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Eukaryotic chromosomes reach their stable rod-shaped appearance in mitosis in a reaction dependent on the
evolutionarily conserved condensin complex. Little is known about how and where condensin associates with
chromosomes. Here, we analyze condensin binding to budding yeast chromosomes using high-resolution
oligonucleotide tiling arrays. Condensin-binding sites coincide with those of the loading factor Scc2/4 of the
related cohesin complex. The sites map to tRNA and other genes bound by the RNA polymerase IIT
transcription factor TFIIIC, and ribosomal protein and SNR genes. An ectopic B-box element, recognized by
TFIIIC, constitutes a minimal condensin-binding site, and TFIIIC and the Scc2/4 complex promote functional
condensin association with chromosomes. A similar pattern of condensin binding is conserved along fission
yeast chromosomes. This reveals that TFIIIC-binding sites, including tRNA genes, constitute a hitherto
unknown chromosomal feature with important implications for chromosome architecture during both

interphase and mitosis.
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Mitotic chromosome structure and stability are deter-
mined by the chromosomal condensin complex. Con-
densin is one of three essential SMC (structural mainte-
nance of chromosomes) subunit-containing protein com-
plexes that exist in all eukaryotes and share important
roles in chromosome biology (Nasmyth and Haering
2005; Hirano 2006). The other SMC complexes are co-
hesin, required for sister chromatid cohesion and DNA
repair by homologous recombination, and the Smc5/
Smc6 complex, with a less well understood role in pre-
venting DNA damage and facilitating DNA repair. Con-
densin’s most apparent role relates to mitotic chromo-
some architecture and to sister chromatid resolution
during anaphase (Hirano and Mitchison 1994; Saka et al.
1994, Strunnikov et al. 1995; Bhat et al. 1996; Hudson et
al. 2003; Ono et al. 2003). In addition, condensin fulfills
important roles during interphase. These include tran-
scriptional silencing at the budding yeast mating type
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and the Drosophila Fab-7 loci, as well as DNA replica-
tion checkpoint signaling in fission yeast (Lupo et al.
2001; Aono et al. 2002; Bhalla et al. 2002). How and
where condensin binds to interphase and mitotic chro-
mosomes to carry out these functions are poorly under-
stood.

Condensin is built on a dimer of Smc2 and Smc4, two
long coiled-coil proteins that interact with each other at
both ends. On one side lies a dimerization interface
known as the hinge, and on the other end lie interacting
ATPase head domains. Studies using recombinant hu-
man condensin subunits have shown that the kleisin
subunit CAP-H (Brnl in budding yeast) directly binds the
Smc head domains (Onn et al. 2007). The kleisin subunit
in turn recruits the remaining two HEAT repeat-contain-
ing non-Smc subunits, CAP-D2 and CAP-G (Ycs4 and
Ycgl in budding yeast), to the complex. Human cells
contain two isoforms of the complex, condensin I and
condensin II, that share the Smc2 and Smc4 subunits but
contain alternate non-Smc subunits (Ono et al. 2003,
2004; Hirota et al. 2004). While condensin II is nuclear
throughout the cell cycle, condensin I is excluded from
the interphase nucleus and associates with chromo-
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somes only in mitosis. Detailed biochemical character-
ization of the vertebrate condensin I complex has shown
that it binds to DNA in vitro by wrapping ~190 bp of
DNA in an ATP hydrolysis-dependent reaction (Bazett-
Jones et al. 2002). The resulting supercoiling activity of
condensin is stimulated by mitotic phosphorylation of
its CAP-D2 subunit, thus correlating this activity to mi-
totic chromosome condensation (Kimura et al. 1998). In
organisms from yeast to human, condensin is present at
a stoichiometry of one molecule per 5-10 kb of DNA
(MacCallum et al. 2002; Wang et al. 2005). The relation-
ship between condensin’s in vitro activities, and its func-
tion on interphase and mitotic chromosomes in vivo, is
not yet understood.

Chromosome binding of the related cohesin complex
has been the subject of intense study over recent years.
The architecture of the budding yeast cohesin complex
resembles that of condensin. Cohesin’s Smc subunits,
Smcl and Smc3, dimerize at both the Smc hinge and the
ATPase heads. The kleisin Sccl associates with the Smc
heads to stabilize their interaction and is required to re-
cruit the remaining subunits, Scc3 and Pds5 (Haering et
al. 2002; MclIntyre et al. 2007). These biochemical fea-
tures, combined with electron micrographs of human co-
hesin, have shown cohesin to form a large proteinaceous
ring (Anderson et al. 2002; Haering et al. 2002). It has
been suggested, and compelling evidence has been pro-
vided, that cohesin rings bind to chromosomes by topo-
logically entrapping DNA (Haering et al. 2002; Ivanov
and Nasmyth 2005). Cohesin loading onto chromosomes
in vivo depends on a loading factor, the Scc2/4 complex
(Ciosk et al. 2000). Scc2/4-binding sites along chromo-
somes are poorly characterized, but along budding yeast
chromosome 6 correlate with strong transcriptional ac-
tivity (Lengronne et al. 2004). Interaction of cohesin with
the Scc2/4 complex may recruit cohesin to chromo-
somes, upon which ATP hydrolysis by cohesin’s Smc
subunits is required for productive loading onto DNA
(Arumugam et al. 2003; Weitzer et al. 2003). After load-
ing, cohesin translocates away from the Scc2/4 complex
to accumulate between convergent RNA polymerase II
(pol II)-transcribed genes (Lengronne et al. 2004).

Unlike the cohesin rings, condensin shows a rod-like
appearance on electron micrographs with the Smc2 and
Smc4 coiled-coils juxtaposed (Anderson et al. 2002).
Nevertheless, the subunit arrangement suggests that
condensin also forms a ring that could bind DNA by
topological embrace. Whether this is the case, and
whether DNA binding of condensin in vivo also depends
on a loading factor, is not known. A low-resolution, ge-
nome-wide localization analysis in budding yeast has
found condensin at discrete sites, spaced on average ev-
ery 10 kb (Wang et al. 2005). Chromosomal features that
characterize the binding sites remained unknown. We
performed high-resolution analysis of condensin chro-
matin immunoprecipitates on oligonucleotide tiling ar-
rays. This confirmed a pattern of unique condensin-bind-
ing sites, concentrated at centromeres, that remained
largely unchanged between interphase and mitosis. We
find that condensin colocalizes with the cohesin loader

2216 GENES & DEVELOPMENT

Scc2/4 at tRNA genes, and additional sequences charac-
terized by the RNA pol III transcription factor TFIIIC.
TFIIC and Scc2/4 contribute to productive condensin
association at these sites, and an isolated B-box sequence
element, recognized by TFIIIC, is sufficient to generate a
condensin-binding site. This provides the first evidence
for sequence-specific loading of condensin onto chromo-
somes and describes a new chromosomal feature with
implications for both interphase and mitotic chromo-
some architecture.

Results

A largely unaltered chromosomal condensin pattern
throughout the cell cycle

To investigate condensin binding to budding yeast chro-
mosomes, we performed chromatin immunoprecipita-
tion (ChIP) against two Pk epitope-tagged subunits of the
condensin complex, Smc4 and Brnl. We first analyzed
chromatin immunoprecipitates obtained from cells ar-
rested in the G1 phase of the cell cycle by a-factor treat-
ment. Consistent with an earlier report (Wang et al.
2005), peaks of association were enriched around the
centromere. Additional peaks were found in frequent in-
tervals along the chromosome arms (Fig. 1A shows a
325-kb segment of chromosome 5; a genome-wide con-
densin map can be found in Supplemental Fig. 1).

Chromosome condensation is at its lowest in G1 cells.
We therefore compared this pattern to that in cells ar-
rested in metaphase by treatment with the spindle poi-
son nocodazole, when chromosomes are condensed
(Guacci et al. 1994). The distribution of Smc4 along chro-
mosome arms was indistinguishable from cells in GI,
but condensin enrichment at the centromere was more
pronounced (Fig. 1A). The total level of condensin on
budding yeast chromosomes remains constant between
Gl and metaphase (Wang et al. 2005), suggesting that
mitotic chromosome condensation is not the conse-
quence of condensin binding to specific sites, but of a
reaction that condensin bound to these sites performs in
a cell cycle regulated manner. Mitosis-specific centro-
meric enrichment opens the possibility that condensin
contributes to structural integrity of mitotic budding
yeast centromeres, as has been observed in metazoan
cells (Ono et al. 2004; Gerlich et al. 2006a).

We also analyzed the condensin pattern in cells ar-
rested in early S phase with the replication inhibitor hy-
droxyurea (HU). Again, much of the pattern was similar
to cells in G1 (Fig. 1B). In addition, condensin accumu-
lated at several sites of stalled replication forks in the
HU arrest. These were visualized, after incorporation of
the nucleotide analog 5-bromo-2’-deoxyuridine (BrdU),
by ChIP with an «a-BrdU antibody. We do not know
whether condensin also associates with replication forks
during an undisturbed S phase. The localization to HU-
arrested forks is consistent with the observation that fis-
sion yeast condensin is required for the replication
checkpoint response after HU treatment (Aono et al.
2002).
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Intergenic enrichment of condensin, independent
of a spacing rule

In our efforts to find a rule that underlies the condensin
pattern, we first compared it with that of the related
cohesin complex. Cytological analysis has suggested that,
despite their similarity, the two complexes do not coincide
in their binding to chromosomes (Ciosk et al. 2000). This
was confirmed by our ChIP analysis. Although cohesin and
condensin peaks partly overlapped at some sites, the pat-
terns appeared largely distinct from each other (Fig. 2A).
Both cohesin and condensin are enriched at centromeres,
but even there the peak distribution was distinct. This sug-
gests that the two related complexes differ in certain as-
pects of their chromosome binding.

As a next step, we used a peak picking algorithm to
assign 419 condensin-binding sites along the 16 budding
yeast chromosomes, excluding a 20-kb region on either
side of centromeres, where condensin enrichment might
follow a mechanism different from that along chromo-
some arms (Supplemental Fig. 2). The number of con-
densin-binding sites on each chromosome was propor-
tional to its length, consistent with earlier observations
(Wang et al. 2005). We observed that condensin was pref-
erentially found between ORFs. Twenty-five percent of
peaks mapped within an annotated ORF, while almost
60% of the genome is covered by ORFs. This suggests
that a mechanism exists that excludes condensin from
ORFs (P < 107*%). There was no bias with respect to ORF
orientation. When all condensin peaks were assigned to
their closest inter-ORF region, we found that they
equally likely mapped between convergent, divergent,
and tandem ORFs (Supplemental Fig. 2). This is different

condensin (Smc4-Pk;) cohesin (Scc1-HA )

from the association pattern of cohesin, which is prefer-
entially found between convergent ORFs.

Along some, but not all, chromosome arms, we ob-
served an apparently even spacing of peaks, ~15 kb in
distance from each other. This was interesting in light of
mitotic chromosome models in which chromatin is
folded into equally sized loops that are stabilized by con-
densin. We therefore tested whether a geometric spacing
rule determines condensin association. We removed 8.5
kb, approximately half of the geometric unit, including
four nonessential genes, between two condensin-binding
sites on the right arm of chromosome 5. If a spacing rule
controlled condensin association, we would expect
peaks surrounding the deletion to change their position
with respect to the underlying DNA sequence. Con-
versely, if chromosomal cis-acting features attracted
condensin, we would expect the distance between the
two neighboring condensin bindings sites to decrease.
Figure 2B shows that the latter is the case. In response to
the deletion, condensin maintained its association rela-
tive to the underlying sequence, and the distance be-
tween the two peaks decreased. This result does not ex-
clude the possibility that condensin delineates units of
folding within chromosomes, but suggests that such
units can vary in size.

Condensin colocalization with the cohesin loader
Scc2/4

When comparing the chromosomal binding pattern of
condensin with that of the cohesin loader Scc2/4, we
noticed striking colocalization of the two. In cells
arrested in early S phase with HU, the colocalization

chromosome 5
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bhlso=sdvw
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Figure 2. Condensin binding without a
spacing rule. (A) Condensin binding sites
are distinct from those of the related co-
hesin complex. The distribution of Smc4-
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harboring an 8.5-kb deletion between two
neighboring condensin-binding sites.
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extended to both the constitutive chromosomal associa-
tion sites as well as stalled replication forks (Fig. 3A).
The coincidence of condensin and Scc2/4-binding sites
was statistically significant (Supplemental Fig. 3). To
confirm this observation, we validated four positive (P1-
P4) and two negative (N1 and N2) (cf. Fig. 1A; Supple-
mental Fig. 1) binding sites by quantitative analysis of
Brnl and Scc2 chromatin immunoprecipitates using
real-time PCR. This approach yielded results in good
agreement with the peak intensities seen by our micro-
array analysis (Fig. 3B). As an independent approach, we
used cytological staining of the condensin subunits Brnl
and Scc2 on spread metaphase chromosomes, which con-
firmed colocalization of the two proteins (Fig. 3C). Co-
localization of condensin with Scc2/4 was observed on
chromosome spreads from all stages of the cell cycle (data
not shown). This opened the possibility that the Scc2/4
complex, in addition to its role as a cohesin loader, also
participates in condensin’s function on chromosomes.

Scc2/4 contributes to condensin association
with chromosomes

To test whether Scc2/4 was required for condensin bind-
ing to chromosomes, we compared wild-type and scc2-4

>

Condensin binding to yeast chromosomes

mutant cells arrested in metaphase by nocodazole treat-
ment. Both cultures were shifted for 1 h to 37°C in the
arrest, a restrictive temperature for the scc2-4 allele. To
analyze condensin association with chromosomes, we
immunostained spread metaphase chromosomes with
an antibody against the HA epitope tag fused to Brnl.
After inactivation of the scc2-4 allele, the Brnl signal
was reduced by approximately half compared with the
signal before temperature shift, or with wild-type cells
(Fig. 4A). The total cellular Brnl levels remained unaf-
fected by Scc2 inactivation, as visualized by Western
blotting of cell extracts before and after the temperature
shift. In a complementary approach, we analyzed con-
densin chromatin immunoprecipitates from metaphase
arrested wild-type or scc2-4 mutant cells after shift to
restrictive temperature by real-time PCR. This revealed
that condensin binding to the four positive binding sites
described in Figure 3B was similarly reduced, but not
abolished, after Scc2 inactivation (Fig. 4B). This suggests
that while Scc2 is not essential for condensin recruit-
ment to chromosomes, it promotes its full level of asso-
ciation.

A protein interaction between Scc2/4 and cohesin has
been reported that might be involved in the recruitment

chromosome 5

Smcda-Pk,

o N b

Scc2-Pk,

(]

Signal log, ratio  Signal log, ratio
N

2k

42 440 460

B Bmi-P

0 4 T

480

ky

[J Scc2-Pk,

500 520 (kb)

Cc DAPI

Brn1

P1 P2 P3 N1 P4

-0.5 -

N2

Figure 3. Condensin colocalization with the cohesin loader Scc2/4. (A) Colocalization seen by ChIP. The Smc4-Pk, pattern along a
130-kb fragment of chromosome 5 in HU-arrested cells is compared with the distribution of Scc2-Pk, obtained from strain Y2422
(MATa SCC2-Pk,) under the same conditions. The locations of the early firing origins ARS518 and ARS520 are indicated. (B) Con-
firmation of colocalization by quantitative PCR analysis. Four positive (P1-P4) and two negative (N1 and N2) association sites
identified by microarray analysis (cf. Fig. 1; Supplemental Fig. 1) were examined. Enrichment of Brn1-Pk9 (strain Y2200) and Scc2-Pk9
chromatin immunoprecipitates over a whole genome DNA sample is depicted, normalized to the average of the two negative
association sites. 1.58% and 1.45% of input DNA at P1 was recovered in the Brnl and Scc2 immunoprecipitates, respectively. (C)
Colocalization on chromosome spreads. Strain Y2717 (MATa BRNI1-myc, SCC2-HA,) was arrested in metaphase by nocodazole
treatment. Chromosome spreads were stained to detect the epitope-tagged condensin subunit Brnl-myc, and Scc2-HAg.
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Figure 4. A contribution of Scc2/4 to con-
densin association with chromosomes. (A)
Chromosome spreads of nocodazole-arrested
cells of strains Y2521 (MATa BRNI-HA,
SCC1-Pky) and Y2423 (MATa scc2-4 BRN1-
HA, SCC1-Pky) shifted for 1 h to 37°C were
stained for the condensin subunit Brnl-HA.

Brn1-HA,

The mean staining intensity and standard er- B 34
ror for at least 50 cells in each sample are 25
shown. The decrease of Brnl on chromo- =
somes was not due to degradation of the sub- o 25
unit, as confirmed by Western blotting of = 1.5 -
whole cell extracts. (B) Quantification of con- =
densin association under the same conditions z 11
by ChIP followed by real-time PCR analysis o 05
of the four binding sites (P1-P4) characterized 0
in Figure 3B. The two negative sites (N1 and

N2) were used for normalization. -0.5 -

of cohesin to chromosomes (Arumugam et al. 2003). We
therefore tested whether we could observe a similar in-
teraction between Scc2/4 and condensin. By coimmuno-
precipitation, we could confirm the interaction of Scc2/4
with cohesin, but not condensin (Supplemental Fig. 4).
This suggests that while Scc2/4 is required for full levels
of condensin binding to chromosomes, the two com-
plexes interact only indirectly, or less stably than Scc2/4
and cohesin.

Scc2/4 promotes chromosome condensation

The relatively small effect of Scc2 inactivation on chro-
mosomal condensin levels could mean that condensin
functions largely independently of Scc2/4. Alternatively,
the reduced condensin levels could reflect a difference in
the manner by which condensin binds to chromosomes
in the absence of Scc2/4. We therefore tested whether
chromosome-bound condensin in the scc2-4 mutant was
proficient in mitotic chromosome condensation. To this
end, we established a chromosome condensation assay
based on two lac operator arrays spaced 137 kb from each
other on the left arm of chromosome 12, visualized by
expression of a lacI-GFP fusion protein. In G1 cells, the
average distance between the two GFP-marked loci,
measured in three dimensions, was 0.60 + 0.24 pnm. This
distance decreased in metaphase arrested cells to
0.43 + 0.20 pm (Fig. 5A). These values agree well with
fluorescent in situ hybridization analysis of similarly
spaced loci on spread chromosomes (Guacci et al. 1994,
confirming 1.5-fold lengthwise mitotic condensation of
budding yeast chromosome arms. We next arrested wild-
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type, condensin brn1-9, and scc2-4 mutant cells in meta-
phase by nocodazole treatment and then inactivated the
mutant alleles by temperature shift. While condensation
of wild-type chromosomes remained intact, the distance
of the GFP-marked loci in both brn1-9 and scc2-4 mu-
tant cells increased to values of uncondensed chromo-
some arms (Fig. 5B). This suggests that condensin as well
as Scc2/4 are required to maintain mitotic chromosome
condensation.

To confirm these observations, we analyzed conden-
sation of the rDNA locus by visualizing the rDNA-bind-
ing protein Netl fused to GFP. In this experiment, we
released wild-type, ycg1-10, scc2-4, and scc4-4 cells from
HU-block in early S phase into nocodazole-imposed
metaphase arrest at restrictive temperature. Sister chro-
matid cohesion, which in budding yeast is also required
for mitotic chromosome condensation, was intact after
cohesin loading in the HU block at permissive condi-
tions. In wild-type metaphase cells, the rDNA con-
densed into characteristic loops (Guacci et al. 1994),
while in the ycgl-10 mutant it maintained an uncon-
densed, puff-like appearance (Fig. 5C). The rDNA in
scc2-4 and scc4-4 cells also did not form loops. Uncon-
densed rDNA puffs were prominent in the scc4-4 mu-
tant, while scc2-4 cells contained puffs as well as com-
pact rDNA structures similar to the clusters that have
been described as an rDNA condensation intermediate
(Lavoie et al. 2004). Together, these results indicate that
Scc2/4 is required to establish and maintain chromo-
some condensation. The colocalization of Scc2/4 with
condensin and the altered condensin levels on chromo-
somes in the scc2-4 mutant are consistent with the pos-
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Figure 5. Scc2/4 requirement for chromosome condensation. (A) A condensation assay for the chromosome 12 left arm. Strain Y2869
(MATa IacOs::YLR0O03c-1 lacOs:: MMP1 Lacl-GFP) was arrested in G1 by a-factor, and in metaphase by nocodazole treatment.
Chromosome condensation was assessed by measuring the distance between the two fluorescent loci in three dimensions. Examples
of wild-type cells in G1 and metaphase are shown, as well as the distribution of measured distances. The mean distances, with their
standard deviations, are given. (B) Scc2/4 is required to maintain chromosome arm condensation. Metaphase arrested cells of strains
Y2869, Y3104 (as Y2869 but brnl-9) and Y2887 (as Y2869 but scc2-4) were shifted for 1 h to 35.5°C, and the condensation status of
the chromosome 12 left arm was analyzed as in A. (C) Scc2/4 is required for condensation of the rDNA locus. Strains Y2727 (MATa
NET1-GFP), Y2729 (MATa ycgl-10 NET1-GFP), Y2750 (MATa scc2-4 NET1-GFP), and Y2728 (MATa scc4A scc4-4 NET1-GFP) were
arrested in S phase by HU treatment at 23°C, and released into nocodazole-containing medium at 35.5°C. rDNA condensation was
analyzed by visualizing the rDNA-binding protein Netl fused to GFP. Examples of the cells are shown, and the numbers of nuclei
displaying puff-, cluster-, or loop-shaped rDNA loci (Lavoie et al. 2004) were counted in >100 cells in each sample.
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Condensin coincides with tRNA genes and other
TFIIIC-binding sites

sibility that the Scc2/4 complex contributes to produc-
tive chromosome condensation by the condensin com-
plex. We cannot exclude that the Scc2/4 complex plays a
role in chromosome condensation in addition to, or in-
dependently of, condensin.

Our results on the colocalization of condensin and the
Scc2/4 complex left open the question of how these bind-
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ing sites are defined. During our analysis, we noticed a
clear correlation of condensin peaks with tRNA genes
(Fig. 6A). Of the 419 condensin peaks identified, 142
(34%) were assigned to within 1 kb of a tRNA gene, with
an average distance of 66 bp from the start of the tRNA
gene. This represents more than half of the 274 tRNA
genes in Saccharomyces cerevisiae. On visual inspec-
tion, the remaining tRNA genes were also found associ-
ated with condensin, although the peaks were below the
threshold for recognition by our peak picking algorithm
(Supplemental Figs. 1, 2). tRNAs are transcribed by RNA
pol III, and condensin peaks also decorated all other
known pol III genes—SNR6, SCR1, RPR1, and SNR52—
encoding small nuclear and cytoplasmic RNAs (Fig. 6A;
Supplemental Fig. 1). This suggests that pol III-tran-
scribed genes contain features that form condensin-bind-
ing sites. In addition to pol III-transcribed genes, we
found condensin at all RNA pol II-transcribed genes en-
coding small nuclear and nucleolar RNAs (SNR genes),
as well as protein components of the large and small
ribosome subunits (RPL and RPS genes) (Fig. 6A; Supple-
mental Figs. 1, 2).

Published by Cold Spring Harbor Laboratory Press

tRNA and other pol III genes are strongly transcribed.
However, inhibition of their transcription by the pol III
inhibitor ML-60218 (Wu et al. 2003) did not alter con-
densin binding to these sites (data not shown). Instead,
sequence elements present at these genes, or transcrip-
tion factors that recognize them, might confer condensin
binding. A core pol Il promoter element is the B-box
(GTTCxAxxC), recognized by the transcription factor
TFIIC. We therefore compared the chromosome binding
patterns of TFIIIC and condensin. ChIP against the epi-
tope-tagged TFIIIC subunit Tfc3 revealed that it colocal-
ized with condensin at pol III genes (Fig. 6A; Supplemen-
tal Fig. 5), as well as several previously described “extra
TFIIIC (ETC)"” sites (Moqtaderi and Struhl 2004). We ob-
served Tfc3 also at most other condensin-binding sites
along chromosome arms that did not correspond to pre-
viously known TFIIIC-binding sites. Association at these
sites was weaker when compared with pol III genes or
ETC loci. We currently do not know whether Tfc3 at
these sites weakly recognizes degenerate or partial B-box
motifs that are found at frequent distances throughout
the genome, or whether Tfc3 association is mediated in-
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Figure 6. Condensin coincides with the RNA pol III transcription factor TFIIIC. (A) Colocalization of condensin with TFIIIC at tRNA
genes, and genes encoding ribosomal protein components and small noncoding RNAs. Strains Y2200 and Y3096 (MAT« TFC3-Pk,

BRN1-HA,) were arrested in metaphase by nocodazole treatment,

and ChIP against the condensin subunit Brnl-Pky and the TFIIIC

subunit Tfc3-Pky, was performed. A 200-kb region including the centromere of chromosome 5 is shown. (B) Reduced chromosome
association of Scc2/4 and condensin in the temperature-sensitive TFIIIC mutant tfc3-tsv115. Cultures of strains Y3343 (MATa
SCC4-HA,), Y3344 (as Y3343 but tfc3-tsv115), Y3345 (MATa BRN1-HA, SCC1-Pk,), and Y3346 (as Y3345 but tfc3-tsv1) were shifted
for 4 h to 37°C, and chromosome binding of Scc4-HA4 and Brn1-HA, was quantified on stained spread chromosomes. Examples of the
spreads and the measured mean staining intensity and standard error are shown.
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directly; e.g., by interactions between neighboring con-
densin-binding sites in trans. The chromosome-wide co-
localization of condensin with Tfc3 was statistically sig-
nificant (Supplemental Fig. 3). Exceptions where
condensin did not coincide with Tfc3 were centromeres
where the enrichment of condensin was not reflected by
Tfc3 and four of the ETC loci where strong Tfc3 binding
was matched only by a weak condensin peak.

We next addressed whether TFIIIC contributes to the
recruitment of Scc2/4 and condensin to its binding sites.
To test this, we made use of a temperature-sensitive mu-
tation in the TFIIC subunit Tfc3, tfc3-tsv115 (Lefebvre
et al. 1994). We shifted exponentially growing cultures of
wild-type and tfc3-tsv115 mutant cells to a restrictive
temperature of 37°C, and analyzed chromosome associa-
tion of Scc2/4 and condensin by immunostaining of the
epitope-tagged Scc4 and Brnl subunits on spread chro-
mosomes. Four hours after the shift, both mutant and
wild-type cells still proliferated indistinguishably, and
the cellular protein levels of Scc4 and Brnl remained
unchanged, suggesting that pol III transcripts were not
yet limiting for cell growth. Only after longer times at
restrictive temperature, after five to six cell divisions,
proliferation of tfc3-tsv115 mutant cells ceased in a non-
uniform growth arrest. After 4 h of inactivation, chro-
mosome association of Scc4 and Brnl was reduced two-
fold in the tfc3-tsv115 mutant compared with wild-type
cells, while as a control the chromosomal levels of the
high mobility group protein Hmol were not affected (Fig.

Condensin binding to yeast chromosomes

6B). This suggests that TFIIIC has a role in recruiting or
stabilizing Scc2/4 and condensin on chromosomes in ad-
dition to its role as a pol III transcription factor.

A B-box forms a minimal condensin-binding site

TFIIIC recognizes and directly binds to the B-box motif
in pol II promoters (Huang and Maraia 2001). If TFIIIC
indeed plays a role in recruiting condensin to chromo-
somes, ectopic tRNA genes containing a pol III pro-
moter, or an isolated B-box element, should be sufficient
to form a condensin-binding site. To test this, we trans-
ferred two tandem tRNA [tH(GUG)E1] genes, or only a
consensus B-box element, to the intergenic region be-
tween the SWI4 and LSM4 genes on chromosome 5,
which is normally devoid of condensin. ChIP experi-
ments showed that transfer of these sequences was suf-
ficient to create a binding site for both TFIIIC and con-
densin (Fig. 7A,B). TFIIIC and condensin binding to the
ectopic B-box was less strong when compared with au-
thentic tRNA genes (cf. Fig. 7C), indicating that features
in addition to the B-box contribute to the formation of an
efficient binding site. While TFIIIC binding was limited
to sequences immediately surrounding the B-box inser-
tion, condensin was seen both coinciding with TFIIIC, as
well as downstream from the neighboring LSM4 gene.
This opens the possibility that, after loading, condensin
might be able to translocate along chromosomes in a
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Figure 7. A B-box as minimal condensin-binding site. (A) tRNA genes confer condensin binding. Brnl-Pk, ChIP was performed in
strains Y2200 and Y3528 [as Y2200, but two tandem tRNA tH(GUGJE1 genes inserted between SWI4 and LSM4] arrested in mitosis
by nocodazole treatment. A 7.5-kb region around this locus is shown. All probes with a positive signal log, ratio are depicted in yellow.
(B) A B-box is sufficient to form a TFIIIC and condensin-binding site. As in A, but a B-box consensus sequence (GGTTCGAACCC) was
inserted. Chromatin immunoprecipitates against Brnl-Pk, (strains Y2200 and Y3485) or Tfc3-Pk, (Y3096 and Y3475) were analyzed.
(C) Additional determinants at an endogenous tRNA gene. Brn1-Pk, and Tfc3-myc, g association around tRNA tE(UUC]J on chromo-
some 10 before (strains Y2200 and Y3096) and after deletion of the tRNA gene (Y3521 and Y3522) is shown. (D) Condensin association
along fission yeast chromosome 2. Nda3-KM311 cells, Y253 (h- leul nda3-KM311 cnd2-Pk,), were arrested in metaphase by tempera-
ture shift for 6 h to 20°C, before ChIP against Cnd2-Pk, was performed. The distribution over a 100-kb region of S. pombe chromosome
2 is shown. Peaks identified as detailed in Supplemental Figure 6 are indicated in dark blue.
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transcription-dependent fashion similar to cohesin, al-
beit with reduced processivity.

If tRNA sequence elements, recognized by TFIIIC, de-
termine condensin binding, deletion of this sequence
should abolish binding from an existing site. We deleted
the tRNA tE(UUC])J gene on chromosome 10 and ana-
lyzed the consequence on condensin distribution. In
response to the deletion, condensin was still detected,
although the peak height was reduced (Fig. 7C). In addi-
tion, small peaks of condensin association at neighbor-
ing inter-ORF regions increased in intensity. A similar
change in the condensin pattern was observed at two
additional tRNA genes that we deleted (data not shown).
We also analyzed TFIIIC binding around the deleted
tRNA tE(UUC]] locus and, as with condensin, found a
reduction but not elimination of binding. This suggests
that while a B-box element forms a minimal TFIIIC- and
condensin-binding site, additional features that remain
to be further characterized also contribute.

A conserved condensin-binding pattern in fission yeast

We addressed whether the pattern of condensin binding
along budding yeast chromosomes is a feature specific to
this organism or whether a similar pattern could be ob-
served in the distantly related fission yeast Schizosac-
charomyces pombe. We performed ChIP against the Pk
epitope-tagged Cnd2 subunit of the fission yeast conden-
sin complex, the ortholog of budding yeast Brnl (Sutani
et al. 1999). Hybridization of the chromatin immunopre-
cipitate to an oligonucleotide tiling array covering fis-
sion yeast chromosomes 2 and 3 revealed frequent con-
densin-binding sites along chromosome arms, with an
average distance between peaks of 40 kb (Fig. 7C; Supple-
mental Fig. 6). As in budding yeast, tRNA genes and
genes encoding ribosomal protein components were en-
riched for condensin. This suggests that features that
define binding sites of the chromosomal condensin com-
plex are conserved between budding and fission yeast,
and probably other eukaryotes.

Discussion

Condensin is a chromosomal protein complex with func-
tions in both mitotic chromosome structure and segre-
gation, as well as gene regulation and replication check-
point signaling in interphase. Here, we provide a detailed
analysis of condensin’s binding pattern along budding
yeast chromosomes. This uncovered an unexpected or-
ganizing principle, the binding to chromosomes together
with the Scc2/4 complex at sites characterized by the
presence of the pol III transcription factor TFIIIC. These
findings have important implications for both interphase
and mitotic chromosome architecture.

The Scc2/4 complex has first been characterized as a
chromosomal loading factor for the cohesin complex,
but it is not yet known how Scc2/4 loads cohesin onto
DNA. Scc2/4 interacts with cohesin and may stimulate
its low intrinsic ATPase activity, which is essential for
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cohesin loading onto DNA (Arumugam et al. 2003;
Weitzer et al. 2003). Our results show that Scc2/4 is also
required for chromosome condensation, and that in the
scc2-4 mutant, condensin fails to reach its full level of
association with chromosomes. Whether the involve-
ment of Scc2/4 with condensin is in principle similar to
its role in cohesin loading or contributes to chromosome
condensation by a distinct mechanism will be an impor-
tant question to be addressed. Cohesin association with
chromosomes involves topological binding to DNA (Iva-
nov and Nasmyth 2005), and it appears likely that the
Scc2/4-dependent loading step relates to achieving cohe-
sin’s topological DNA embrace. Scc2/4 also contributes
to chromosomal binding of the Smc5/6 complex (Betts
Lindroos et al. 2006). Given the structural similarity of
all three eukaryotic Smc complexes, one possibility, al-
though a hypothetical one, is that Scc2/4 is involved in
the topological loading of all Smc complexes onto DNA.
In this case, the observed condensin binding to chromo-
somes in the scc2-4 mutant might reflect a pre-loading
state. This could explain why condensation remains de-
fective in scc2-4 cells despite the presence of condensin.

An evident difference, compared with cohesin, is that
condensin does not translocate away from its loading
site, or does so only with reduced processivity. While
this difference accounts for the largely alternating pat-
tern of cohesin and condensin along chromosomes, it
may constitute a quantitative rather than qualitative dif-
ference. Condensin, like cohesin, appears to be excluded
from ORFs, and induction of RNA pol I or II transcrip-
tion within the rDNA locus has been shown to cause
displacement of condensin from transcribed regions
(Wang et al. 2006; Johzuka and Horiuchi 2007). We fur-
thermore observed that ectopic condensin recruitment
upstream of the actively transcribed LSM4 gene led to
condensin accumulation both upstream and down-
stream of the gene. Thus, condensin appears able to
translocate in response to transcription, but it may be
dissociating from chromosomes at a faster rate than co-
hesin. Direct measurements by fluorescence recovery af-
ter photobleaching experiments revealed faster turnover
of human condensin on chromosomes, as compared with
cohesin (Gerlich et al. 2006a,b). Continuous cycles of
loading and dissociation by budding yeast condensin
would be consistent with the continued requirement for
Scc2/4 to maintain chromosome condensation in mito-
sis.

Studies in organisms other than budding yeast have
yielded mixed results as to a possible contribution of the
Scc2/4 complex to chromosome condensation. A muta-
tion in the fission yeast Scc2 ortholog, mis4-242, causes
defects in sister chromatid cohesion, but not in chromo-
some condensation (Furuya et al. 1998). The Scc2 or-
tholog in the fungus Coprinus cinereus, encoded by
its RAD9 gene, is required for meiotic chromosome con-
densation, but its relationship with the condensin com-
plex has not been analyzed (Seitz et al. 1996). When
Scc2/4 was depleted from Xenopus egg extracts
(Gillespie and Hirano 2004}, or its level reduced by RNAi
in human cells (Watrin et al. 2006), no apparent chromo-
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some condensation defect was observed. However, it
should be noted that vertebrate chromosomes reach mi-
totic condensation even with largely reduced levels of
condensin (Hudson et al. 2003; Ono et al. 2004; Gerlich
et al. 2006a). It will therefore be interesting to analyze
condensin levels, and the structural stability of verte-
brate chromosomes, in the absence of Scc2/4. A muta-
tion in the Drosophila Scc2 ortholog, Nipped-B, leads to
structurally compromised mitotic chromosomes in lar-
val neuroblasts (Rollins et al. 2004).

The Scc2/4 and condensin-binding sites along budding
and fission yeast chromosomes follow an unexpected
pattern, in that they are characterized by sequence ele-
ments and proteins involved in transcriptional regula-
tion. Most notable is the association of Scc2/4 and con-
densin with all tRNA genes. Consistent with the func-
tion as cohesin and condensin loading sites, a tRNA gene
has recently been identified as a cis-acting element for
the establishment of sister chromatid cohesion at the
budding yeast HMR mating-type locus (Dubey and Gar-
tenberg 2007). In addition to tRNA genes, we found con-
densin also at genes encoding small noncoding RNAs
and ribosomal proteins, as well as several additional
genes that remain to be further characterized. While
strong transcriptional activity is common to these genes,
the process of transcription is probably not solely respon-
sible for condensin recruitment. This is suggested by an
unaltered condensin pattern after chemical inhibition of
pol III transcription. Furthermore, an isolated B-box ele-
ment, unlikely to promote transcription in the absence
of additional promoter elements, was sufficient to create
a minimal condensin-binding site. It could therefore be
that transcription factors in common to these genes are
mediating the recruitment of Scc2/4 and condensin.
These include the pol III transcription factor TFIIIC that
is recruited by the B-box element, and maybe additional
factors that characterize ribosomal protein genes and
other genes that act as condensin-binding sites.

Once bound to DNA, how does condensin exert its
function on interphase and mitotic chromosomes? A
hint as to condensin’s mode of action comes from the
observation that tRNA genes and TFIIIC are found in
clusters in interphase nuclei (Thompson et al. 2003;
Noma et al. 2006). In an accompanying paper, Haeusler
et al. (2008) show that condensin mediates the tRNA
gene clustering. This exemplifies that condensin estab-
lishes interactions between its binding sites. This could
occur by interactions between more than one condensin
complex, each bound to distinct binding sites. Alterna-
tively, individual condensin complexes are able to sub-
sequently load at more than one site. While maintaining
topological, or other, contact with one site, condensin
might repeat a DNA-binding reaction at a second site. The
establishment of contacts between condensin-binding sites
provides a powerful means to influence chromosome ar-
chitecture. tRNA genes are known to act as chromatin
domain boundaries, and clustering of boundary elements
has been linked with their function (Valenzuela and Ka-
makaka 2006). Domain boundary activity is consistent
with condensin’s described role in gene regulation (Lupo

Condensin binding to yeast chromosomes

et al. 2001; Bhalla et al. 2002). After replication fork stall-
ing during S phase, recruitment of condensin might sta-
bilize the fork within the nuclear context, thereby facil-
itating replication restart.

As cells enter mitosis, the in vitro DNA supercoiling
activity of Xenopus condensin I is stimulated by Cdk
phosphorylation of its XCAP-D2 subunit (Kimura et al.
1998), and the human condensin II complex slows down
its turnover on chromosomes in vivo (Gerlich et al.
2006a). Both, increased DNA binding and slower turn-
over at binding sites, could now enhance condensin-me-
diated DNA interactions. In this model, chromosome
condensation is mediated by increased interactions be-
tween neighboring condensin-binding sites. Whether,
and how, condensin is able to discriminate between the
many binding sites that may come within its reach on
the same chromatid, its sister chromatid, or other chro-
mosomes in the vicinity, will be interesting to address.
The linkage of neighboring condensin binding sites in cis
by the intervening DNA sequence may contribute to a
preference of interactions within each sister chromatid.
Our identification of specific binding sites for the chro-
mosomal condensin complex opens new possibilities for
probing eukaryotic chromosome architecture.

Materials and methods

Yeast strain construction

All strains were of W303 background. Epitope tagging of genes
at their endogenous loci was performed by gene targeting using
PCR products. Deletion of a 8.5-kb segment between two con-
densin-binding sites on the chromosome V right arm was
achieved by replacing the region between coordinates 213,898
and 222,402 (as annotated in the Saccharomyces Genome Da-
tabase) with a URA3 auxotrophic marker flanked by 142-bp
direct repeats (Reid et al. 2002). This removed four nonessential
genes: YPT31, FIR1, ZRGS, and YER034w. The URAS3 insertion
was then lost after counterselection on 5-fluoroorotic acid
(5FOA), leaving one 142-bp repeat behind. Two copies of the
tRNA gene tH(GUGJEL plus 100 bp upstream and 50 bp down-
stream (207256-207477 on chromosome 5) were cloned in tan-
dem into plasmid pWJ1007 (Reid et al. 2002). The tRNA genes
and repeat-flanked URA3 were amplified by PCR, and inte-
grated between SWI4 and LSM4 (at coordinate 386,500) on chro-
mosome V. URA3 was lost as before after selection on 5FOA.
Integration of a B-box consensus (GGTTCGAACCC) was
achieved by PCR amplification of repeat-flanked URA3 using
an oligonucleotide containing the consensus. The PCR product
was integrated at the same locus on chromosome V and URA3
sequences again removed by 5FOA selection. The tRNA
tE(UUC])J gene on chromosome X was replaced with a PCR
product encompassing repeat-flanked URAS.

ChIP

ChIP was performed as described (Lengronne et al. 2004). Im-
munoprecipitates were hybridized to Affymetrix S. cerevisiae
chromosomes 3-6 (SC3456a520015F; P/N 520,015), or whole
genome forward oligonucleotide tiling arrays (P/N 520,286), or
to S. pombe chromosomes 2-3 oligonucleotide tiling arrays
(S_pombea520106F, P/N 520,106). BrdU incorporation to mark
stalled replication forks in HU-treated early S-phase cells was as
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described (Katou et al. 2003). Quantitative analysis of the chro-
matin immunoprecipitates was performed using an MJ Re-
search Chromo 4 real-time PCR system (M]J). All primer se-
quences are available upon request. Duplicate samples in two
dilutions were analyzed. Relative enrichment over the input
sample was compared between the four positive and two nega-
tive association sites. The microarray data contained in this
manuscript have been deposited with the Gene Expression Om-
nibus (accession no. GSE12149).

Chromosome condensation assay

Lac operator repeats were inserted at the MMP1 and YLR0OO3c-1
loci on chromosome XII, at a distance of ~137 kb from each
other, and visualized by expression of a lacI-GFP fusion protein
as described (Sullivan et al. 2004). Cells were fixed in 100%
ethanol and mounted on a 2% agarose patch, and images were
acquired as z-stacks of 10 frames at 0.15 um distance with an
Axioplan 2 imaging microscope (Zeiss) equipped with a 100x
(NA = 1.45) Plan-Neofluar objective. Distance measurements
were then performed in three dimensions using Volocity (Im-
provision) software in at least 100 cells, and the distance distri-
bution analyzed using JMP 5.1 software (SAS Institute). IDNA
condensation was analyzed in ethanol-fixed cells expressing a
Net1-GFP fusion protein.

Other techniques

The analysis of Scc2, Scc4, condensin, and Hmol on chromo-
some spreads was performed as described (Ciosk et al. 2000).
Signals from >50 chromosome spreads, imaged under identical
exposure conditions, were quantified using the analysis tools
provided by the Volocity software (Improvision), and back-
ground staining in adjacent regions of the same size was sub-
tracted. The antibodies used for ChIP, staining of chromosome
spreads, and Western blotting were a-Pk clone SV5-Pk1 (Sero-
tec), a-HA clone 3F10 (Roche), a-myc clone 9E10, a-BrdU clone
2B1D5F5H4E2 (MBL), a-tubulin clone YOL1/34 (Serotec), and
a-Hmol antiserum (a kind gift from S. Brill).
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