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SUMMARY

Condensin is a conserved chromosomal complex
necessary to promote mitotic chromosome conden-
sation and sister chromatid resolution during
anaphase. Here, we report that yeast condensin
binds to replicated centromere regions. We show
that centromeric condensin relocalizes to chromo-
some arms as cells undergo anaphase segregation.
We find that condensin relocalization is initiated
immediately after the bipolar attachment of sister
kinetochores to spindles and requires Polo kinase
activity. Moreover, condensin localization during
anaphase involves a higher binding rate on DNA
and temporally overlaps with condensin’s DNA over-
winding activity. Finally, we demonstrate that topo-
isomerase 2 (Top2) is also recruited to chromosome
arms during anaphase in a condensin-dependent
manner. Our results uncover a functional relation
between condensin and Top2 during anaphase to
mediate chromosome segregation.
INTRODUCTION

Mitotic chromosome condensation involves a dramatic reorgani-

zation of chromatin strands into compact chromosomes. Chro-

mosome condensation is mediated by the condensin complex

(Hirano, 2005) and is necessary to prevent sister chromatids

from being entangled during segregation. In budding yeast,

condensin is a five-subunit complex containing a pair of SMC

ATPases (Smc2 and Smc4) and several non-SMC proteins

(Brn1, Ycg1, and Ycs4) (Freeman et al., 2000). In addition to con-

densin (condensin I), most eukaryotic species contain a second

condensin complex, condensin II, with different non-SMC pro-

tein subunits (Ono et al., 2003). Importantly, in higher eukaryotes

both condensin complexes collaborate to shape mitotic chro-

mosomes (Shintomi and Hirano, 2011).

One of the functions attributed to chromosome condensation

is the removal of entanglements between replicated chromatids

(Koshland and Strunnikov, 1996) that arise as a consequence of
2336 Cell Reports 13, 2336–2344, December 22, 2015 ª2015 The Au
DNA replication (Sundin and Varshavsky, 1980). These entangle-

ments or sister chromatid intertwines (SCI) can only be resolved

by type IIA topoisomerases (such as Top2 in yeast) because of

their ability to transiently break DNA strands and pass double

helices through the break before religation (Wang, 2002). There-

fore chromosome condensation, and condensin itself, has been

thought to facilitate the role of Top2 in removing SCIs (Nasmyth,

2001).

However, the functional relation between Top2 and condensin

is not fully understood. The consequencesof Top2andcondensin

ablation impairing yeast chromosome organization and segrega-

tion carry significant resemblance (Freeman et al., 2000; Holm

et al., 1985; Sakaet al., 1994;Uemuraet al., 1987) thus suggesting

functional cooperation between these two factors. Inactivation

of condensin has been shown to prevent the timely decatenation

of yeast minichromosomes (Charbin et al., 2014). Early in vitro

studies demonstrated that condensin overwinds DNA generating

positive supercoiling in the presence of type IB topoisomerases

(Bazett-Jones et al., 2002; Kimura andHirano, 1997), and this ac-

tivity was recently described in vivo on yeast minichromosomes

(Baxter et al., 2011). Moreover, TopoIIa (one of the eukaryotic

type IIA topoisomerases) shows a bias towards decatenation on

catenated plasmids that are positively supercoiled but not on

negatively supercoiled substrates (Baxter et al., 2011), raising

the possibility that condensin-dependent overwinding indirectly

promotes decatenation by Top2 through alteration of substrate

topology (Baxter and Aragón, 2012). In mammals, TopoIIa and

condensin are present on chromosome axes (Maeshima and

Laemmli, 2003), and recent data from chicken DT40 cell lines

demonstrated that inactivation of condensin function prevents

TopoIIa localization (Samejima et al., 2012).

Sister chromatid intertwines (SCIs) persist on cohesin sites

until biorientation on mitotic spindles takes place (Farcas et al.,

2011). Direct visualization of SCIs on yeast minichromosomes

using sucrose gradient fractionation and southern analysis

demonstrated that SCIs are present on minichromosomes in a

metaphase arrest without spindles (nocodazole arrests) but

they disappear as chromosomes become bioriented in a meta-

phase arrest with spindles (cdc20-depletion arrests) (Farcas

et al., 2011). Coincidentally, this mirrors the overwinding activity

observed for condensin, which is absent in nocodazole arrests

but present in cdc20-depletion arrests (Baxter et al., 2011).
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During early yeast mitosis (metaphase) condensin localizes to

centromeres (D’Ambrosio et al., 2008; Verzijlbergen et al.,

2014) and plays specific roles in sensing kinetochore tension

(Yong-Gonzalez et al., 2007) and biorientation (Verzijlbergen

et al., 2014). In late mitosis (anaphase), condensin subunits

become hyperphosphorylated by Cdc5 polo-kinase (St-Pierre

et al., 2009), a modification shown to enhance condensin’s

overwinding activity in vitro (St-Pierre et al., 2009). Importantly,

this anaphase role of condensin has been linked to a late-

condensation step during chromosome segregation (Lavoie

et al., 2004; Machı́n et al., 2005) necessary to remove residual

cohesin complexes (Renshaw et al., 2010) and prevent chromo-

some breakage (Cuylen et al., 2013).

Here, we show that condensin binds to centromere regions

only after DNA replication and it is transiently relocalized to chro-

mosome arms during yeast anaphase. We also characterize

the requirements and consequences of condensin’s anaphase

relocalization.

RESULTS

Chromosome Biorientation Promotes Reduced
Condensin Binding at Centromeres
Previous work has demonstrated that condensin is enriched

at the ribosomal gene array and centromeres sequences in

metaphase arrests mediated by nocodazole, where cells lack

mitotic spindles (D’Ambrosio et al., 2008; Verzijlbergen et al.,

2014). Condensin-dependent DNA overwinding is also absent

in nocodazole-arrested cells (Baxter et al., 2011). Therefore,

biorientation on the spindles not only requires condensin (Verzijl-

bergen et al., 2014), but it also triggers condensin-dependent

overwinding on minichromosomes (Baxter et al., 2011). We set

out to investigate whether the centromeric localization of con-

densin in nocodazole-arrested cells is altered upon chromo-

some biorientation. To this aim, we compared centromeric local-

ization of Smc2 by chromatin immunoprecipitation sequencing

(ChIP-seq) analysis on cells arrested in metaphase by depletion

of the APC activator cdc20 in the presence or absence of mitotic

spindles (Figure 1A). Cdc20-depleted cells were first arrested in

metaphase in the presence of nocodazole (where the spindles

are absent) (Figure 1A;CDC20 arrests-plus nocodazole). As pre-

viously described, Smc2 was enriched at centromere cores and

pericentromeric regions (D’Ambrosio et al., 2008; Verzijlbergen

et al., 2014) (Figure 1A). Next, nocodazole was removed from

the culture to allow spindle formation in the cdc20-depleted

cells. This led to a significant reduction in Smc2 binding around

centromeres (Figure 1A; CDC20 arrests—minus nocodazole)

suggesting that condensin association is reducedwhen chromo-
Figure 1. Chromosome Biorientation Promotes Reduced Condensin B

(A) Association of condensin subunit Smc2 by ChIP-seq analysis to chromosome

cdc20-td SMC2-3HA cells were arrested inmetaphasewith nocodazole under Cd

arrest, nocodazole was removed and samples collected at 120 min (CDC20 me

samples collected after 120min (CDC20metaphase arrest- nocodazole addback)

of spindles.

(B) Cells as in (A) were synchronized in G1 and released into the cell cycle in the

120 min after release when cells reached metaphase arrest. Note that Smc2 cen

See also Data S1, S2, S3, and S4.
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somes achieve biorientation. To test whether lack of chromo-

some biorientation is responsible for the binding of condensin

around centromeres, we added new nocodazole to Cdc20-

depleted cells (Figure 1A; CDC20 arrests—nocodazole add-

back). High Smc2 binding around centromeres was re-estab-

lished in these cells (Figure 1A). In contrast to metaphase arrests

treated with nocodazole, Smc2 enrichment around centromeres

was completely abolished in G1-arrested cells (Figure 1B). We

were surprised by this result because previous studies reported

unaltered chromosomal binding of condensin to centromeres

throughout the cell cycle (D’Ambrosio et al., 2008). To confirm

our results, we decided to use ChIP-qPCR analysis at various

time points following a synchronized culture release from a G1

arrest (Figure 2A). We used two primer pairs covering the regions

around the centromere of chromosome 4 and three locations in

the long chromosome arm at different distances from the centro-

mere (15, 50, and 100 kb away) (Figure 2A). Consistent with our

ChIP-seq data, we observed that Smc2 binding occurred at

centromere regions only after genome replication (Figure 2A).

From these results, we conclude that condensin binds to repli-

cated chromosomes mainly around centromere regions (Fig-

ure 1; Data S1, S2, S3, and S4).

Condensin Relocalizes to Chromosome Arms
During our ChIP-seq analysis, we observed the localization of

condensin to centromere regions in the presence of nocodazole

but not in cells arrested in metaphase by Cdc20 depletion

(Figure 1A), suggesting that biorientation causes condensin

dissociation. We decided to further investigate this using ChIP-

qPCR analysis on various chromosome regions around the

vicinity of the CEN sequence of chromosome 4. We arrested

cdc20-depleted cells in metaphase in the presence of nocoda-

zole, removed the spindle poison, and took samples for analysis

at various timepoints after nocodazole removal. Cytological anal-

ysis ofmitotic spindlesconfirmed their formationafter nocodazole

removal (data not shown). Analysis of Smc2 localization by ChIP-

qPCR revealed an increase in binding to the core centromere

(CEN4-0) upon nocodazole removal (10 min) (Figure 2B) followed

bya steadydecrease overtime leading to significantly lower levels

to those observed in the previous nocodazole arrests (Figure 2B).

This is consistent with our observations using ChIP-seq, where

condensin localization decreased significantly after 120 min of

nocodazole removal (Figure 1A). Next, we wondered whether

the dissociation of condensin from centromeres (Figure 2B) leads

to relocalization of the complex to other chromosomal regions.

To investigate this, we extended our analysis to chromosomal

regions 15, 50, and 100 kb away from CEN4 (Figure 2C). As

centromere binding of Smc2 decreased (Figure 2C; from 20 min
inding at Centromeres

s in metaphase arrested cells in the presence and absence of mitotic spindles.

c20 depleting conditions (CDC20metaphase arrest-plus nocodazole). After the

taphase arrest-minus nocodazole). Finally, nocodazole was added back and

. Note that Smc2 centromere localization is inversely correlated to the presence

presence of nocodazole. Samples were taken for analysis at the G1 block and

tromeric localization is absent in cells arrested in G1.

thors



Figure 2. Condensin Localizes to the Chro-

mosome upon Chromosome Biorientation

(A) SMC2-6HA cells were synchronized in G1 and

released into the cell cycle. Samples were taken at

the indicated time points and processed for ChIP-

qPCR analysis. Graphs show the mean ± SD.

(B) Met-CDC20 SMC2-9MYC cells were arrested

in metaphase with nocodazole under Cdc20

depleting conditions. Cells were transferred to new

media lacking nocodazole at 37�C and samples

collected for ChIP-qPCR analysis at the indicated

times. Graphs show the mean ± SD.

(C) Cells were treated as in (B). Chromosomal as-

sociation at selected positions was determined by

ChIP-qPCR. Graphs show the mean ± SD.
onward), binding on arm regions increased following nocodazole

removal (Figure 2C; 40 and 60 min). These results demonstrate

that, following biorientation of sister chromatids on the mitotic

spindles, condensin binding around centromeres is decreased

while its binding at chromosome arm regions increases.
Cell Reports 13, 2336–2344, De
Condensin Relocalization Depends
on Polo-Kinase Cdc5 and
Correlates with Its Activity
Promoting DNA Overwinding
Condensin activity during mitosis is regu-

lated by several kinases, including Aurora

B Ipl1 (Lavoie et al., 2004), Cdk1 (Kimura

et al., 1998; Robellet et al., 2015; Sutani

et al., 1999), and polo kinase Cdc5 (St-

Pierre et al., 2009). Importantly, Cdc5

phosphorylation affects several subunits

of condensin and causes condensin to

overwind DNA in vitro (St-Pierre et al.,

2009). Moreover, Cdc5 is necessary

for anaphase-chromosome condensation

and segregation (St-Pierre et al., 2009).

First, we decided to confirm that Cdc5 is

required for condensin’s DNA overwind-

ing activity in vivo. Mitotic overwinding

by condensin is associated with a change

in electrophoretic mobility of yeast mini-

chromosomes in the absence of Top2

activity (Baxter et al., 2011). The shift in

gel mobility is caused by a transition from

catenated dimers that are negatively

supercoiled (CatC) to catenated dimers

that are positively supercoiled (CatC*)

(Baxter et al., 2011). To test a potential

requirement forCdc5 incondensin-depen-

dent overwinding, we compared mini-

chromosome migration in cells released

from G1 in the absence of Top2 (top2-td)

or both Top2 and Cdc5 (cdc20-td

cdc5-1) (Figure 3A). CatC* (overwound

catenanes- positively supercoiled) were

only observed in cells with Cdc5 activity
but not in cdc5-1 samples (Figure 3A) demonstrating that this

kinase is indeed required forDNAoverwinding.Asimilar analysis in

cells lacking Aurora B demonstrated that this kinase also contrib-

utes to DNA overwinding (Figure 3A). Inactivation of Ipl1 led to de-

fects in the formation of CatC* (overwound catenanes—positively
cember 22, 2015 ª2015 The Authors 2339
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supercoiled) similar to those observed in conditional mutants of

thecondensin subunit Brn1 (Figure3A). This is consistentwithpre-

vious studies linking Ipl1 function to condensin phosphorylation

(St-Pierre et al., 2009). In addition, we found that tension across

bioriented sister kinetochores is also necessary for overwinding,

as we did not detect CatC* formation when spindle motors,

Dyn1, Kip1, and Cyn8-3 were inactivated (Figure 3A), despite the

fact that kinetochore-spindle attachments are intact in these cells

(Saunders et al., 1995). Next, we investigated whether condensin

overwinding occurs normally during anaphase. We looked for the

formation of positively supercoiled plasmid topoisomers during a

release from metaphase (nocodazole block) to telophase (medi-

ated by cdc15-2 conditional mutant) using 2D chloroquine gels

to reveal the supercoiling distribution of the monomer plasmids

(Figure 3B). We observed the formation of positively supercoiled

monomers as the cells proceeded through anaphase (Figure 3B),

demonstrating that condensin overwinding activity occurs during

anaphase. Next, we decided to investigate the potential correla-

tion between condensin overwinding and the relocalization from

centromeres to chromosome arms we had observed since both

events occur in anaphase. To this aim, we tested whether in the

absence of Cdc5 activity, which is required for condensin-medi-

ated overwinding (Figure 3A), condensin relocalization to chromo-

some arms occurs. We used the conditional allele cdc5-1 and

looked at the localization of Smc2 to the arms of chromosome

12 during a metaphase release in the presence and absence of

Cdc5 activity. Similar to what we had observed for chromosome

4 in cdc20-depleted conditions (Figure 2C), Smc2 showed enrich-

ment at centromeres upon nocodazole removal followed by bind-

ing to chromosome 12 arms regions during anaphase when Cdc5

activitywaspresent (Figure3C). Incontrast, binding toarm regions

was not observed in the absence of Cdc5 (Figure 3C). This result

demonstrates that Cdc5 is essential for the relocalization of con-

densin toarm regionsduringanaphaseandestablishesa temporal

correlation between condensin-dependent overwinding and its

localization to chromosome arm regions.

Condensin Behavior during Anaphase Involves a Higher
Binding Rate on DNA
Photobleaching analysis of fluorescently labeled condensin

subunits has shown that the binding of the complex (condensin I)

to mammalian chromosomes is highly dynamic (Gerlich et al.,
Figure 3. Condensin-Mediated DNA Supercoiling and Localization to C

Polo Kinase

(A)Cdc20-td top2-td, cdc20-td top2-td cdc5-1, cdc20-td top2-td ipl1-321, cdc20

a circular centromeric minichromosome (pRS316) were synchronized in G1, spli

depletion at 37�C. Nocodazole was added to one of the samples. DNAwas resolve

mobility of monomers (OCm, relaxed monomer; Lm, linear monomer; CCCm, sup

supercoiled) and CatC* type catenanes—(positively supercoiled) are indicated.

(B) A top2-td cdc15-2 strain carrying a minichromosome (pRS316) was synchr

spindles. Top2 protein was then degraded before washing off the nocodazole to a

arrest at 37�C mediated by cdc15-2. DNA was analyzed in 2D chloroquine gels t

mobility of topoisomers (as positive or negative) we treated minichromosomes wit

gel conditions. A cartoon representation of how the plasmid distribution relate

monomer; CatC, type C catenane negatively supercoiled; CatC*, type C catenan

(C)SMC2-6HA and cdc5-1 SMC2-6HA cells were synchronized in G1 and release

cells were transferred to new media lacking nocodazole at 37�C and samples we

determined by ChIP-qPCR. Graphs show the mean ± SD.
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2006). Our results demonstrate that Smc2 is differentially en-

riched at centromeres in the presence of nocodazole and on

chromosome arms during anaphase in a Cdc5-dependent

manner (Figure 3C), we therefore wondered whether differences

in dynamic binding of condensin exist before and after activation

by Cdc5. To investigate this, we used cross-linking kinetic (CLK)

analysis (Poorey et al., 2013) of Smc2 to the centromere of chro-

mosome 4 (CEN4). This approach uses time-dependence of

formaldehyde crosslinking to extract on- and off-rates for chro-

matin binding in vivo (Poorey et al., 2013). We compared CEN4

ChIP dataset, spanning a range of crosslinking times, between

cells arrested in nocodazole and cells just released from nocoda-

zole (at 10 min of release), when increased binding to centro-

meres was observed in a Cdc5-dependent manner (Figure 3C).

The CLK profiles observed for Smc2 best fitted those described

for transcription factors with a fast on and off rate and low occu-

pancy (Figure 4A) (Poorey et al., 2013). This is in good agreement

with the highly dynamic behavior reported for condensin on

mammalian chromosomes (Gerlich et al., 2006), flies (Oliveira

et al., 2007), and yeast (Robellet et al., 2015). In addition, the

binding rate for Smc2 was increased 2-fold in cells just released

from nocodazole (Figure 4A; 10 min after nocodazole removal—

post spindles). We conclude from these results that yeast con-

densin, like mammalian condensin I, is highly dynamic and binds

faster after Cdc5-dependent activation in anaphase.

Condensin Promotes Recruitment of Top2 to Anaphase
Chromosomes
Recent work demonstrated that inactivation of condensin in

chicken DT40 cell lines prevents TopoIIa localization to mitotic

chromosomes (Samejima et al., 2012). Similarly, inactivation of

yeast condensin has been shown to prevent the timely decate-

nation of minichromosomes (Charbin et al., 2014). Moreover,

condensin mutants insensitive to Cdc5 phosphorylation show

condensation/segregation defects (St-Pierre et al., 2009). We

therefore set out to investigate whether the Cdc5-dependent

relocalization of condensin to chromosome arms is important

for Top2 recruitment to chromosomes. To this aim, we initially

tested whether Top2 could be detected on chromosome arms

during a release from nocodazole. We used ChIP-qPCR to

several regions covering the long arm of chromosome 12 in cells

expressing Top2 tagged with HA epitopes. We detected Top2
hromosome Arms Temporally Overlap during Anaphase and Require

-td top2-td brn1-60, and cdc20-td top2-td dyn1D kip1D cyn8-3 strains bearing

t in two, and released into the cell cycle under conditions of Cdc20 and Top2

d in agarose gels and probed for the circular minichromosome. Electrophoretic

ercoiled monomer) is indicated. Dimeric forms CatC type catenanes (negatively

onously arrested in mitosis using nocodazole to prevent formation of mitotic

llow mitotic spindles to form and cells were allowed to proceed to a telophase

o reveal the supercoiling distribution of the monomer plasmids. To assign the

h eukaryotic topoisomerase I and run the fully relaxed plasmids under the same

s to supercoiling status is shown (right). OC, open circles; SM, supercoiled

e positively supercoiled.

d into the cell cycle in the presence of nocodazole. Following metaphase arrest,

re collected at the indicated time points. Association to chromosome 12 was

orts 13, 2336–2344, December 22, 2015 ª2015 The Authors 2341



Figure 4. Condensin Localization in Anaphase Involves a Higher Binding Rate on DNA and Promotes Top2 Binding to Chromosome Arms

(A) CLK analysis for SMC2-3HA binding to CEN4 in cells arrested in nocodazole (�spindles; blue) or released to a cdc20 block (+spindles; red). Conditions were

as in Figure 2B. Smc2 binding to CEN4 was determined by ChIP-qPCR for each crosslinking time. Data and fits are shown. Graphs show the mean ± SD.

(B) SMC2-6HA and top2-4 SMC2-6HA cells were synchronized in G1 and released into the cell cycle in the presence of nocodazole. Followingmetaphase arrest,

cells were transferred to new media lacking nocodazole at 37�C and samples were collected at the indicated time points. Chromosomal association at selected

positions was determined by ChIP-qPCR. Graphs show the mean ± SD.

(C) TOP2-6HA and smc2-8 TOP2-6HA cells were treated and analyzed as in (B). Graphs show the mean ± SD.

2342 Cell Reports 13, 2336–2344, December 22, 2015 ª2015 The Authors



recruitment to chromosome arms during late time points of the

release (Figure 4C; 60 min), similar to what we had observed

for Smc2 (Figure 3C). Unlike Smc2, we did not detect an increase

in Top2 binding to core centromere regions upon nocodazole

removal (Figure 4C). Next, we investigated whether Top2 binding

to chromosomes required condensin. We used the conditional

allele smc2-8 to inactivate Smc2 in a nocodazole release.

We did not detect any Top2 enrichment at late time points in

smc2-8 samples (Figure 4C) demonstrating that Top2 requires

condensin function for localization to chromosome arms. The

functional relation between Top2 and condensin prompted us

to further investigate whether inactivation of Top2 also affected

condensin localization to chromosomes arms. Time course anal-

ysis of Smc2 localization in metaphase releases lacking Top2

function (using the conditional allele, top2-4) revealed an accu-

mulation of Smc2 binding on chromosome arms (Figure 4B).

These results demonstrate that condensin recruitment does

not depend on Top2; however, the persistence in condensin

binding observed in top2-4 mutants suggests that the transient

localization of condensin to chromosome arms during anaphase

is affected by Top2 activity.

DISCUSSION

Our work provides insights into the coordination of condensin

and topoisomerase II functions during chromosome segrega-

tion. Although a role for condensin in anaphase condensation

had been proposed earlier (Cuylen et al., 2013; Lavoie et al.,

2004; Machı́n et al., 2005; Renshaw et al., 2010; St-Pierre

et al., 2009), neither its detailed regulation and activation

nor its consequences had been fully elucidated. First, we

have demonstrated that condensin binding around centromere

regions occurs after DNA replication. Then, upon bipolar attach-

ment to the spindles, condensin activation by Cdc5 (St-Pierre

et al., 2009) causes it to become localized to chromosome

arms with increased dynamics. Moreover, this step in condensin

activation coincides with the time of the DNA overwinding activ-

ity described earlier (Baxter et al., 2011; Kimura and Hirano,

1997) and the recruitment of Top2 to anaphase chromosomes

as they are being segregated. We previously proposed a model

where the role of topoisomerases in mitotic chromosome archi-

tecture was to respond to the enzymatic activity of condensin by

relaxing condensin-dependent supercoiling (caused by conden-

sin’s overwinding activity) and in addition to such role in super-

coil relaxation to remove any remaining chromosomal intertwin-

ings (SCI) (Baxter and Aragón, 2012). On the other hand,

condensin’s molecular function was to promote overwinding-

mediated compaction of the DNA that would attract Top2. In

such a model, varying the rates of condensin overwinding or

Top2 relaxation activities could lead to distinct changes in the

shape and mechanical properties of chromosomes (Baxter and

Aragón, 2012). Interestingly, recent studies looking at mamma-

lian mitotic chromosome structure in the absence of condensin

and topoisomerase IIa function demonstrated opposing activ-

ities for condensin and topoisomerase IIa (Samejima et al.,

2012) consistent with this model.

Our data suggest that at the anaphase onset, condensin-

dependent overwinding is activated and the rate of condensin
Cell Rep
association with DNA changes, as we detected a 2-fold increase

in binding rates (Figure 4A). We show that Top2 binding

responds to condensin’s overwinding activity by being enriched

on chromosome arms. Furthermore, when cellular supercoil

relaxation activities are decreased in the absence of Top2

(note that Top1 can partially compensate relaxation), condensin

binding as predicted in this model is altered (Figure 4B). There-

fore, our results are fully consistent with a model where the rates

of condensin and Top2 molecular activities are coordinated to

shape condensed chromosomes and to remove intertwinings

in the replicated genome.

EXPERIMENTAL PROCEDURES

Yeast strains used in this study are fully listed in Table S1. Detailed experi-

mental procedures are provided in the Supplemental Experimental Proce-

dures. Specific cell growth and synchronization conditions used for each

experiment are described in the corresponding figure legend. Analysis of mini-

chromosome topology was done as described earlier (Baxter et al., 2011) with

minor changes indicated in the Supplemental Experimental Procedures.

For ChIP-seq analysis, reads were aligned to the Saccharomyces cerevisiae

genome sequence using Bowtie (Langmead et al., 2009). Mapping results

were processed and converted to genome-wide protein distribution profiles

(ChIP-seq profiles) using parse2wig and DROMPA software as described

(Sutani et al., 2015).

ChIP-qPCR conditions are described in detail in the Supplemental Experi-

mental Procedures. CLK analysis was done as in Poorey et al. (2013). To elim-

inate non-specific enrichment due to transcription in ourChIP analysis, as it has

been recently demonstrated (Teytelman et al., 2013), we used tagged and un-

tagged strains and compared the enrichment in tagged strains relative to the

untagged controls. First, ChIP-qPCR experiments signals obtained for both

tagged and isogenic untagged strainswere each normalized to their respective

input samples. Then signals for each primer pair from untagged strains were

subtracted from those obtained for the tagged samples. The results obtained

are presented as the percentages of the recovery over the input.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

two tables, and four data files and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2015.11.041.
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