyrocarbonate-
treated H2O.

Quantitative RT-PCR reactions were performed using a Stratagene MX3000P Real-time
PCR System. RT-PCR reactions (50 μl) contained 1μl template RNA (0.2–0.5 μg/μl), 25 μl
2x SYBR QRT-PCR master mix (Stratagene), and 50nM primers. One-step RT-PCR
parameters were 1 cycle of 50°C for 30 min, 1 cycle of 95°C for 10 min, followed by 40
cycles of 95°C for 30 sec, 55°C for 30 sec, and 72°C for 1 min. Primer concentrations and
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PCR cycle parameters was optimized to eliminate formation of primer dimers. Fluorescence
values, Ct values and all quantifications were obtained using the MX3000P software. TUB2
transcript levels were used as internal control for normalization.

Psoralen crosslinking was as in,34 with modifications. Yeast cells were collected, washed
and resuspended in TE buffer. 1.5 ml of the cell suspension was UV-irradiated (366nm) in
open dishes (3.3 cm diameter) on ice in the presence of 4,5',8-trimethylpsoralen (Sigma) for
125 min, with additional psoralen addition four times every 25 min. Crosslinked cells were
washed and resuspended in 1M sobitol, 40 mM potassium phosphate pH 7.5, 20 mM β-
mercaptoethanol with 0.1 mg/ml zymolase, then incubated for 30 min at 37°C. Spheroplasts
were washed, lysed in TE buffer with 0.5% SDS and treated with proteinase K (1 mg/ml) for
3 h at 50°C. Phenol/chlorophorm extracted DNA was treated with RNAse and digested with
EcoRI for 10 h. with extra enzyme added after 5 h. After separation in agarose gel
electrophoresis DNA was irradiated for 20 min with UV (254nm) to reverse the crosslinks
and the 2.8 rDNA fragment was detected by Southern blotting.

RESULTS
Condensin occupancy of rDNA sites depends on Pol I transcription levels

Two of condensin binding sites in rDNA2,15 are positioned within the Pol I transcribed
rRNA gene and two other in the close proximity to the region of Pol I transcription
termination, next to the RFB (Fig. 1A). While in mammalian cells Pol I transcription is
active during S and G2 phases, low in G1 and shut off in mitosis,35 in budding yeast it
continues throughout the cell cycle.36 To investigate how condensin binding can cohabit
with strong transcription we determined condensin enrichment at all four hotspots by ChIP
in a cdc15-synchronized cell population in parallel with 35S transcription analysis by real-
time RT-PCR (RT-qPCR) (Fig. 1B). Condensin was mildly enriched in S-phase (40 min
point) with an additional increase in mitosis (80–100 min). The four condensin peaks
showed similar cell cycle profiles of condensin association, independent of their being in the
transcribed or non-transcribed part of rDNA. However, condensin occupancy was inversely
correlated with the level of Pol I transcription at a given timepoint (Fig. 1B). This suggests
that rDNA transcription level is related to condensin binding to rDNA, particularly in
mitosis, when condensin binding there reaches its maximum.2,15 As active transcription is
not compatible with stable binding of many multisubunit complexes to the transcribed
regions,37–39 condensin must either directly compete for binding sites with transcription
machinery or bind to repeats that are not transcribed. The latter could be accomplished as
about half of rDNA repeats in wild type cells are not transcribed.34,40,41 These
transcriptionally silent repeats could thus be specialized for segregation of the
transcriptionally active nucleolus in yeast.

If Pol I transcription and condensin binding are inversely correlated, then condensin binding
to the NOR should be reduced if Pol I transcription from every repeat were maximized and
transcriptionally silent rDNA repeats were eliminated. Testing this prediction requires a
strain where the number of rDNA repeats is reduced to a minimum, so that every repeat is
transcribed.23 However, such cells with reduced rDNA copy number undergo rapid
expansion of repeats by amplification, unless the FOB1gene is inactivated.42 We therefore
analyzed the condensin binding to rDNA by ChIP in a fob1Δ strain, which contains 20
rDNA repeats (20-RDN1),23 in contrast to the approximately 150 rDNA repeats present in
wild type.42 In the 20-RDN1 strain we observed a near-complete elimination of condensin
from the transcribed area of rDNA and a marked reduction in condensin occupancy at
nontranscribed sites, as compared to the isogenic wild type (Fig. 1C). To address a possible
contribution of FOB1 deletion in this reduction we also assayed a fob1Δ strain with the
normal-size rDNA locus (Fig. 1C). Surprisingly, fob1Δ itself reduced condensin occupancy,
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not only at the RFB site (where Fob1p binds DNA) but at all four hotspots. We conducted
several additional experiments assaying condensin binding to four hotspots in Fob+, Fob1−
and 20-repeat/Fob1− cells. These assays confirmed that fob1 deletion in the strain with a
wild type rDNA repeat number caused a 2 to 3-fold reduction in condensin binding at all
four loci, while the 20-repeat strain displayed a further reduction in condensin binding to the
point of elimination, but only at transcribed sites (Fig. 1D). This differential reduction in
condensin occupancy at rDNA in fob1DELTA cells and in the 20-repeat strain was reflected
in the different degree of their sensitivity to condensin dysfunction. In a 20-RDN1 strain, a
fob1Δ smc2-8 double mutant is inviable, while smc2-8 fob1Δ double mutants are viable with
the wild-type rDNA array (data not shown). These results indicate that Fob1p and
transcription of rDNA both have a role in regulating condensin occupancy in the nucleolus.
Fob1p acts as a facilitator of condensin targeting to NOR in general, and elevated
transcription levels reduce condensin binding to the transcribed regions. However these two
regulatory pathways are not entirely independent, as fob1-Δ itself has a direct effect on Pol I
transcription: rDNA transcription is elevated in the fob1-Δ cells (Supplement 1).

Repression of rDNA transcription increases condensin binding to the NOR
While the data in Figure 1 suggest an inverse correlation between condensin binding to
rRNA-encoding regions and their transcription, these studies either involved analyses of a
transcriptionally heterogeneous rDNA array (Fig. 1B) or were done in a fob1Δ background
(Fig. 1C and D). In order to verify the dependence of condensin binding on downregulation
of rDNA transcription without these interfering factors, we conducted experiments where
Pol I transcription levels were artificially modulated, and the effect on condensin binding to
rDNA was examined.

We first asked if repressing transcription of the 35S rRNA precursor would increase
condensin binding to rDNA. We used rapamycin, an inhibitor of the TOR pathway,43,44 to
repress rDNA transcription, and assayed the relative condensin enrichment at rDNA under
these conditions. To avoid potential indirect interference of repressing ribosomal RNA gene
transcription with the complex pathway of condensin loading onto rDNA at the onset of
mitosis, we monitored the release of condensin from the nucleolus, which normally occurs at
the exit from mitosis.2,15 In cells released from the cdc15-2 arrest in the absence of drug,
condensin (Smc4p-GFP) appears to exit the nucleolus within minutes after release (data not
shown). In rapamycin treated cells condensin is still concentrated in the nucleolus of most
cells as late as one hour after release from the arrest (Fig. 2A and B). This retention persists
despite the fact that most cells exit mitosis, as determined by the decrease in Clb2p levels
(Fig. 2C). By contrast, in cdc15-2/SMC4:GFP cells treated with cycloheximide (used here
as a control to offset a possible rapamycin effect on translation45) it takes 30 min for
Smc4p-GFP diffusion from the nucleus to occur in 50% of cells (Fig. 2B). Even in cells
counted as retaining Smc4p in the nucleus the signal is much more diffuse (Fig. 2A) than in
rapamycin-treated cdc15-2/SMC4:GFP cells. Retention of condensin in the post-mitotic
nucleolus in the rapamycin-treated cells was further confirmed by quantitative ChIP at the
25 S rRNA site (Fig. 2D). Moreover, this higher-resolution analysis reveals that condensin
binding is actually increased in rapamycin-treated cells (Fig. 2D). These results indicate that
rDNA transcription, which is inhibited by rapamycin but not by cycloheximide, is needed to
remove condensin from rDNA.

To complement the rapamycin experiments, we used cells where the 35S precursor is
transcribed only from a galactose-controlled Pol II (pGAL7) promoter.22 In such cells, upon
dextrose addition, which rapidly represses transcription from pGAL7, condensin occupancy
at the 25S rRNA site increases significantly with time to almost 50-fold over the level seen
in galactose-containing media (Fig. 2E). The increase in condensin binding is greater than
that normally observed in the wild type mitosis, when condensin relocalizes from some non-
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rDNA sites to the nucleolus.14 This suggests that increased availability of binding sites in
rDNA upon transcription shutoff (Fig. 2E) may drain some condensin from other sites.
Indeed, three sites known to undergo cell-cycle changes in condensin occupancy14 are
depleted for condensin binding under these conditions (Fig. 2F). These results show that
transcription of rRNA genes should be an important factor in regulating condensin binding
to rDNA chromatin as well as elsewhere in the genome.

Condensin function in NOR segregation is regulated by rDNA transcription
Assaying the relationship between rDNA transcription, condensin binding and the
segregation proficiency of the nucleolus is technically difficult in the wild-type rDNA array,
due to above-mentioned need to rely on fob1 mutants to maintain a low copy number of
rDNA repeats. In addition, in fob1Δ cells, due to RFB elimination, replication timing of
rDNA changes as origin activation remains at the wild type level.46 We therefore explored a
system where rDNA repeats are homogenized by placing a single repeat on a multicopy
plasmid (episomal rDNA, ErDNA) and deleting the native rDNA locus.20,22 In such a
system, the link between Pol I transcription, condensin binding/function and the rDNA
segregation fidelity can be readily tested. These strains display a more diffuse condensin
localization and a less prominent condensin enrichment in the nucleolar area in mitosis (Fig.
3A). However, as the nucleolus itself becomes more diffuse21 it is difficult to determine
whether condensin binding to rDNA actually changes by cytological criteria alone. qPCR
analysis showed that in these cells the rDNA copy number decreases to 58% of wild type,
while rRNA levels remain the same as in wild type (Fig. 3B). This indicates that in ErDNA
cells, the amount of rRNA produced from a repeat is at least two-fold higher than in wild
type (Fig. 3B). Psoralen crosslinking34 experiment also shows that higher fraction of rDNA
repeats is open for transcription/crosslinking in ErDNA cells and hence gives rise to more
DNA with reduced electrophoretic mobility (Fig. 3C). As the repeats are individualized (i.e.,
not in a tandem array) in ErDNA strains it is likely that every repeat has equal chances of
being transcribed, unlike in wild type rDNA where Pol I transcription occurs only in
unsilenced repeats that are open for transcription.40,47

The observed increase in relative Pol I transcription per rDNA repeat in ErDNA may result
in changing condensin binding within the individual repeat. Indeed, qPCR/ChIP comparison
of condensin binding in wild type rDNA and in ErDNA revealed a striking difference
between binding profiles. Wild-type rDNA was bound by condensin in mitosis with a
pattern consistent with previous reports2,14,15 (Fig. 3D). In contrast, in ErDNA, only the
nontranscribed RFB site was bound by condensin in mitosis, while condensin binding to the
transcribed portion of rDNA was considerably reduced (Fig. 3E). However, as the episomal
NORs are still essential and are present in multiple copies, the system does not allow direct
testing of the transcription effect on rDNA segregation, or to test previous conclusions that
condensin is essential for mitotic segregation of tandem chromosomal rDNA repeats but is
not essential for mitotic stability of 2-micron-based ErDNA.2 We therefore constructed a
single-copy rDNA minichromosome with an alternative marker and introduced it in the
ErDNA cells. In such a system the single extra copy of rDNA in minichromosome should be
in the same transcriptional state as the other extra-chromosomal copies, but should also be
nonessential for ribosomal biogenesis and present in a single copy, allowing accurate
analysis of its mitotic stability. After a transient (3-hr) shift to nonpermissive temperature (to
enable comparison with smc2-8 cells), the segregation proficiency of the rDNA
minichromosome was reproducibly lower in an ErDNA strain than a wild type strain (Fig.
3F), suggesting that active transcription is detrimental for rDNA segregation in wild type
cells. Placing the same minichromosome in the smc2-8 mutant or smc2-8 ErDNA cells
resulted in equally decreased minichromosome stability, showing that elevated transcription
compromises segregation of single rDNA repeat and that this effect is likely mediated by
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condensin. In agreement with previous results,14 no notable decrease in stability of non-
rDNA minichromosomes was detected in the smc2-8 or ErDNA strains (data not shown).

As we showed that condensin function and transcription downregulation are likely required
even for segregation of an individual rDNA repeat (Fig. 3F) it is conceivable that
segregation of the nucleolus is negatively affected when condensin is forced to compete for
rDNA binding with active Pol I transcription. Such a condition occurs in the 20-repeat
strain.23 We used a cytological assay to evaluate the effect of maximization of rDNA
transcription on the nucleolar segregation timing. First we promoted expansion of rDNA in a
20-repeat strain (TAK300) by transient transformation with a FOB1-containing plasmid.
After removal of the plasmid the resulting strain TAK300E was used as an isogenic full-
length rDNA control. Two fluorescent markers were introduced into both strain: Scc3p-
GFP, under control of an uninduced MET15 promoter, as a general chromatin stain; and the
nucleolar marker Sik1p-mRFP.48 Asynchronous live populations of these strains were
imaged at 23°C by time-lapse microscopy (Supplement 2). Quantification of this experiment
(Fig. 3G) demonstrates that both strains spend a comparable time (5–10 min) to progress
from anaphase initiation (determined by beginning of GFP signal separation) to complete
separation of the bulk of chromatin (Scc3p-GFP). However, segregation of the nucleolus is
significantly delayed (by 13 min on average) in the 20-repeat strain (Fig. 3G). This results
argues in favor of a model in which that transcriptionally silent rDNA repeats, present in
wild-type but not in the ErDNA strain, facilitate nucleolar segregation (Fig. 4B), while (Fig.
3F) indicates that this effect is likely mediated by condensin binding and function there.

DISCUSSION
Condensin complexes have been shown to form a reproducible binding pattern on all
chromosomes in higher eukaryotes.12,13 The recent analysis of condensin distribution in S.
cerevisiae14 suggests that yeast condensin also has a unique distribution pattern across the
genome, similarly to the specific distribution pattern in the rDNA locus described earlier.
2,15 However, the molecular mechanisms governing placement of condensin at the specific
sites are far from being understood. In case of rDNA condensin targeting, at least three
prerequisites of condensin loading to rDNA in mitosis were identified using genetic
analysis: proficient sister chromatid cohesion,49,50 proper balance of SUMO
modification51 and mitotic activation of Cdc14p phosphatase.15,17 A condensin-binding
site in the replication fork termination region was also described in rDNA.2,15 However, it
is not presently known whether these pathways act directly on condensin, or if they ensure
the general structural integrity of the nucleolus, thus providing a permissive environment for
chromosome condensation at the NOR. It was therefore important to elucidate the
mechanism of condensin loading onto rDNA in more detail.

Using quantitative ChIP analysis we established that condensin binding across the rDNA is
affected by two factors: one is a reduction in RNA polymerase I transcription (constitutive
or cell-cycle dependent), and another is Fob1p. In this work, we mainly focused on the role
of rDNA transcription in regulating condensin binding. With respect to condensin targeting
to rDNA transcription regulation and Fob1p likely act together to mediate significant mitotic
enrichment of condensin binding at the four NOR sites. However, at the present time it is
difficult to completely separate the effect of Fob1p from that of rDNA transcription, as a
fob1 deletion increases rDNA transcription levels (Supplement 1). On the other hand,
detailed analysis of condensin binding to rDNA, in Fob1+ and Fob1− strains (Fig. 1D),
combined with the fact that that smc2-8 and fob1Δ are synthetically lethal only in a strain
where all repeats are actively transcribed, indicate that Fob1p has a role in condensin
targeting independent of Pol I transcription interference. However, it is unlikely that Fob1p
recruits condensin by direct physical contact: unlike condensin Fob1p is not evolutionary
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conserved, condensin is not found in complexes with Fob1p,52–54 Fob1p only binds DNA
at the RFB site55 and condensin is able to bind RFB sites even in the absence of Fob1p
(Figs. 1C, 1D). Instead, the many roles Fob1p plays as a general facilitator of nucleolar
organization23,42,46,56,57 may potentially explain why it is required for proper condensin
targeting to the nucleolus.

We provide a comprehensive analysis of the role of transcription in controlling condensin
binding to rDNA, especially to the transcribed portion of rRNA genes (Figs. 1 and 2).
Enrichment for condensin at rDNA is increased when rDNA transcription subsides in
mitosis (Fig. 1B), when rDNA transcription is blocked by rapamycin (Figs. 2A, B and D), or
when GAL7 promoter-driven transcription of rDNA is repressed (Fig. 2E). These findings,
combined with the observed loss of condensin when all tandem rDNA repeats are
transcribed (Fig. 1D) are consistent with the suggestion that transcription negatively
regulates condensin binding during the normal cell cycle. Moreover, our data support the
suggestion that rDNA repeats silent for Pol I transcription possibly act as specialized sites
for constitutive condensin binding (Fig. 4B) and play a crucial role in mitotic condensin
function—segregating sister chromatids in the NOR region.2 Indeed, rDNA transcription
activation in an ErDNA background causes a notable reduction in the mitotic stability of
artificial minichromosomes with a single rDNA repeat (Fig. 3F). If this result can be
extrapolated to the tandem rDNA arrays present in normal cells, it would suggest that the
cell’s ability to repress rDNA transcription and/or to have some repeats constitutively silent
may be an important mechanism assuring NOR segregation. Consistent with this suggestion,
we found a significant delay in rDNA segregation in the 20 rDNA repeat strain, where all
rDNA repeats are transcribed (Fig. 3G and Supplement 2), showing that Pol I transcription
is detrimental for rDNA segregation. The latter could be an evolutionary impetus to develop
a pathway for mitotic shutdown of Pol I transcription in Metazoa. The fact that condensin is
released from rDNA when the number of silent repeats is reduced (Figs. 3A and E) gives
additional indirect support to the hypothesis that that silent rDNA repeats are normally
bound by condensin (Fig. 4). The possible shift of the cellular role of condensin due to its
relocalization in ErDNA cells may allow more targeted study of condensin’s activity at non-
rDNA chromosomal sites, independent of its effect on rDNA segregation.

We have shown that the level of Pol I transcription is a powerful control mechanism
determining condensin localization in the nucleolus (Fig. 4), and possibly across all
chromosomes. Thus, condensin localization to chromatin is dynamic: it may change in
response to essentially an epigenetic factor (Pol I transcription patterns within the rDNA
array). We suggest that the silencing of rDNA transcription plays an important role in the
homeostatic control of condensin localization and, possibly, other nucleolus-enriched
proteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Condensin binding in the NOR is controlled by rDNA transcription and Fob1p. (A)
Schematic of an rDNA repeat. Positions of transcripts (35S and 5S) and intergenic
sequences (IGS) are shown in relation to the replication fork block (RFB) and origin of
replication (ori). Horizontal arrowheads denote DNA replication, vertical arrowhead
correspond to condensin binding hotspots. (B) Cell cycle analysis of Smc2-HA binding to
rDNA in relation to Pol I transcription. Smc2p-HA ChIP data are from qPCR analysis of
Smc2p-ChIP samples from cdc15-2 SMC2:HA cells (532-SLJ127 strain). Quantitative real-
time RT-PCR was used to determine Pol I transcription levels. Samples were taken every 20
min after release from arrest at 37°C. Primers pair spanning the 18S RNA 5' processing site
were used for RT-PCR analysis to avoid detecting mature ribosomal RNA. RT-PCR values
were normalized to TUB2 transcript levels to account for cell growth during the time course
(data not shown). Error bars are standard deviations of multiple determinations. Cell cycle
progression was monitored by DNA flow cytometry (lower panel), nuclear division and
budding indices (not shown). Entry in mitosis was detected 80 min after release from the
arrest. (C) ChIP/qPCR analysis of Smc2p-HA binding to the rDNA repeat in fob1Δ 20-
RDN1 (532-TAK300), fob1Δ with wild type rDNA (532-W303-1) and wild type strain (532-
W303). Cells were arrested in G2/M by nocodazole. Primers are as in.58 (D) FOB1
dependence of Smc2p-HA binding at the four rDNA hotspots, analyzed by ChIP/qPCR.
Hotspot peaks correspond to those shown in (A and B). Error bars are standard deviations
from three independent experiments.
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Figure 2.
Reducing Pol I transcription causes condensin accumulation in the nucleolus. (A) Retention
of nucleolar condensin in rapamycin-treated cells. The test strain (640-3-AS426) contains a
cdc15 ts allele for synchronization, a SIK1-RFP fusion as a nucleolar marker,48 and the
SMC4-GFP to allow condensin detection. For the time (0) panel the cells were imaged after
a 2.5 hr arrest at 37°C, with the last 30 min in the presence of rapamycin or cycloheximide.
45 Arrows point to the nucleolar Smc4p-GFP signal. The same cells were then imaged 1hr
after shift from 37°C to 23° in the presence of rapamycin or cycloheximide. Arrows point to
the nucleolar Smc4p-GFP signal still present in rapamycin-exposed cells. Both rapamycin
and cycloheximide-treated cells failed to enter the next cell cycle (data not shown). (B)
Quantitative analysis of nucleolar Smc4p-GFP signal for the experiment in (A). A minimum
of 200 cells were scored. (C) Both rapamycin and cycloheximide-treated cells exit mitosis.
Western blotting for protein extracts corresponding to timepoints in (A) was probed for
Clb2p degradation with specific antibodies. Anti-PSTAIRE antibodies (Cdc28p) were used
for protein loading control. (D) ChIP/qPCR analysis of condensin binding to the 18S rRNA
gene site in rapamycin-treated cells. The cdc15ts BRN1-HA strain (1cAS452)15 was used to
prepare ChIP under conditions as in (A). (E) Condensin enrichment at rDNA upon
transcription shut-off. Chromatin extracted from cells expressing the 35S rRNA precursor
under control of the GAL7 promoter (532-NOY891/pNOY353) was analyzed for Smc2p-HA
binding to the 18S site (Fig. 1A) by ChIP/qPCR. Cells were arrested at mitosis in the
presence of galactose and released into glucose-containing medium; samples were collected
at 0, 30, 60 and 90 minutes after release. Insert—agarose gels showing products of RT-PCR
for the 5S RNA (which is expressed from its own promoter) and the 35S rRNA precursor
which is expressed from the GAL7 promoter. (F) Condensin depletion from chromosomal
sites upon rDNA transcription shut-off. ChIP samples from (E) were analyzed for condensin
binding at HM loci and peri-CEN4 site, hotspots showing dynamic changes in condensin
enrichment.14
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Figure 3.
Competition between condensin binding and Pol I transcription results in reduced
segregation fidelity. (A) Comparison of condensin localization in ErDNA cells and wild
type. Smc4p-GFP localization (green fluorescence) is shown in representative mitotic cells
with wild type rDNA (640-NOY396) and ErDNA cells (640-NOY891/pRDNwt). Cells were
grown asynchronously and imaged as described above. The cell cycle stage was identified
by nucleus position and bud size. Scale bar 5 μm. (B) Increased ratio between Pol I
transcription and rDNA copy number in ErDNA cells. Relative rDNA copy number
(normalized to wild type rDNA strain NOY396) and relative levels of Pol I transcription
(also normalized to NOY396) are shown for ErDNA cells (YP377 strain). The 20-repeat
rDNA strain (TAK300) analysis is shown as a reference. Indexes above the histograms
represent relative increase of transcription per rDNA repeat, compared to wild type. (C)
Increased Pol I transcription in ErDNA cells. Psoralen crosslinking and Southern blotting
with the rDNA probe (2.8 kb EcoRI fragment) were used as in34 to detect the ratio between
transcribed (heavily crosslinked slow mobility band) and silent (lightly crosslinked faster
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mobility band) rDNA repeats. To facilitate comparison between the strains the conditions
were chosen so that crosslinking is minimal in wild type rDNA. Strains are as in (B). The 20
repeat rDNA data shown as a reference for fully transcribed rDNA. (D) (E) ChIP/qPCR
analysis of condensin binding to rDNA. Cells with wild type rDNA (532-W303) in (D) and
ErDNA (532-NOY891/pRDNwt) in (E) were arrested with nocodazole and processed for
Smc2p-HA ChIP/qPCR analysis. Primers/probes are as in (Fig. 1C).58 (F) Mitotic stability
of rDNA minichromosome as a function of condensin proficiency and rDNA organization in
smc2-8 and ErDNA cells. The URA3 rDNA minichromosome (pBW1065) stability was
analyzed as in14 in wild type (W303), smc2-8 (733-W303), ErDNA (YP377) and smc2-8
ErDNA (733-YP377) cells after a 3-hr shift to 37°C in selective media. Error bars are
standard deviations from analysis of at least eight independent clones. (G) Delay of rDNA
segregation in cells with minimal NOR. Time lapse video microscopy was used to monitor
segregation of the nucleolus (Sik1p-mRFP marker) relatively to anaphase initiation (time 0)
and full separation of non-rDNA chromatin (Scc3p-GFP marker). Corresponding cell types
are shown below the graph. Ten cells of asynchronous population were analyzed for each
strain: TAK300E (with wild type rDNA locus length) and TAK300 (20 rDNA repeats).
Imaging was done with one-minute intervals, red and green channels were recorded
simultaneously. Sample video files from this analysis are in Supplement 2. Average times of
rDNA segregation after anaphase initiation (min) are shown in boldface.
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Figure 4.
Putative mechanisms of combining condensing binding with active rDNA transcription. (A)
Competition between condensin bunding and transcription. This scenarion is likely avoided
in the wild-type rDNA, but is likely the only possible mechanism for rDNA segregation in
the 20-repeat strain. (B) rDNA repeat specialization for rRNA production (active Pol I
transcription) and nucleolar segregation (silent for Pol I transcription) in wild type budding
yeast.
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Table 1

S. cerevisiae strains

Strain Genotype

W303 MATa ade2 leu2 can1 his3 trp1 ura3

532-SLJ127 MATa ade2 bar1 can1 cdc15-2 his3 leu2 trp1 ura3 SMC2:6His:3HA::LEU2

733-W303 MATa ade2 can1 his3 leu2 trp1 ura3 smc2-8::LEU2

532-TAK300 MATa ade2 can1 his3 leu2 trp1 ura3 20-RDN1 SMC2:6His:3HA::LEU2

532-W303 MATa ade2 can1 his3 leu2 trp1 ura3 SMC2:6His:3HA::LEU2

532-W303-1 MATa ade2 can1 his3 leu2 trp1 ura3 fob1Δ|::TRP1 SMC2:6His:3HA::LEU2

640-3-AS426 MATα cdc15-1 his leu2 ura3 SMC4:GFP::URA3

1cAS452 MATa cdc15-1 leu2 trp1 ura3 BRN1:6His:3HA::URA3

532-NOY891/pNOY353 MATa ade2 ura3 leu2 his3can1rdn1-Δ|::HIS3 SMC2:12His:3HA::LEU2//TRP1 pGAL7:RDN

640-NOY396s MATα ade2 his 3 trp1 ura3 leu2 fob1Δ|::TRP1

640-NOY891s/pRDNwt MATa ade2 can1 his3 leu2 ura3 rdn1-Δ|::HIS3 SIK1:mRFP::kanMX SMC4:GFP::URA3/TRP1 leu2-d rDNA

532-NOY891/pRDNwt MATa ade2 can1 his3 leu2 ura3 rdn1-Δ|::HIS3 SMC2:6His:3HA::LEU2/TRP1 leu2-d rDNA

YP377 MATa ade2 his3 leu2 trp1 ura3 rdn1-Δ|/URA3 rDNA32

733-YP377 MATa ade2 his3 leu2 trp1 ura3 rdn1-Δ| smc2-8::LEU2/URA3 rDNA

TAK300E MATa ade2 can1 his3 leu2 trp1 ura3 RDN1
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