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BSTRACT 

ohesin is a highly conserved, m ultipr otein com- 
lex whose canonical function is to hold sister chro- 
atids together to ensure accurate chromosome 

egregation. Cohesin association with chromatin 

elies on the Scc2-Scc4 cohesin loading complex 

hat enables cohesin ring opening and topological 
ntrapment of sister DNAs. To better understand 

ow sister chromatid cohesion is regulated, we per- 
 ormed a pr oteomic screen in b ud ding y east that 
dentified the Isw1 chromatin remodeler as a cohesin 

inding partner. In addition, we found that Isw1 also 

nteracts with Scc2-Scc4. Lack of Isw1 protein, the 

oc3 subunit of ISW1a or Isw1 chromatin remodel- 
ng activity resulted in increased accumulation of co- 
esin at centromeres and pericentromeres, suggest- 

ng that ISW1a may promote efficient translocation of 
ohesin from the centromeric site of loading to neigh- 
oring regions. Consistent with the role of ISW1a in 

he chromatin organization of centromeric regions, 
sw1 was found to be recruited to centromeres. In its 

bsence we observed changes in the nucleosomal 
andscape at centromeres and pericentromeres. Fi- 
ally, we discovered that upon loss of RSC function- 
lity, ISW1a activity leads to reduced cohesin bind- 

ng and cohesion defect. Taken together, our results 

upport the notion of a key role of chromatin re- 
odelers in the regulation of cohesin distribution on 
hromosomes. p
a
b
t
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RAPHICAL ABSTRACT 

NTRODUCTION 

aithfull division of genetic material is of fundamental 
mportance for all organisms since errors in chromosome 
egr egation ar e one of the main factors that dri v e ge-
omic instability. To ensure equal separation of DNA, sister 
hromatids are held together from S phase to metaphase– 

naphase transition by a multiprotein complex called co- 
esin. This makes it possible to establish chromosome bior- 

entation, counteracts the pulling force of mitotic spindle 
icrotubules, pre v enting premature sister chromatid sep- 

ration, and ensur es pr ecise segr egation of sister DNAs 
nto daughter cells ( 1–3 ). The core cohesin complex is com- 
osed of two rod-shaped ATPases, Smc1 and Smc3, that 
re bridged by a kleisin subunit, Scc1. The resulting assem- 
ly is a large tripartite ring, which topologically entraps sis- 
er chromatids ( 4 , 5 ). Scc1 also associates with two essen- 
ial HEAT proteins, Scc3 and Pds5, and with nonessential, 
oosel y bound Wpl1, w hich also interacts with Pds5 and 
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possibly with Smc3 ( 6–10 ). In budding yeast, most cohesins
start to associate with chromatin in late G1 / early S phase,
when the kleisin subunit becomes resynthesized after cleav-
age by Esp1 separase in previous anaphase ( 1 , 11 , 12 ). Co-
hesin loading is mediated by a separate complex that con-
sists of Scc2 HEAT protein (NIPBL in humans) that to-
gether with Scc4 (MAU2 in humans) creates a hook-shaped
structure that is crucial for cohesin association with chro-
matin ( 12–14 ). Recent studies suggest that entrapment of
chromatids inside the cohesin ring involves direct interac-
tion between the cohesin loader, cohesin and DNA, fol-
lowed by Scc2-dri v en ATP hydrol ysis, w hich enables open-
ing of the ring ( 12 , 14–17 ). Stable entrapment of sister chro-
matids within cohesin takes place during DNA replication
and depends on acetylation of Lys112 and Lys113, located
on the Smc3 head, by the PCNA-binding partner Eco1
acetyltr ansfer ase ( 14 , 18–20 ). Next, Pds5 and Scc3 maintain
cohesion of sister chromatids until the onset of anaphase,
when separase cleaves Scc1, creating an exit gate for the
DNA ( 21–23 ). 

In budding yeast, two populations of chromatin-bound
cohesin can be distinguished, one loaded on chromosome
arms and one loaded at centromeres (CENs). Cohesin that
associates with chromosome arms is loaded by the Scc2-
Scc4 complex pr efer entially at certain gene promoters, espe-
ciall y tRN A genes, ribosomal protein genes and telomeres
( 12 , 24 , 25 ). After association with the chromatin, these co-
hesin rings are most likely pushed away from loading sites
by transcription machinery usually between genes tran-
scribed convergently ( 25 , 26 ). The second population of co-
hesin is loaded by Scc2-Scc4 at CENs by a mechanism de-
pendent mainly on the kinetochore. In budding yeast, CENs
are defined, ∼120 bp long DNA fr agments wr apped around
a single nucleosome (CEN nucleosome) that contains the
centromere-specific H3 histone variant Cse4 (CENP-A in
humans). It recruits a multiprotein kinetochore complex
that binds the spindle microtubule polymer to direct chro-
mosome alignment and segregation ( 27 ). CTF19 (CCAN
in humans) is an inner kinetochore subcomplex that recog-
nizes Cse4 and supports outer kinetochore assembly ( 28 ).
Inter estingly, r ecent r eports suggest that it is also crucial for
centromeric cohesion. It was demonstra ted tha t, alread y in
G1 phase of the cell cycle, Ctf19 (CENP-P in humans), a
subunit of the CTF19 complex, becomes phosphorylated by
Dbf4-dependent kinase (DDK), and recruits cohesin loader
through interaction with Scc4, ensuring e xtensi v e and tar-
geted cohesin association with CENs ( 29 ). Following load-
ing, centromeric cohesin relocates to nearby regions called
pericentromeres (periCENs) that span on average several
kilobases around CENs ( 12 , 30–33 ). 

Chromatin remodelers play an important role in sister
chromatid cohesion (SCC). In budding yeast, the RSC chro-
matin remodeler complex directly interacts with cohesin
loader and cohesin ( 34 , 35 ). Recent evidence suggests that
RSC recruits cohesin loader to chromatin independently
of chromatin remodeling acti vity; howe v er, optimal cohesin
associa tion with chroma tin r equir es the Sth1 ATPase sub-
unit ( 34 ). Consequently, disruption of RSC leads to de-
creased le v els of chromatin-bound cohesin and precocious
sister chroma tid separa tion ( 24 , 34 , 36 , 37 ). Moreover, other
yeast chromatin remodelers were also implicated in SCC.
Our previous research has shown that Irc5 translocase con-
tributes to Scc2 association with chromatin and cohesin.
Furthermor e, like RSC, Ir c5 interacts with cohesin. Disrup-
tion of IRC5 or its ATPase activity led to decreased le v els of
chromatin-bound cohesin, resulting in mild pr ematur e sis-
ter chromatid separation ( 38 ). Also Chd1 seems to play a
role in SCC as its disruption resulted in reduced cohesin as-
sociation with chromatin and a cohesion defect along chro-
mosome arms ( 39 ). Lastly, recent data suggest a role of Isw1
in cohesion specifically at HMR loci ( 40 ). 

Isw1 belongs to the Snf2 family of chromatin remodelers
that alter the interaction between DNA and histones using
energy deri v ed fr om ATP hydr olysis ( 41 , 42 ). It is a major
yeast protein that regulates nucleosome spacing in vivo . Av-
erage nucleosome spacing decreases from ∼166 bp in wild
type cells to ∼159 bp in the isw1 � mutant. Nucleosomes
also show weaker phasing in cells lacking Isw1 ( 43–45 ). Im-
portantly, despite the disruption of the chromatin struc-
ture, only subtle changes in expression of a limited num-
ber of genes were observed in isw1 � cells ( 43–49 ). Howe v er,
Isw1 supports proper chromatin organization during tran-
scription and contributes to dissolution of dinucleosomes,
limiting intragenic, cryptic transcription ( 44 , 50 ). Interest-
ingly, Isw1 is an ATPase subunit of at least two different
complexes, ISW1a and ISW1b, that contain either Ioc3 or
Ioc2 / Ioc4 proteins, respecti v ely ( 46 ). Genome-wide studies
re v ealed that Isw1 occupies most genes and is present at
all genic nucleosome positions. It also associates with −1
and −2 nucleosomes. On the other hand, Ioc3 binds to −2
and + 1 nucleosomes while Ioc4 occupies nucleosomes + 2,
+3 and + 4. These data suggest that Ioc subunits may direct
Isw1 to specific genomic locations ( 50–52 ). 

In order to better understand how SCC is regulated, we
pulled down Scc1 and performed mass spectrometry (MS)
analysis of copurified proteins. We found that the Isw1 chro-
matin remodeler is a binding partner of cohesin and the co-
hesin loader. We observed that deletion of ISW1 or IOC3
led to CTF19-dependent accumulation of cohesin at CENs
and periCENs, suggesting that the ISW1a complex sup-
ports translocation of cohesin from CENs to periCENs. We
also provide evidence that Isw1 and RSC balance each other
to modulate centromeric cohesin association. 

MATERIALS AND METHODS 

Yeast strains and growing conditions 

The Sacchar om y ces cer evisiae strains used in this stud y are
listed in Supplementary Table S1. Yeast cells were grown
in complete YPD medium a t 30 

◦C . Gene deletion or tag-
ging was performed using a PCR-based method ( 53–56 ).
Multiple gene mutants were obtained by genetic crossing
of relevant haploids followed by tetrad dissection. To assess
the sensitivity of relevant strains to thiabendazole (TBZ),
mid-log cultur es wer e 10-fold serially diluted and spotted
on solid media containing indicated concentrations of the
drug. For each strain se v eral clones were tested. Represen-
tati v e images are shown. Cell doubling time was calculated
as described previously ( 57 ). 
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cc1-TAP purification and MS analysis 

 pproximatel y 10 

11 of lo garithmicall y growing untagged 

r Scc1-TAP cells were harvested by centrifugation, ex- 
ensi v ely washed with water and YEB buffer (100 mM 

EPES–KOH pH 7.9, 200 mM KCl, 5 mM EDTA, 5 mM 

GTA, 2 mM DDT, protease inhibitors [Sigma-Aldrich, 
8215], 1 mM PMSF) and then snap-frozen in liquid ni- 

rogen. Cells were lysed by grinding in the presence of dry 

ce. Lysed po w ders wer e r econstituted in YEB buffer on ice
ollowed by 15 min centrifugation at 4000 rpm. Next, su- 
ernatants wer e transferr ed to new tubes and centrifuged 

or 30 min at 15 000 rpm. Resulting protein extracts were 
ncubated with IgG Sepharose beads (GE Healthcare, 17- 
969–01) for 2 h at 4 

◦C with rotation and then centrifuged 

or 1 min at 1500 rpm. Next, beads were washed several 
imes with IPP buffer (10 mM Tris pH 7.9, 100 mM NaCl, 
.1% Triton X) and then with TEV buffer (50 mM Tris pH 

.9, 0.2 mM EDTA, 100 mM NaCl, 0.1% Triton X, 1 mM 

DT). To release Scc1, IgG Sepharose beads were incu- 
a ted overnight a t 4 

◦C in TEV buf fer containing 400 U of
EV protease. The next day, beads were separated from the 
uffer and the released proteins were precipitated with the 
ethanol-chlor oform pr ocedure. Pr otein pellets wer e r esus- 

ended in 100 mM ammonium bicarbonate and subjected 

o the standard procedure of trypsin digestion, including re- 
uction with 0.5 M TCEP for 1 h at 60 

◦C, blocking with 200
M MMTS for 10 min at room temperature (RT) followed 

y overnight digestion with 10 �l of 0.1 �g / �l trypsin. The 
esulting peptide mixtures were applied in equal volumes of 
0 �l to an RP-18 pre-column (Waters, Milford, MA) us- 
ng water containing 0.1% FA as a mobile phase and then 

ransferred to a nano-HPLC RP-18 column (internal diam- 
ter 75 �M, Waters, Milford MA) using an ACN gradient 
0–35% ACN in 160 min) in the presence of 0.1% FA at a 

ow rate of 250 �l / min. The column outlet was coupled di-
ectly to the ion source of the Q Exacti v e mass spectrome-
er (Thermo Electron Corp., San Jose, CA) working in the 
egime of data-dependent MS to MS / MS switch. A blank 

un ensuring absence of cross-contamination from previ- 
us samples preceded each analysis. MS / MS data were pre- 
rocessed with Mascot Distiller software (v. 2.6, Matrix- 
cience, London, UK) and a search was performed with 

he Mascot Search Engine (MatrixScience, London, UK, 
ascot Server 2.6) against the SGD database. To reduce 
ass errors, the peptide and fragment mass tolerance set- 

ings were established separately for individual LC-MS / MS 

uns after a measured mass recalibration. The rest of the 
ear ch parameters wer e as follows: enzyme, trypsin; missed 

leavages , 1; fixed modifications , methylthio (C); variable 
odifica tions, oxida tion (M); instrument, HCD. The De- 

oy Mascot functionality was used for keeping FDR for 
eptide identifications below 1%. To analyze raw MS data, 
e removed proteins that wer e pr esent in a control prepara- 

ion from an untagged strain. To eliminate other nonspe- 
ific hits, we used the Crapome database ( https://reprint- 
pms.org/?q = reprint-home) as well as common back- 
round contaminant lists reported previously ( 58 , 59 ). Fi- 
ally, we verified the localization of remaining proteins us- 

ng SGD ( https://www.yeastgenome.org/ ) and eliminated 

roteins solely localized in the cytoplasm. 
roximity ligation assay 

or e v ery sample, 10 

7 of lo garithmicall y growing cells were 
xed with 4% f ormaldehyde f or 15 min at RT and then 

ashed twice with ST buffer (1 M sorbitol, 20 mM Tris pH 

.5). To digest cell wall, cells were incubated in Zymolyase 
uffer (10 mg / ml Zymolyase [BioShop, ZYM001.1], 1 M 

orbitol, 20 mM Tris pH 7.5, 0.5% 2-mercaptoethanol) for 
0 min at 30 

◦C. The resulting spheroplasts were washed 

ith ST buffer and permeabilized with methanol for 5 min 

t RT. Next, cells were incubated for 60 min at 37 

◦C with 

uolink blocking solution (Sigma-Aldrich, DUO82007), 
ollowed by 5 min centrifugation at 1000 rpm. Then, cells 
er e r esuspended in 100 �l of Duolink antibody diluent 

Sigma-Aldrich, DUO82008) containing appropriate an- 
ibody (Sigma-Aldrich anti-HA, H6908; Roche anti-HA, 
1583816001; Bio-Rad anti-Pk, MCA1360G; Roche anti- 
Myc, 11667149001; Sigma-Aldrich anti-FLAG, F1804; 
bcam anti-Rad53, ab104232; anti-Pma1, Dr. Ramon Ser- 

ano) and incubated overnight at 4 

◦C. The next day, cells 
ere centrifuged for 5 min at 1000 rpm, washed twice 
ith Duolink Wash Buffer (Sigma-Aldrich, DUO82047) 
nd resuspended in 100 �l of Duolink antibody dilu- 
nt containing Duolink Probe Anti-Mouse Plus (Sigma- 
ldrich, DUO92001) and Duolink Probe Anti-Rabbit Mi- 

us (Sigma-Aldrich, DUO92005) followed by 60 min in- 
uba tion a t 37 

◦C . The proximity liga tion reaction was 
erformed using Duolink flowPLA Detection Kit-Green 

Sigma-Aldrich, DUO94002) according to the manufac- 
urer’s guideline with some minor modifications. After incu- 
ation with anti-Mouse and anti-Rabbit probes, cells were 
entrifuged, washed twice with Duolink Wash Buffer and 

esuspended in 50 �l of ligation buffer containing 1.25 �l 
f ligase for 30 min a t 37 

◦C . Next, cells were washed twice
ith Duolink Wash Buffer and incubated for 100 min at 
7 

◦C in 50 �l of amplification buffer including 0.62 �l 
f DN A pol ymerase. After completion of incubation, cells 
ere centrifuged once more, washed twice with Duolink 

ash Buffer and incubated in 50 �l of Detection Solution 

Sigma-Aldrich, DUO84002) for 30 min at 37 

◦C in the dark. 
inally, cells were washed with Duolink Wash Buffer, di- 

uted and analyzed with a Millipore Guava EasyCyte flow 

ytometer. Each proximity ligation assay (PLA) analysis 
as performed at least 3 times. Relati v e fluorescence inten- 

ity values for indicated strain and antibody combinations 
r e pr esented in Supplementary Data Set S2. 

oimmunoprecipitation 

ati v e e xtracts for immunopr ecipitation wer e pr epar ed 

r om appr oximately 5 × 10 

8 cells. Cell pellets wer e r esus- 
ended in 600 �l of ice-cold IP buffer (50 mM HEPES– 

OH pH 7.5, 100 mM KCl, 2.5 mM MgCl 2 , 10% glyc- 
rol, 0.25% Triton X, protease inhibitors [Sigma-Aldrich, 
8215], 1 mM PMSF) and lysed in a bead beater at 4 

◦C. 
hen, whole cell extracts were centrifuged for 15 min at 
5000 rpm and 500 �l of cleared lysates were transferred 

o new tubes. To digest nucleic acids, lysates were incubated 

ith 500 U of Benzonase (Sigma-Aldrich, E8263) and 100 

 of RNase (Thermo Fisher, EN0601) for 1 h at 4 

◦C on a
otator w heel. To ca pture HA or PK tagged proteins, lysates 

https://reprint-apms.org/?q
https://www.yeastgenome.org/
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were incubated for 2 h at 4 

◦C with Protein G Dynabeads
(Thermo Fisher, 10003D) pre-coated with either anti-HA
(Sigma-Aldrich, H6908) or anti-Pk antibodies (Bio-Rad,
MCA1360G). Upon completion of incubation, the beads
were washed 4 times with IP buffer followed by protein elu-
tion with Laemmli buffer (2% SDS, 20% glycerol, 120 mM
Tris pH 6.8, 4% 2-mercaptoethanol, 0.01% bromophenol
blue). Proteins were resolved on Mini Protean TGX gels
(Bio-Rad, 4561096). 1% of whole cell extract volume used
for immunoprecipitation was analyzed as input. To assess
pull-down efficiency, one tenth of the eluted fraction was
analyzed using antibody directed to precipitated protein.
The rest of the eluate was used to detect the potential bind-
ing partner. Each coimm unoprecipitation (CoIP) anal ysis
was performed 3 times with similar results. 

Pull-down assay in Escherichia coli 

SCC1-cMyc as well as the N-terminal (1–120 aa), mid-
dle (121–459 aa) and C-terminal (460–567 aa) trunca-
tions of SCC1 , tagged with cMyc, were cloned into the
pACYCDuet-1 vector. Isw1 was cloned into the pET Flag
TEV LIC vector (Supplementary Table S2). Proteins were
expressed in BL21 E. coli cells grown in auto-induction
medium (0.5% yeast extract, 2% tryptone, 0.5% NaCl, 0.6%
glycerol, 0.05% glucose, 0.2% lactose, 25 mM phosphate
buffer, pH 7.2) supplemented with antibiotics (30 �g / ml
kanamycin, 35 �g / ml chloramphenicol) for 20 h a t 37 

◦C . To
lyse cells, E. coli pellets were resuspended in Lysis mix (50
mM sodium phosphate, 300 mM NaCl, 2.5 mM magnesium
acetate , 0.5% N -decyl-B- D -maltoside , 2 mg / ml lysozyme ,
0.2 mg / ml DNase, 0.2 mg / ml RNase) and rotated at RT
for 15 min. Next, lauroylsarcosine was added (1% final)
followed by 15 min centrifugation at 12 000 rpm. Result-
ing lysates were supplemented with NP40 (0.02% final)
and incubated with prewashed cMyc nanobodies (Chro-
moTek Myc-Trap Agarose) overnight, at 4 

◦C on a rota-
tor wheel. The next day, beads were washed 3 times with
DB buffer (50 mM sodium phosphate, 300 mM NaCl,
2.5 mM magnesium acetate, 0.5% N -decyl-B- D -maltoside,
0.05% NP40) followed by protein elution with Laemmli
buffer. Proteins wer e r esolved on Mini Protean TGX gels
(Bio-Rad, 4561096) and analyzed using anti-cMyc (Roche,
11667149001) and anti-FLAG (Sigma-Aldrich, F1804)
antibodies. 

Cell cycle analysis 

To arrest yeast in G1 phase, cells were cultured in YPD in
the presence of 5 �M �-factor for 2 h. G2 / M block was
achie v ed by incubating cells in YPD containing 15 �g / ml
nocodazole (Sigma-Aldrich, M1404) for 2 h. G1 and G2 / M
arr ests wer e confirmed b y microscopic observ ations and
FACS analysis. To measure DNA content, cell samples were
collected and fixed with 70% ethanol. Next, cells were di-
gested with 0.25 mg / ml RNase for 2 h at 50 

◦C and with 5
mg / ml pepsin for 1 h a t 37 

◦C . Then, cells were sonicated and
stained with 0.5 �M Sytox Green (Thermo Fisher, S7020)
for 30 min at RT in the dark. FACS analysis was performed
using a Millipore Guava EasyCyte flow cytometer. To deter-
mine the fraction of post-mitotic cells, aliquots were fixed,
stained as for flow cytometry, and then observed with an
Axio Imager M1 epifluorescence microscope (Carl Zeiss,
Germany) equipped with a 100x immersion oil objecti v e
(Plan-Neofluar 1006 / 1.30), the GFP filter set and differen-
tial interference contrast (DIC) to score the percentage of
binucleate large-budded cells. 

Cohesion assay 

To assess pr ematur e sister chromatid cohesion le v els, cells
carrying GFP-marked CEN IV +2.4 kb, URA3 or LYS4
loci wer e arr ested in either G1 or G2 / M. Next, cells were
fixed with 4% formaldehyde and resuspended in SK buffer
(1 M sorbitol, 0.05 M K 2 PO 4 ). Cells were observed with the
Axio Imager M1 epifluorescence microscope (Carl Zeiss,
Germany) equipped with a 100x immersion oil objecti v e
(Plan-Neofluar 1006 / 1.30), the GFP filter set and differ-
ential interference contrast (DIC). Z-stacked images were
collected using an AxioCam MRc digital color camera and
processed with AxioVision 4.5 software. The cohesion as-
say was performed at least twice using two clones of each
strain. A minimum of 200 cells were scored for each clone. 

RN A e xtr action, r everse tr anscription and quantitative PCR

To measure SCC1 and SCC2 mRNA le v el, total mRNA
was isolated using an RNeasy Mini Kit (Qiagen). Re-
verse transcription was performed with 1.5 �g of purified
DNase treated RNA using a High-Capacity cDNA Re-
verse Transcription Kit (Applied Biosystems) according to
the manufacturer’s instructions. Quantitati v e PCR (qPCR)
r eactions wer e carried out using the CFX Connect Real-
Time PCR System (Bio-Rad) with SsoAdvanced Uni v ersal
SYBR Green Supermix (Bio-Rad, 1725272) and the SCC1
and SCC2 primer set (Supplementary Table S3) in a total
volume of 15 �l. All results were standardized using the ref-
erence gene IPP1 , with the IPP1 primer set (Supplementary
Table S3). The following conditions of amplifications were
applied: 30 s at 98 

◦C; 35 cycles of 15 s at 95 

◦C and 20 s at
57 

◦C. mRNA measur ements wer e r epeated 3 times and ev-
ery sample was used for qPCR twice. 

Chromatin immunoprecipitation 

For Scc1-9Pk chromatin immunoprecipitation (ChIP),
∼5 × 10 

8 cells were fixed with 1% formaldehyde for 15 min
at RT and then rocked for 5 min with 150 mM glycine.
Next, cells were collected by centrifugation, washed once
with TBS buffer and resuspended in 600 �l of FA-lysis
buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1
mM EDTA, 0.1% sodium deoxycholate, 1% Triton X, pro-
tease inhibitors [Sigma-Aldrich, P8215], 1 mM PMSF).
Cells were lysed by 2 rounds of bead-beating at 4000 rpm
for 30 s. Next, whole cell extr acts were tr ansferred to new
tubes and sonicated to yield an average DNA size of 500 bp
followed by 30 min centrifugation at 15 000 rpm. Cleared
lysates were moved to new tubes and 1% of the lysates were
kept as an input sample. For the IP reaction, 5 �l of anti-
Pk antibodies (Bio-Rad, MCA1360G) were added to the
lysa tes and incuba ted overnight a t 4 

◦C on a rota tor wheel.
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he next day, DNA-protein complex es wer e captur ed 

ith Protein G Dynabeads (Thermo Fisher, 10003D) and 

equentially washed with F A-lysis buffer, F A-500 buffer 
50 mM HEPES–KOH pH 7.5, 500 mM NaCl, 1% Tri- 
on X-100, 0.1% sodium deoxycholate, 1 mM EDTA), LiCl 
ash buffer (10 mM Tris–HCl pH 8.0, 250 mM LiCl, 0.5% 

P-40, 0.5% sodium deoxycholate, 1 mM EDTA) and TE 

10 mM Tris–HCl pH 7.5, 1 mM EDTA) on a rotator for 
 min each time. Beads and input samples were then resus- 
ended in elution buffer (50 mM Tris–HCl pH 7.5, 1% SDS, 
0 mM EDTA) and incuba ted a t 65 

◦C for 2 h on a thermal
haker. Finall y, DN A was r ecover ed using a Monarch PCR 

 DNA Cleanup Kit (New England BioLabs, T1030L). 
PCR r eactions wer e performed using both IP and input 
amples as templates, SsoAdvanced Uni v ersal SYBR Green 

upermix (Bio-Rad, 1725272) and the CFX Connect Real- 
ime PCR System (Bio-Rad) in a total volume of 15 �l. 
rimers used for qPCR are listed in Supplementary Table 
3. The following conditions of amplifications were applied: 
0 s at 98 

◦C; 35 cycles of 15 s at 95 

◦C and 20 s at 57 

◦C.
he percentage (% input) value for each sample was cal- 
ulated as follows: � CT [normalized ChIP] = CT [ChIP] 
{ CT [Input] − log 2 (dilution factor) } and Input % = 

00 / 2 � CT [normalized ChIP ]. The fold enrichment value r epr e- 
ents the % input value normalized to the ACT1 r efer ence 
ene. Each ChIP analysis was performed at least 3 times. 

For Scc2-9Pk chromatin immunoprecipitation, ∼10 

9 of 
ells were fixed with 1% formaldehyde for 30 min at RT and 

hen incubated for 5 min with 150 mM glycine. Cells were 
hen collected by centrifugation, washed once with TBS 

uffer and snap-frozen in liquid nitrogen. Next, cell pel- 
ets wer e r esuspended in 600 �l of FA-lysis buffer (50 mM 

EPES–KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 0.1% 

odium deoxycholate, 1% Triton X, protease inhibitors 
Sigma-Aldrich, P8215], 1 mM PMSF). Cells were lysed by 

 rounds of bead-beating at 6000 rpm for 30 s. Next, whole 
ell extracts were transferred to new tubes and sonicated to 

ield an average DNA size of 500 bp followed by 30 min cen-
rifuga tion a t 15 000 rpm. Cleared lysates wer e transferr ed 

o new tubes and 400 �l of fresh FA-lysis buffer was added. 
% of the lysates was kept as an input sample. For IP re-
ction, 10 �l of anti-Pk antibodies (Bio-Rad, MCA1360G) 
ere added to the rest of the protein extract and incubated 

vernight at 4 

◦C on a rotator wheel. Bead wash, protein elu- 
ion, DNA purification, qPCR conditions and the % of in- 
ut calculations were as described above. Scc2 ChIP exper- 

ments were performed 3 times. 
For ChIP experiments using Isw1-12Pk and Sth1-12Pk, 
10 

9 of cells were fixed with 1% formaldehyde for 30 min 

t RT and then incubated for 5 min with 150 mM glycine. 
ysis and sonication conditions were as for ChIP of Scc2. 
or IP reaction, lysate was divided in half. 10 �l of anti-Pk 

ntibodies (Bio-Rad, MCA1360G) was added to one part, 
hile the other part was supplemented with 10 �l of un- 

elated normal IgG and incubated overnight at 4 

◦C on a 

otator wheel. Bead wash, protein elution, DNA purifica- 
ion and qPCR conditions were as for ChIP of Scc1. Fold 

nrichment was calculated by dividing % input values for 
 specific Pk signal by the IgG control. Isw1-12Pk exper- 
ments were performed 3 times while the Sth1-12Pk ChIP 

xperiment was performed twice. 
alibrated ChIP-seq 

or calibrated ChIP-seq, ∼3 × 10 

8 S. cerevisiae cells express- 
ng Scc1-9Pk were mixed with ∼10 

8 Sc hizosacc haromyces 
ombe cells expressing Rad21-6HA, fixed with 1% 

 ormaldehyde f or 15 min at RT and then rocked f or 5 min
ith 150 mM gly cine. Ne xt, cells were collected by cen- 

rifugation, washed once with TBS buffer and resuspended 

n 600 �l of FA-lysis buffer (50 mM HEPES–KOH pH 7.5, 
40 mM NaCl, 1 mM EDTA, 0.1% sodium deoxycholate, 
% Triton X, protease inhibitors [Sigma-Aldrich, P8215], 1 

M PMSF). Cells were lysed by 4 rounds of bead-beating 

t 6500 rpm for 30 s. Next, whole cell extracts were trans- 
erred to new tubes and sonicated to yield an average 
NA size of 500 bp followed by 30 min centrifugation 

t 15 000 rpm. Cleared lysates were moved to new tubes 
nd 2% of the lysates were kept as an input sample. For 
he IP reaction, 7 �l of anti-Pk antibodies (Bio-Rad, 

CA1360G) and 3 �l of anti-HA (Roche,11583816001) 
ere added to the lysates and incubated overnight at 4 

◦C 

n a rotator wheel. The next day, DNA-protein complexes 
er e captur ed with Protein G Dynabeads (Thermo Fisher, 
0003D) and sequentially washed as described for ChIP 

f Scc1. Beads and input samples were then resuspended 

n elution buffer (50 mM Tris–HCl pH 7.5, 1% SDS, 10 

M EDTA) and incubated at 65 

◦C for 2 h on a thermal 
haker. Next, beads wer e r emoved and the IP eluates and 

nput samples were incubated at 65 

◦C ov ernight. Ne xt day, 
ll samples wer e tr eated with RNase A (100 �g / ml) for 1 h
t 37 

◦C followed by 2 h incuba tion a t 65 

◦C in the presence
f proteinase K (1 mg / ml). Finall y, DN A was r ecover ed
sing a Monarch PCR & DNA Cleanup Kit (New England 

ioLabs, T1030L). DNA libraries were constructed using 

he NGS DNA Library Prep Set (Novogene, PT004). 
equencing was performed using the Illumina Novaseq 

000 platform. 

hIP-seq data analysis 

he adapter sequences and low-quality bases were trimmed 

ff using Skewer ( 60 ). Filtered reads were mapped against 
he target genome ( S. cerevisiae S288C assembly Sac- 
er3) and against the spike-in genome ( S. pombe assem- 
ly ASM294v2) using BWA ( 61 ). Unmapped reads, rDNA 

egions, mitochondrial DNA and duplicates were filtered 

ut using Samtools ( 62 ). Peaks were called using MACS2 

 63 ). In order to visualize mapped reads, bigWig files were 
reated using deepTools ( 64 ). The ChIPs were normalized 

gainst the input with counts per million (CPM) method. 
amtools was used to count reads mapped to SacCer3 and 

SM294v2 only, and these values were used to calculate the 
ccupancy ratio value as shown previously ( 65 ). Plots were 
reated around the midpoint of CENs. 

Nase-seq data analysis 

aw data used to obtain nucleosome maps for wild type and 

sw1 � cells wer e r etrie v ed from the GEO database with ac-
ession number GSE69400 ( 44 , 45 ). Cutadapt was used to 

emove adapter sequences from high-throughput sequenc- 
ng reads ( 66 ). Filtered reads were mapped to the S. cere- 
isiae r efer ence genome version SacCer3 using Bowtie2 with 
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Table 1. Results of proteomic analysis of Scc1-TAP associated proteins. 
Top 30 hits are shown. See Supplementary Data Set S1 for details 

Protein Accession Score Mass 
Unique 

sequences emPAI 

SMC3 YJL074C 18118 141388 113 28 .46 
SMC1 YFL008W 13387 141469 100 18 .37 
SCC1 YDL003W 5810 63343 35 9 .28 
SCC3 YIL026C 2566 133432 35 2 .04 
ISW1 YBR245C 662 131434 18 0 .79 
ECM16 YMR128W 654 145324 16 0 .59 
MTR4 YJL050W 797 122530 15 0 .68 
UBR1 YGR184C 464 226673 15 0 .32 
STH1 YIL126W 288 156922 14 0 .46 
NOT3 YIL038C 516 94529 14 0 .87 
MBF1 YOR298C-A 703 16394 13 2 .59 
SPT5 YML010W 618 115718 13 0 .61 
HRP1 YOL123W 725 59705 12 1 .33 
NSP1 YJL041W 644 86464 12 0 .80 
RSC8 YFR037C 439 63451 11 1 .08 
PTK2 YJR059W 459 91711 11 0 .66 
CRP1 YHR146W 577 51177 10 1 .28 
ECM1 YAL059W 495 23877 10 4 .75 
YAP1 YML007W 475 72764 10 0 .79 
SEC13 YLR208W 447 33161 10 2 .54 
PAT1 YCR077C 424 88456 10 0 .61 
TOP2 YNL088W 421 164526 10 0 .29 
CHD1 YER164W 336 168413 10 0 .29 
RSC2 YLR357W 334 102466 10 0 .51 
UFD4 YKL010C 321 168795 10 0 .29 
SPB1 YCL054W 301 96701 10 0 .55 
DIM1 YPL266W 285 36066 10 2 .20 
DEF1 YKL054C 488 83923 9 0 .50 
PAP1 YKR002W 383 64879 9 0 .80 
DIS3 YOL021C 399 114325 8 0 .34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sensiti v e parameters ( 67 , 68 ). Samtools fixmate was run on
the sorted alignments to label paired-end reads correctly.
Duplicated r eads wer e mar ked with samtools mar kdup and
removed ( 62 ). Resulting BAM files were then filtered for
proper pairs with a mapping score > 30 using samtools
view. Mononucleosomes were identified as paired-end reads
with insert sizes between 100 and 200 bp ( 69 , 70 ) using sam-
tools view ( 62 ) and used as the input for Danpos software
( 71 ). Nucleosome scores from each of the studied sam-
ples were normalized to the same distribution using quan-
tile normalization. The Dpos function was used to analyze
changes in the location, fuzziness and occupancy at canon-
ical nucleosomes adjacent to centromeric nucleosomes. To
obtain a sufficient smoothing effect, we used the window
size of 100 bp and the step size of 10 bp. Genomic coordi-
nates were downloaded from the UCSC Genome Browser
( http://genome.ucsc.edu ). 

RESULTS 

Identification of novel putative cohesin interactors by Scc1-
TAP purification 

In an effort to identify novel putati v e cohesin interactors, we
constructed a yeast strain endo genousl y expressing TAP-
tagged Scc1 (Scc1-TAP). Next, we performed a single-step
TAP purification using an untagged strain (mock sample)
or a strain expressing Scc1-TAP, followed by identification
of co-purifying proteins by MS. After se v er al cur ation steps
we obtained a data set including 365 hits (Supplementary
Data Set S1 Tables 1 and 2). To validate the capability of
our approach to identify cohesin interactors, we looked for
pre viously known, well-estab lished Scc1 binding partners.
We found that all cohesin subunits, including Smc1, Smc3,
Scc3 and Pds5, were present in our data set ( 5 , 8 , 12 , 14 , 72 ).
Furthermore, MS analysis of Scc1 was enriched in other co-
hesin interactors such as Cdc5 kinase and the RSC complex
( 34 , 36 , 73 , 74 ) (Table 1 and Supplementary Data Set S1 Ta-
ble 2). On the other hand, we failed to recover some other
cohesin binding partners such as Wpl1, Eco1, Spt16 and
Ir c5. Mor eov er, only a fe w peptides of proteins forming the
cohesin loader were present in our data set (Supplementary
Data Set S1 Table 2) ( 6 , 7 , 32 , 38 , 75–78 ). Together, this indi-
ca tes tha t our protocol for single-step TAP purification of
Scc1 allows stably associated cohesin interactors to be co-
purified, but binding partners that turn over ra pidl y and / or
bind cohesin at a specific cell-cycle stage may be underrep-
resented. Next, we performed Gene Ontology analysis of bi-
ological processes of proteins identified as putati v e cohesin
interactors. We found that most of the proteins identified by
MS were involved particularly in regulation of DNA tran-
scription, mRNA pr ocessing, and chr omatin remodeling,
and could be grouped into a number of complexes (Supple-
mentary Data Set S1 Tables 3 and 4). This is consistent with
se v eral pre vious reports pointing to the role of cohesin in
regulation of gene expression in budding yeast ( 79–81 ). In-
ter estingly, a r ecent MS analysis of the Scc2 interactome re-
vealed a similar set of binding partners ( 82 ). These data sup-
port our MS results and suggest that, as for RSC, at least in
some cases interaction between cohesin, the cohesin loader
and a binding partner may occur at the same time ( 34 , ( 83 ).
Finally, we wondered whether yeast homologs of human
cohesin interactors could be found in our data set. Inter-
estingly, our MS r esults wer e enriched in Top2, the Media-
tor complex and splicing factors whose human counterparts
are well characterized binding partners of human cohesin
(Supplementary Data Set S1 Table 2) ( 84–86 ). This suggests
that some of the identified interactions may be conserved
and play a fundamental role in all eukaryotes. Intriguingly,
our r esults r e v ealed that se v eral chromatin r emodelers wer e
enriched in our pull-downs, including RSC, Isw1 and Chd1.
While the RSC complex is a well-established cohesin inter-
actor, far less is known about the involvement of other chro-
matin remodelers in SCC. In this r esear ch, we set out to in-
vestigate the potential role of Isw1 in SCC. 

Validation of Isw1 as a cohesin interacting protein 

First, we decided to confirm the interaction between Isw1
and cohesin. To this end, we performed PLA. PLA is rou-
tinely used in mammalian cells to study pr otein-pr otein in-
teractions and recently it has been successfully performed
in yeast (Supplementary Figure S1) ( 87–91 ). To validate
this method, we used an untagged strain as well as a strain
with Scc1 and Scc3 cohesin subunits tagged with 6HA
and 13cMy c, respecti v ely, and performed PLA coupled to
flow cytometry. We found that incubation of the untagged
strain with anti-HA and anti-cMyc antibodies resulted in a
basal fluorescent signal. Incubation of the Scc1-6HA Scc3-
13cMyc strain with no primary antibodies or with either
anti-HA or anti-cMyc antibody resulted in a similar level of
autofluorescence. Only incubation of the tagged strain with

http://genome.ucsc.edu
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oth anti-HA and anti-cMyc antibodies led to a markedly 

ncr eased fluor escence signal tha t indica tes an interaction 

etween Scc1 and Scc3 (Figure 1 A and Supplementary 

ata Set S2). Next, we asked whether incubation of Scc1- 
HA Scc3-13cMyc cells with unspecific antibodies might 
 esult in fluor escence signal enhancement. To test this, we 
reated cells with HA-tagged Scc1 and cMyc-tagged Scc3 

ith anti-HA and anti-Pk antibodies. It turned out that 
he fluorescence signal was very similar to the signal ob- 
ained for other negati v e controls (Supplementary Figure 
2A and Supplementary Data Set S2). We also examined 

hether incubation with antibodies directed to Pma1, a 

ighly abundant plasma membrane protein, or to an unre- 
ated nuclear protein, Rad53, would result in a fluorescence 
ignal increase. In comparison to other negati v e controls 
ested, we observed a stronger fluorescence signal but still 
uch weaker than for the Scc1-6HA Scc3-13cMyc strain in- 

ubated with both anti-HA and anti-cMyc antibodies (Sup- 
lementary Figure S2B and Supplementary Data Set S2). 
inally, we tested whether PLA enables detection of inter- 
ction between cohesin and interactors that are not a part 
f the cohesin complex. We found that PLA allows detec- 
ion of interactions between Scc1 and Scc2 as well as Scc1 

nd Sth1, an ATPase subunit of the RSC complex (Sup- 
lementary Figure S2C and S2D and Supplementary Data 

et S2). Taken together, these data confirm that PLA can 

e used as a method to detect pr otein-pr otein interactions 
n yeast. Next, we used PLA to examine the interaction be- 
ween Isw1 and cohesin. To this end, we constructed a strain 

ith Pk-tagged Isw1 and HA-tagged Scc1 and performed 

LA. While all negati v e control e xperiments resulted in a 

imilar, low fluorescence signal, incubation of Isw1-12Pk 

cc1-6HA cells with anti-HA and anti-Pk antibodies re- 
ulted in a marked increase of fluorescence intensity, sug- 
esting close proximity of both proteins (Figure 1 B and 

upplementary Data Set S2). We also determined whether 
nteraction of Isw1 with Scc1 relies on chromatin remod- 
ling activity by performing PLA on a catal yticall y inac- 
i v e v ersion of Isw1 with a single amino acid substitution
K227R) ( 92 ). It turned out that translocase activity of Isw1 

s not essential for Isw1-Scc1 interaction (Figure 1 C and 

upplementary Data Set S2). 
PLA relies on formaldehyde fixation of the cells, which 

ometimes may lead to unspecific protein binding. More- 
ver, by using our PLA protocol it cannot be ruled out 
hat the interaction between nuclear proteins is mediated by 

N A or RN A. To address these concerns, we performed 

 CoIP assay on nati v e protein lysates isolated from log- 
rithmically growing cells using protein extracts that were 
reated with Benzonase and RNase to digest nucleic acids 
Supplementary Figure S3A). To validate our assay, we con- 
ucted a pull-down experiment using cells that expressed 

cc1-6HA and Sth1-12Pk and observed that both proteins 
nteract as previously demonstrated (Supplementary Figure 
3B and C) ( 34 , 36 ). Next, we tested Isw1-Scc1 interaction 

y CoIP. We found that Isw1 co-purifies with Scc1 and, con- 
ersely, Scc1 associates with Isw1 (Figure 1 D and Supple- 
entary Figure S4A). Scc1 is composed of an N-terminal 

art that binds to the Smc3 head domain and Pds5, the C- 

erminus that interacts with the Smc1 head domain and a o
 ather poor ly structured middle fr agment that is bound by 

cc3 ( 4 , 5 , 8 , 10 , 22 , 93 ). To identify the part of Scc1 to which
sw1 binds, we expressed Isw1-FLAG together with the 
hole Scc1-cMyc or its truncations (N-Scc1-cMyc, span- 
ing residues 1–120; M-Scc1-cMyc, spanning residues 121– 

59; C-Scc1-cMyc, spanning residues 460–567) in bacteria. 
ext, we immunoprecipitated cMyc-tagged proteins and 

nalyzed the eluates by Western blot. We confirmed that 
sw1 binds to Scc1. In addition, we found that Isw1 interacts 
ot only with full Scc1 but also with each of the fragments 
ested (Figure 1 E and Supplementary Figure S4B). Finally, 
e wanted to ascertain whether Isw1-Scc1 interaction takes 
lace in a specific cell cycle phase. To test this, Isw1-12Pk 

cc1-6HA cells were synchronized in G1, released into fresh 

edium and e v ery 15 min a sample was taken for CoIP and
ACS. It turned out that Isw1 associates with Scc1 from late 
1 / earl y S phase, w hen Scc1 is resynthesized, to G2 phase

Figure 1 F and G, Supplementary Figure S4C). Interest- 
ngly, the RSC complex binds also cohesin during S and G2 

hase ( 36 ). Taken together, these results confirm that Isw1 

s a cohesin interactor in yeast. 

sw1 prevents e x cess cohesin accumulation at CENs and peri- 
ENs 

trains lacking genes important for cohesion are character- 
zed by pr ematur e sister chromatid separation, so we sought 
o determine whether cells lacking ISW1 displays such a 

henotype. To this end, we perf ormed a cohesion assa y on 

ocodazole-arrested mitotic cells monitoring SCC at the 
entr omere-pr oximal URA3 locus marked with tetO or the 
entromere-distal LYS4 locus marked with lacO repeats. 
 hen sister chroma tids ar e tightly coher ed, tetO / lacO ar-

ays coated by TetR-GFP / GFP-LacI, respecti v el y, a ppear 
s a single fluor escent dot. Pr ecocious sister chromatid sep- 
ration is manifested by the appearance of two fluorescent 
ots (Supplementary Figure S5A) ( 11 , 94 ). We also synchro- 
ized cells in G1 with �-factor to exclude the possibility that 
ifferences between strains are caused by pre-existing ane- 
ploidy. As a control, we used a strain lacking Ctf18 pro- 
ein, which promotes cohesin acetylation during S phase 
ontributing to cohesion establishment. As expected, dele- 
ion of CTF18 resulted in a marked increase in premature 
ister chromatid separation le v els at both loci tested ( 18 ). 
n the other hand, isw1 � cells exhibited no cohesion de- 

ect at either centr omere-pr oximal URA3 or centromere- 
istal LYS4 loci (Supplementary Figure S5B). This is con- 
istent with a pr evious r eport showing a wild-type le v el of
ister chroma tid separa tion in ISW1 -deficient cells at URA3 

 24 ). We also tested whether Isw1 is important for SCC at 
he periCEN of chromosome IV in the presence of a mi- 
otic spindle. As a control, we used a strain lacking Chl4 

r otein that pr omotes cohesin loading at CENs. As shown 

efor e, CHL4 deletion r esulted in a marked cohesion de- 
ect ( 95 ). Again, loss of Isw1 did not lead to a cohesion
efect at the periCEN of chromosome IV (Supplementary 

igure S5C). 
To examine whether lack of Isw1 impacts cohesin asso- 

ia tion with chroma tin, we performed calibra ted ChIP-seq 

f Scc1-9Pk using mitotically arrested wild type and isw1 � 
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Figure 1. Isw1 physically interacts with cohesin complex. ( A–C ) PLA analysis of interaction between Scc1-6HA and Scc3-18cMyc, Isw1-12Pk and Scc1- 
6HA and Isw1K227R-3FLAG and Scc1-6HA, respecti v el y. Lo garithmicall y growing cells of indicated y east str ains wer e fix ed with formaldehyde, digested 
with zymolyase and permeabilized with methanol. Next, cells were incubated overnight with the indicated pair of primary antibodies followed by proximity 
ligation r eaction. ( D ) Coimmunopr ecipitation of Isw1-12Pk and Scc1-6HA. Isw1-12Pk and Scc1-6HA were immunoprecipitated with anti-Pk or anti-HA 

antibody, respecti v el y, and anal yzed by Western blot using anti-Pk or anti-HA antibodies. ( E ) Isw1 binds to Scc1 N-terminal, middle and C-terminal 
fragments. Indicated proteins were expressed in E. coli followed by cell lysis. Ne xt, Scc1-cMy c or cMy c-ta gged Scc1 fra gments wer e immunopr ecipitated 
with cMyc-nanobodies and analyzed by Western blot using anti-cMyc or anti-FLAG antibodies. ( F ) Isw1-12Pk and Scc1-6HA interact from late G1 to 
G2 / M phase. Isw1-12Pk was immunoprecipitated with anti-Pk antibody and analyzed by Western blot using anti-Pk or anti-HA antibodies. ( G ) Samples 
of cell cultures used for CoIP in (F) were processed for FACS analysis. 
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ells (Supplementary Figure S5D). In agreement with pre- 
ious reports, our analysis showed that in wild type cells 
 small amount of cohesin associates with chromatin pre- 
isel y at CENs, w hile high cohesin le v els can be found as a
imodal peak on both sides of CENs and further at peri- 
ENs (Figure 2 A) ( 12 , 65 ). Surprisingly, loss of ISW1 re-

ulted in a significant cohesin accumulation at CENs and 

ncreased cohesin le v els at periCENs (Figure 2 A). Closer 
nspection re v ealed that ele vated cohesin le v els could be de-
ected only at pericentromeric regions, which in budding 

east have been estimated recently to span 8.5 kb on aver- 
ge on both sites of CENs (Figure 2 B) ( 33 ). Moreover, when
e analyzed cohesin le v els at chromosome arms, we found 

hat the cohesin signal was somewhat reduced in isw1 � 

ells compared to wild-type (Figure 2 C). These data sug- 
est that Isw1 may differentially impact cohesin at CENs 
nd chromosome arms. Although previous data showed 

hat the absence of Isw1 does not significantly change gene 
xpr ession, we consider ed the possibility that higher cen- 
romeric cohesin le v els may r esult from incr eased expr es-
ion of genes encoding cohesin or the cohesin loader. To 

est this, we monitored SCC1 and SCC2 mRNA le v els in 

2 / M synchronized wild type and isw1 � cells. We found 

o changes in SCC1 and SCC2 transcript le v els and similar 
cc1 and Scc2 protein le v els in wild type and isw1 � mu-
ant cells (Supplementary Figure S6A–C). To validate our 
alibrated ChIP-seq results showing increased cohesin as- 
ociation with CENs and periCENs, we repeated ChIP of 
cc1-9Pk on nocodazole arrested cells and employed qPCR 

or analyses. As a control, we used the yeast strain lacking 

TF18 (Supplementary Figure S5D). Consistent with the 
ohesion assay, disruption of CTF18 resulted in decreased 

ohesin le v els at all loci tested. Importantly, in accordance 
ith the ChIP-seq r esults, ChIP-qPCR r e v ealed increased 

ohesin accumulation at CENs and periCENs in cells de- 
oid of Isw1 (Figure 2 D and E). Next, we asked whether 
sw1 translocase activity is r equir ed for normal cohesin 

e v els at CENs and periCENs. To this end, we performed 

hIP-qPCR of Scc1-9Pk using wild type and isw1 K227R 

utant cells and found a similar increase in cohesin le v els 
s in isw1 � cells (Figure 2 D and E, Supplementary Figure 
5D). These data indicate that chromatin remodeling ac- 
ivity of Isw1 ensures proper cohesin distribution at CENs 
nd periCENs. We also wondered, whether loss of Chd1, 
nother well-characterized, major nucleosome spacing en- 
yme in yeast, would lead to a similar phenotype to dis- 
uption of ISW1 ( 44 , 45 ). Interestingly, deletion of CHD1 

ad no effect on centromeric cohesin le v els (Supplemen- 
ary Figure S7). Finally, we wondered what would be the 
onsequences of increased cohesin association with CENs 
nd periCENs in cells devoid of Isw1. Since the centromere- 
ound cohesin must be cleaved in a timely manner by sepa- 
ase to allow for the separation of sister chromatids and mi- 
osis completion, we speculated that more cohesin at CENs 
ay result in mitosis delay ( 23 ). To test this hypothesis, 
ild type and isw1 � cells were arrested in metaphase with 

ocodazole and then released to fresh medium to analyze 
hromosome segrega tion d ynamics. It turned out tha t cells 
acking ISW1 showed significant delay in the completion of 

itosis and exhibited a slight increase in generation time 
Figure 2 F). 
SW1a complex modulates centromeric cohesin levels 

n budding yeast, Isw1 ATPase is a part of the ISW1a and 

SW1b complexes containing Ioc3 or Ioc2 and Ioc4, respec- 
i v ely ( 46 ). These additional subunits direct individual com- 
lexes to specific genomic locations and possibly regulate 
sw1 activity ( 46 , 50–52 , 96 ). Taking these data into account,
e examined the importance of Ioc subunits for Isw1-Scc1 

nteraction. To this end, we disrupted ISW1a and ISW1b 

omplexes by deleting IOC3 and IOC2 genes, respecti v ely, 
n the Scc1-6HA Isw1-12Pk background and conducted a 

oIP experiment using nocodazole-arrested cells ( 46 ). We 
ound that disruption of neither IOC2 nor IOC3 abolished 

cc1-Isw1 interaction but lack of Ioc3 somewhat reduced 

t (Figure 3 A and Supplementary Figure S8A). These data 

howed that Isw1 can associate with cohesin as a part of 
ither the ISW1a or the ISW1b comple x. Ne xt, we con- 
tructed the ioc2 � ioc3 � double mutant and examined Scc1 

inding to Isw1. It turned out that very little Scc1 co- 
urified with Isw1, pointing to a crucial role of Ioc proteins 

n the Scc1-Isw1 interaction in vivo (Figure 3 B and Supple- 
entary Figure S8B). Finally, we tested which of the Isw1- 

ontaining complexes is important for limiting cohesin ac- 
umula tion a t CENs. The ChIP experiment on mitotically 

rrested cells re v ealed that the absence of IOC3 , but not 
OC2 , caused a similar increase in cohesin le v els at CENs 
s deletion of ISW1 (Figure 3 C and Supplementary Fig- 
re S5D). Taken together, these data indicate that while 
oth ISW1a and ISW1b can interact with cohesin, only the 
SW1a complex is responsible for regulating cohesin le v els 
t CENs. 

sw1 localizes to CENs 

he fact that Isw1 impacts centromeric cohesin le v els sug- 
ested that it might be present at or near the yeast CENs. 
nterestingly, SNF2h, the human ortholog of Isw1, was pre- 
iously shown to localize to CENs, ensuring its stability 

 97–99 ). As earlier studies failed to detect Isw1 at CENs, we 
ecided to use different approaches ( 100 ). First, we tagged 

he Cse4 centromere specific histone H3 variant with the 
A tag in the Isw1-12Pk background and performed PLA. 
e detected an increase of fluorescence signal, suggesting 

lose proximity of both proteins (Figure 4 A and Supple- 
entary Data Set S2). Next, we repeated the experiment on 

he Chl4-3HA Isw1-12Pk strain. Again, the result of PLA 

as positi v e (Figure 4 B and Supplementary Data Set S2). 
ext, we performed ChIP-qPCR of Isw1-12Pk. Because 
hIP of chromatin remodelers (including Isw1) has been re- 
eatedly reported to be intrinsically difficult and inefficient, 
nd since a previous stud y tha t employed native ChIP failed 

o detect Isw1 at CENs, we decided to first stabilize protein- 
NA interactions by incubating the cells with formalde- 

yde and then perform ChIP ( 51 , 100–104 ). Interestingly, we 
ound that Isw1 is present at all three CENs tested (Figure 
 C). Next, we asked what the r equir ements for the recruit-
ent of Isw1 to CENs are. First, we disrupted the CTF19 

nner kinetochore subcomplex that supports outer kineto- 
hore assembly and mediates cohesin loading at CENs. It 
urned out that in the absence of CTF19 very little Isw1 was 
resent at CENs (Figure 4 C). Cbf1 is a basic helix-loop- 
elix leucine zipper protein that binds the R TCACR TG 
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Figure 2. Lack of Isw1 leads to cohesin accumulation at CENs and periCENs. ( A–C ) Average calibrated ChIP-seq profiles of Scc1-9Pk around all budding 
yeast CENs in wild type and isw1 � cells. ( D , E ) ChIP–qPCR analysis of Scc1 association with centromere III, IV and V as well as pericentromeric regions 
located ∼2 kb from indicated CENs. Error bars r epr esent mean value ± standard deviation of mean. One-way ANOVA was used to calculate the P -value. 
( F ) Generation time and dynamics of nuclei separation were analyzed in wild type cells and cells lacking ISW1 ( n = 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(R = A or G) sequence found at the CDEI element of cen-
tromeric DNA and certain gene promoters. At the CENs,
Cbf1 associates with some kinetochore proteins and reg-
ulates the extent and timing of centromeric transcription
( 105–108 ). Interestingly, it has been shown that Cbf1 physi-
cally interacts with Isw1 and is crucial for its recruitment to
PHO8 and DRE2 promoters ( 109 , 110 ). Thus, Isw1 could be
recruited to the CENs through interaction with Cbf1. How-
e v er, we found that loss of Cbf1 had no effect on Isw1 oc-
cupancy at CENs (Figure 4 C). Finally, we tested the impor-
tance of Ioc subunits for Isw1 localization to CENs. Inter-
estingly, we found that while deletion of IOC3 strongly re-
duced Isw1 association with CENs, lack of IOC2 increased
le v els of centromere-bound Isw1. These results suggest that
Ioc subunits may compete for binding to Isw1. As a conse-
quence, in the absence of Ioc2, the le v el of the ISW1a com-
plexes rises, leading to increased ISW1a association with
centromer es (Figur e 4 C). Taken together, these data show
that Isw1 localizes to CENs as a part of the ISW1a com-
plex and in a CTF19-dependent fashion. 
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Figure 3. Isw1 in complex with Ioc3 impacts centromeric cohesin le v els. ( A , B ) Cohesin interacts with both ISW1a and ISW1b. Isw1-12Pk was immuno- 
precipitated with anti-Pk antibody using protein extracts isolated from wild type, ioc2 � , ioc3 � and ioc2 � ioc3 � cells followed by Western blot analysis 
using anti-Pk or anti-HA antibodies. ( C ) ChIP–qPCR analysis of Scc1 association with centromere III, IV and V in wild type cells as well as in cells lacking 
either IOC2 or IOC3 . Error bars r epr esent mean value ± standard deviation of mean. One-way ANOVA was used to calculate the P-value. 
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sw1 modulates distribution of cohesin loaded by CTF19 

n budding yeast, the Ctf19 kinetochore protein recruits 
he cohesin loader to CENs to ensure high cohesin le v els 
t periCENs ( 29 , 95 ). Howe v er, disruption of the CTF19-
ependent pathway strongly reduces but does not abolish 

ohesin association with centromeres. This indicates the 
xistence of another pa thway tha t partially mediates cen- 
romeric cohesin enrichment independently of the kineto- 
hore ( 29 , 111 , 112 ). Taking these results into account, we
ondered which of these cohesin loading pathways is im- 
ortant for cohesin enrichment in the absence of Isw1. To 

est this, we pre v ented kinetochore-dri v en cohesin deposi- 
ion by disrupting CTF19 or CHL4 , subunits of the CTF19 

omple x. As pre viously reported, this led to a significant re- 
uction in cohesin le v els at CENs (Figure 5 A) ( 29 , 95 ). In-
erestingl y, w hile deletion of ISW1 in otherwise wild type 
ells resulted in markedly increased cohesin accumulation at 
ENs, lack of Isw1 in the ctf19 � background had no effect 
n centromeric cohesin le v els (Figure 5 A and Supplemen- 
ary Figure S5D). Consistently, lack of ISW1 did not al- 
er pr ematur e sister chroma tid separa tion observed in chl4 � 

ells (Figure 5 B). Moreover, disruption of ISW1 neither in- 
reased nor a ttenua ted the sensitivity of the CTF19 complex 

utants to TBZ, a microtubule poison that sensitizes mu- 
ants with impaired centromere or kinetochore functions 
Figure 5 C and D) ( 113 ). These data indicate that cohesin 

olecules that persist at CENs and periCENs in the absence 
f Isw1 are loaded by the CTF19 complex. 

sw1 interacts with the cohesin loader complex and impacts 
ts association with CENs and periCENs 

n budding yeast, the RSC complex associates with CENs 
nd interacts not only with cohesin but also coprecipitates 
ith cohesin loader subunits in vivo ( 24 , 34 , 35 ). Moreover,

ecent study claimed that Isw1 also associates with the Scc4 

ohesin loader subunit ( 83 ). To verify independently the in- 
eraction between Isw1 and the Scc2-Scc4 cohesin loader, 
e first performed CoIP and PLA using Isw1-12Pk Scc2- 
HIS-3FLAG cells and found no evidence for an inter- 
ction (Supplementary Figure S9A, Supplementary Data 

et S2 and data not shown). Next, we asked whether Isw1 

inds to Scc4. In agreement with data presented by Mu ̃

 noz 
t al. ( 83 ), we found that Isw1 interacts with Scc4 (Figure 
 A and B, Supplementary Figure S9B and Supplementary 

ata Set S2). Moreover, we also confirmed that the Sth1 

ubunit of the RSC complex binds Scc4 (Supplementary 

igure S9C). 
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Figure 4. ISW1a binds to CENs. ( A , B ) PLA analysis of Isw1-12Pk and Cse4-3HA interaction and Isw1-12Pk and Chl4-3HA interaction. Logarithmi- 
cally growing cells of indicated yeast strains were fixed with formaldehyde, digested with zymolyase and permeabilized with methanol. Next, cells were 
incubated overnight with the indicated pair of primary antibodies followed by proximity ligation reaction. ( C ) ChIP–qPCR analysis of Isw1 association 
with centromere III, IV and V in indicated yeast strains. Error bars r epr esent mean value ± standard deviation of mean. One-way ANOVA was used to 
calculate the P -value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Next, we decided to examine the importance of the
kinetochore-dependent cohesin loading pathwa y f or Isw1-
cohesin loader and Isw1-cohesin interaction. For this pur-
pose, we analyzed Scc4 and Scc1 binding to Isw1 in the
ctf19 � m utant, w hich is characterized by low cohesin lev-
els specifically at CENs and periCENs but not along chro-
mosome arms ( 29 , 95 ). We assumed that if Isw1 binds to co-
hesin at CENs only, disruption of the CTF19-dependent co-
hesin loading pathway should impair Isw1-Scc4 and Isw1-
Scc1 interaction. Howe v er, lack of functional CTF19 had
no apparent effect on Isw1 association with Scc4 and Scc1
(Figure 6 B and C, Supplementary Figure S9B and S9D).
Moreover, also Sth1-Scc4 interaction was not reduced in
the absence of CTF19 (Supplementary Figure S9C). These
data suggest that the vast majority of Isw1-cohesin loader
and Isw1-cohesin interactions takes place elsewhere than at
CENs and periCENs. 

Increased cohesin le v els at CENs and periCENs in isw1 �
cells together with our finding that Isw1 associates with Scc4
suggests that Isw1 may impact the function of the cohesin
loader. Ther efor e, we decided to investigate whether Isw1
af fects associa tion of the cohesin loader with CENs. To this
end, we performed ChIP of the Scc2 cohesin loader subunit
from mitotically arrested wild type and isw1 � cells (Sup-
plementary Figure S5D). Interestingly, we found that Scc2
occupancy at three CENs tested was increased in cells lack-
ing ISW1 (Figure 6 D). Also, Scc2 le v els at periCENs were
incr eased compar ed to wild type cells (Figur e 6 E). Taken to-
gether, these data show that ISW1 disruption increases not
only cohesin but also cohesin loader accumulation at CENs
and periCENs. 

Isw1 impacts nucleosome organization at CENs 

Isw1 has been shown to be an important regulator of nucle-
osomal organization in most budding yeast genes ( 50 , 51 ).
As our results indicate that Isw1 is present at CENs (Fig-
ure 4 ), we specula ted tha t it might influence the chromatin
landscape at these genomic locations. To test this, we ana-
l yzed previousl y published results of micrococcal nuclease
(MNase) digestion and paired-end sequencing of nucleoso-
mal DNA obtained for wild type and isw1 � cells using Dan-
pos software ( 45 , 71 ). First, we used Danpos to analyze nu-
cleosome occupancy of all genes in wild type cells and cells
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Figure 5. Isw1 modulates chromatin association of cohesin loaded by CTF19. ( A ) ChIP–qPCR analysis of Scc1 association with centromere III, IV and V 

in wild type, isw1 � , ctf19 � and isw1 � ctf19 � cells. Error bars r epr esent mean value ± standard deviation of mean. One-way ANOVA was used to calculate 
the P-value. ( B ) Pr ematur e sister chroma tid separa tion le v els in wild type, isw1 � , c hl4 � and isw1 � c hl4 � cells. Indicated y east str ains wer e arr ested in G1 
with �-factor followed by release into fresh medium containing 8 mM methionine to deplete CDC20 and arrest cells in G2 / M. Next, the number of single 
or double GFP spots that mark the region ∼2.4 kb from centromere IV were counted. Error bars represent mean value ± standard deviation of mean. 
( C , D ) Lo garithmicall y growing cultures of indicated strains were 10-fold serially diluted and plated onto solid YPD containing or not containing TBZ. 
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acking ISW1 . A typical yeast gene consists of a nucleosome 
epleted region (NDR) containing promoter sequences that 

s flanked by -1 and + 1 nucleosomes. The + 1 nucleo- 
ome includes a transcription start site and is followed 

y subsequent nucleosomes that are regularly phased and 

paced, at least to some degree ( 45 , 114 , 115 ). In agreement
ith pre viously pub lished r esults, our analysis r e v ealed that

SW1 -deficient cells show weaker nucleosome phasing and 

hift of the +2 nucleosome as well as downstream nucleo- 
omes towards the promoter (Supplementary Figure S10A) 
 43 , 45 , 101 ). Next, we analyzed nucleosome occupancy near 
ENs. As shown previously for wild type cells, CEN nu- 

leosomes wer e r epr esented by squar e-shaped peaks rather 
han round-shaped peaks characteristic for canonical nu- 
leosomes. This indicates that CEN nucleosomes are very 

ell positioned in all cells. Interestingly, the nucleosome oc- 
upancy signal for centromeric nucleosomes was markedly 

ower than for canonical nucleosomes. This suggests that 
entromeric DNA is more exposed to MNase than DNA 

rapped around the averaged canonical nucleosome. All 
entromeric nucleosomes were adjacent to canonical nu- 
leosomes that were well positioned, possibly reflecting the 
hasing effect of centromeric nucleosomes. Finally, regions 
oor in nucleosomes could be found between the CEN nu- 
leosomes and the closest canonical nucleosomes (Figure 
 and Supplementary Figure S10B) ( 116–120 ). Close com- 
arison of nucleosome profiles of wild type and isw1 � cells 
e v ealed se v eral differences. First, the occupancy signal for 
entromeric nucleosomes was much stronger when ISW1 

as disrupted (Figure 7 and Supplementary Figure S10B). 
his indica tes tha t the access of MNase to centromeric 
N A is m uch more restricted when cells lack Isw1. We also 
bserved that in most cases at least one nucleotide poor re- 
ion flanking CEN nucleosomes was more filled with nu- 
leosomes (Figure 7 and Supplementary Figure S10B). Fi- 
all y, we anal yzed the positioning of canonical nucleosomes 

ocated up to 700 bp upstream and downstream from CEN 

ucleosomes. We found that lack of Isw1 leads to changes 
n positioning of most canonical nucleosomes but without 
ny obvious pattern (Figure 7 and Supplementary Figure 
10B). Because in most cases DNA near CENs includes 
enes and gene regulatory elements, it is possible that these 
hanges reflect the role of Isw1 in nucleosome organization 

cr oss gene pr omoters and gene bodies. Howe v er, canonical 
ucleosomes flanking CEN V showed altered positions, al- 
hough ther e ar e no gene coding or ARS sequences at least 
000 bp upstream and downstream from the centromere 
Figure 7 ). Taken together, these data suggest a role of Isw1 

n chromatin organization at CENs and periCENs. 

SW1a balances RSC at centromer es to ensur e proper co- 
esin levels 

ecent reports showed that the RSC chromatin remodeler 
ontributes to cohesin loading and that disruption of RSC 

esults in decreased cohesin le v els at CENs ( 24 , 34 ). Since
sw1 also regulates cohesin distribution at CENs, we hy- 
othesized that RSC and Isw1 may play distinct roles in 

ohesin deposition coordination. To test this, we first com- 
ared the growth of rsc2 � and isw1 � rsc2 � mutants in the
resence of TBZ and observed that deletion of ISW1 par- 
ially rescued rsc2 � sensitivity to TBZ (Figure 8 A). This 
s in agreement with a pr evious r eport showing that many 

henotypic defects arising from RSC disruption, including 
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Figure 6. Isw1 influences Scc2 association with chromatin. ( A ) PLA analysis of interaction between Isw1-5FLAG and Scc4-9Pk. Lo garithmicall y growing 
cells of indicated y east str ains were fixed with formaldehyde, digested with zymolyase and permeabilized with methanol. Next, cells were incubated overnight 
with the indicated pair of primary antibodies followed by proximity ligation r eaction. ( B ) Coimmunopr ecipitation analysis of Isw1-Scc4 interaction in wild 
type and ctf19 � cells. Isw1-5FLAG was immunoprecipitated with anti-FLAG antibody using protein extracts isolated from wild type and ctf19 � cells 
followed by Western blot analysis using anti-FLAG or anti-Pk antibodies. ( C ) Coimmunoprecipitation analysis of Isw1-Scc1 interaction in wild type and 
ctf19 � cells. Isw1-12Pk was immunoprecipitated with anti-Pk antibody using protein extracts isolated from wild type and ctf19 � cells followed by Western 
blot analysis using anti-HA or anti-Pk antibodies. ( D , E ) ChIP–qPCR analysis of Scc2 association with CENs and periCENs III, IV and V in untagged, 
wild type and isw1 � cells. Error bars r epr esent mean value ± standard deviation of mean. One-way ANOVA was used to calculate the P-value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

association with CENs. 
sensitivity to benomyl, can be a ttenua ted by ISW1 dele-
tion ( 101 ). Additionally, we evaluated the importance of
Isw1’s translocase activity in suppressing rsc2 � sensitivity
to TBZ. It turned out that the catal yticall y inacti v e form
of Isw1 improved the growth of rsc2 � in the presence of
TBZ (Figure 8 B). Finally, we wondered which of the Isw1-
containing complexes is important for allevia ting r sc2 � sen-
sitivity. We found that disruption of ISW1a, but not ISW1b,
rescued rsc2 � growth inhibition in the presence of TBZ
(Figure 8 C). Thus, the stress exerted by TBZ is detrimen-
tal for the rsc2 � mutant when ISW1a is present. This epis-
tasis analysis also suggests that Isw1 may counteract RSC
binding to chromatin leading to increased TBZ sensitivity
when RSC is disrupted. To test this, we performed ChIP of
Sth1-12Pk in wild type and isw1 � cells and found no differ-
ences in RSC le v els between both strains (Supplementary
Figure S11). Next, we wondered whether reduction in co-
hesin le v els in rsc2 � cells can be alleviated by ISW1 loss. To
test this, we monitored Scc1-9Pk le v els using mitotically ar-
rested rsc2 � and isw1 � rsc2 � cells. Interestingly, disruption
of ISW1 in the rsc2 � background r estor ed cohesin associ-
a tion a t all centromeric loci tested to near wild type le v els
(Figure 8 D). Moreover, in agreement with ChIP results, the
absence of Isw1 largely improved sister chromatid tethering
in rsc2 � cells (Figure 8 E). We also analyzed Scc2 associa-
tion with CENs in rsc2 � and isw1 � rsc2 � mutant cells. It
turned out that Scc2 le v els also returned to wild type le v els
in rsc2 � cells in the absence of Isw1 (Figure 8 F). These data
suggest that the cohesion defect observed in cells with the
disrupted RSC complex may be caused by the activity of
the ISW1a complex. Finally, we were curious about the re-
lationship between Isw1, RSC and CTF19. To this end, we
constructed multiple mutants and performed the growth
assay in the presence of TBZ. We found that in the ab-
sence of Ctf19, lack of Isw1 no longer rescued rsc2 � mu-
tant sensitivity to TBZ (Figure 8 G). Taken together, these
da ta show tha t functional CTF19, and presumably, cohesin
loaded by kinetochore are required for alleviating rsc2 �
sensitivity to TBZ by ISW1 disruption. Furthermore, these
results suggest that Isw1 and RSC may have opposite func-
tions at CENs that need to be balanced by mutual chro-
matin remodeling activity. Loss of balance between these
two translocases seems to result in disturbance in cohesin



Nucleic Acids Research, 2023, Vol. 51, No. 17 9115 

Figure 7. Lack of Isw1 impacts chromatin structure at CENs. Nucleosome occupancy profiles for selected CENs. Centre of centromeric nucleosome was 
set as 0. Black trace – wild type, red trace – isw1 � . Changes in the position of a CEN-flanking nucleosome dyad peak in isw1 � cells are marked with red 
arrows. Occupancy profiles for all of the other CENs are presented in Supplementary Figure S10B. 
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ISCUSSION 

n order to better understand how SCC is regulated, we 
erformed a proteomic screen that identified Isw1 chro- 
atin remodeler as a cohesin binding partner (Table 1 ). 
ecause lack of ISW1 did not lead to a cohesion defect 
e asked whether the isw1 � mutation affected the asso- 

iation of cohesin with chromatin (Supplementary Figure 
5B and S5C). Surprisingly, we found that in the absence 
f Isw1, its translocase activity or the Ioc3 regulatory sub- 
nit, more rather than less cohesin accumulated at CENs 
nd periCENs (Figure 2 A, B, D, E and 3 C). Curiously, 
his is not without precedent, as it has been recently shown 

ha t the chroma tin r emodeler Uls1 r estricts cohesin accu- 
ula tion a t the HO-induced DNA double strand break 

 121 , 122 ). Recent ChIP-seq experiments revealed that while 
arge amounts of the cohesin loader associate precisely with 

ENs, Scc2 is barely detectable along periCENs ( 12 , 29 ). In 

he case of cohesin, the opposite is true: very little cohesin 

s associated with CENs, while high le v els can be found 

long periCENs. Current models suggest that Scc2 / 4 con- 
urrently binds to Ctf19 and the cohesin ring at CENs en- 
bling cohesin to associate with chromatin. Then, it triggers 
TP hydrolysis and subsequently dissociates, allowing co- 
esin to translocate to periCENs ( 12 , 29 , 31 ). When cohesin

s unable to hydrolyze ATP, it cannot translocate and accu- 
 ulate heavil y at CENs to gether with the cohesin loader. 

nterestingly, we found that lack of ISW1 also leads to ac- 
umulation of the cohesin loader at CENs (Figure 6 D and 

). Taking these results into account, our data suggest that 
SW1a chromatin remodeling activity is required for proper 
a
ohesin translocation from its loading sites at CENs. More- 
ver, translocation defects most likely lead to partial reten- 
ion of the cohesin loader and cohesin interaction and colo- 
aliza tion a t periCENs ( 12 , 65 ). Accordingly, we found that
n the absence of ISW1 , cohesin and cohesin loader accu- 

ula te a t periCENs (Figur e 2 , Figur e 3 C, Figur e 6 D and
 E). Increased cohesin le v els at periCENs might also arise 
ue limited cohesin turnover because Scc2-bound cohesin 

s refractory to Wpl1 releasing acti vity ( 12 ). Alternati v ely, 
le vated cohesin le v els at CENs and periCENs in cells lack- 
ng Isw1 could also be explained by enhanced cohesin load- 
ng. In this scenario Isw1 would be a factor that restricts 
ohesin loading possibly by limiting Scc2-Scc4 association 

ith CENs. Howe v er, it seems that increased cohesin load- 
ng may not coincide with higher le v els of Scc2 at CENs and
eriCENs, as was found for G1-arrested cells lacking Pds5 

hich inhibits cohesin loading at early stages ( 12 , 123 ). All 
onsidered, we favor the notion that Isw1 allows efficient 
ohesin translocation from loading sites at CENs to its de- 
osition sites at periCENs. 
Recent evidence suggests that several chromatin remod- 

lers might physically associate with cohesin loader and co- 
esin ( 34 , 38 , 82 , 83 ). Here, we also observed that Isw1 binds
o both complex es. (Figur e 1 B and D and Figure 6 A and
). Howe v er, disruption of CTF19 and thus strong reduc- 

ion in the centromeric cohesin loader and cohesin lev- 
ls, had no impact on these interactions when analyzed by 

oIP (Figure 6 B to E) ( 29 , 31 ). Interestingly, also Sth1-Scc4
nteraction was not affected by the ctf19 � mutation de- 
pite the fact that disruption of RSC reduces cohesin le v els 
t CENs ( 24 , 34 ) (Supplementary Figure S9C). These data 
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Figure 8. Disruption of Isw1 alleviates cohesion defect of rsc2 � cells. ( A–C ) Lo garithmicall y growing cultures of indicated strains were 10-fold serially 
diluted and plated onto solid YPD containing or not containing TBZ. ( D ) ChIP–qPCR analysis of Scc1 association with centromere III, IV and V in wild 
type, isw1 � , rsc2 � and isw1 � rsc2 � cells. Error bars r epr esent mean value ± standar d de viation of mean. One-way ANOVA was used to calculate the 
P -value. ( E ) Pr ematur e sister chromatid separation le v els in wild type, isw1 � , rsc2 � and isw1 � rsc2 � cells. Indicated yeast strains wer e arr ested in G1 
with �-factor followed by release into fresh medium containing 8 mM methionine to deplete CDC20 and arrest cells in G2 / M. Next, the number of single 
or double GFP spots that mark the region ∼2.4 kb from centromere IV were counted. Error bars represent mean value ± standard deviation of mean. 
( F ) ChIP–qPCR analysis of Scc2 association with centromere III, IV and V in wild type, isw1 � , rsc2 � and isw1 � rsc2 � cells. Error bars r epr esent mean 
value ± standard deviation of mean. One-way ANOVA was used to calculate the P -value. ( G ) Lo garithmicall y growing cultures of indicated strains were 
10-fold serially diluted and plated onto solid YPD containing or not containing TBZ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

suggest that most of the Isw1-cohesin loader and Isw1-
cohesin interactions take place on chromosome arms. Nev-
ertheless, we found that the presence of intact CTF19 is
r equir ed for Isw1 localization at CENs, where it presum-
ably colocalizes with Scc2 / 4 and cohesin (Figure 4 C). Tak-
ing the evidence together, we propose that a fraction of
Isw1 binds to cohesin and cohesin loader associated with
CENs enabling efficient cohesin translocation to periCENs.
Nonetheless, it seems that Isw1 has a role in cohesin as-
sociation with chromosome arms. It was previously sug-
gested that chromatin remodelers such as Isw1 or Chd1
might work as chromatin receptors that recruit the co-
hesin loader ( 34 ). Interestingly, ChIP-seq analysis re v ealed
that in contrast to CENs, cohesin le v els at chromosome
arms were slightly reduced in isw1 � cells (Figure 2 C).
This reduction is likely too small to cause a global co-
hesion defect especially since nucleosome spacing chro-
matin remodelers largely compensate for mutual losses ( 44–
46 , 124 , 125 ). Mor eover, our r esear ch showed that cohesin
interacts with both Isw1-containing complexes and that
the presence of Ioc subunits is crucial for these interac-
tions (Figure 3 A and B). Whole genome mapping experi-
ments re v ealed that both ISW1a and ISW1b ar e pr esent at
many genes and bind to most of the gene sequence from
the +1 nucleosome to the terminal nucleosomes where co-
hesin often accumulates ( 51 ). Importantly, cohesin loading
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nto chromosome arms seems to predominantly take place 
t gene promoters but it appears that it might also occur 
niformly across transcription units ( 12 , 24 , 25 , 65 ). These
a ta indica te tha t Isw1 complexes, the cohesin loader and 

ohesin occupy similar locations giving opportunities for 
nteraction. 

Our study provides evidence that Isw1 localizes to CENs, 
here it utilizes its chromatin remodeling activity to mod- 
la te cohesin associa tion with chroma tin (Figures 2 and 

 ). Because Isw1 is one of the major proteins that regu- 
ate nucleosome spacing in budding yeast, one might sup- 
ose that it contributes to cohesin translocation by influ- 
ncing the chromatin landscape at and / or around the cen- 
romere. Howe v er, how chromatin organization impacts co- 
esin loading and translocation is not well understood. 
cc2 is a DNA binding protein with affinity to both sin- 
le stranded and double stranded DNA. Accordingly, a re- 
ent study showed that substitution of Scc2 residues impli- 
ated in DNA binding causes strong reduction of cohesin’s 
ssociation with chromatin ( 17 ). Next, cohesin loading re- 
uires an entry point through which cohesin accesses DNA. 
t seems that at least in vitro naked DNA is a better sub- 
trate for cohesin loading than chromatinized DNA. This 
ay explain why cohesin loading along chromosome arms 

eems to pr efer entially take place at promoters that are of- 
en poorly covered with nucleosomes ( 24 , 25 , 34 ). In vivo,
eaker association between histones and DNA, and thus 
ost likely better accessibility of DNA, seem to improve 

ohesin association along chromosomes arms ( 126 ). Taken 

o gether, these results impl y that the presence and extent of 
nchromatinized DNA might be crucial for cohesin depo- 
ition and translocation. 

Inter estingly, histone-depleted r egions flank CEN nucle- 
somes, making them possible candidate regions for co- 
esin loading and starting-points for cohesin translocation 

o periCENs ( 116 , 117 ). Howe v er, our nucleosome occu-
ancy analysis re v ealed tha t cohesin retention a t CENs in 

sw1 � cells does not correlate with widening of this region; 
nstead we observed its mild filling (Figure 7 and Supple- 

entary Figure S10B). These data suggest that histone- 
epleted regions flanking CEN nucleosomes are not the re- 
ions where cohesin is loaded and start to translocate or 
he presence of nucleosomes is not inhibitory for these re- 
ctions at CENs. The latter conclusion is in agreement with 

 previous report showing that disruption of chromatin in- 
egrity by partial histone depletion does not generally af- 
ect cohesin association with CENs ( 80 ). We also found that 
ack of Isw1 results in position changes of canonical nucle- 
somes near CEN nucleosomes (Figure 7 and Supplemen- 
ary Figure S10B). This raises a possibility that Isw1 may 

pecifically influence the pattern of nucleosomes around 

ENs and that positioning of these nucleosomes may en- 
ble efficient cohesin translocation. This would be some- 
hat reminiscent of replication origins where NDRs are 
anked by phased arrays of regularly spaced nucleosomes 

ormed by chromatin remodelers including ISW1a. There, 
isruption of nucleosome organization around replication 

rigins hinders DNA replication ( 125 ). Finally, we observed 

hat deletion of ISW1 led to an increased occupancy sig- 
al for centromeric nucleosomes, which in wild type cells 

s very low due to its high accessibility for MNase (Figure 7 
nd Supplementary Figure S10B) ( 116 , 118 , 119 ). As MNase 
igests pr efer entially at sites center ed on A / T-containing 

inucleotides, the increased signal for CEN nucleosomes in 

sw1 � cells may indicate that the AT-rich CDEII element 
f centromeric DNA is specifically inaccessible to MNase 
 127–129 ). Alternati v el y, centromeric DN A of cells lack- 
ng ISW1 may be protected by some protein barrier that 
argely precludes MNase accession. Whether and how it in- 
uences cohesin loading and / or translocation remains to 

e estab lished, howe v er, it is tempting to specula te tha t cen-
romeric DNA that is more tightly wrapped around the 
se4-containing nucleosome provides a suboptimal start 
oint these processes. Inter estingly, r ecent data suggest that 
ohesin loader-RSC physical interaction stimulates nucleo- 
ome sliding activity of the RSC complex in vitro . More- 
ver, this study identified a FEDWF motif in Sth1 that 
eems to be crucial for RSC association with the cohesin 

oader. Importantly, this motif is present in most Snf2-like 
TPases, including Isw1 ( 83 ). This raises a possibility that 

he cohesin loader bound to the cohesin complex may at- 
ract dif ferent chroma tin r emodelers, driving its r emodeling 

ctivity and allowing ef ficient transloca tion and / or bypass- 
ng of different barriers including nucleosomes which hin- 
er cohesin diffusion in vitro ( 130 ). Taken together, these 
a ta indica te tha t accura te organiza tion of nucleosome ar- 
ays around CENs is important for proper cohesion. 

Chromatin r emodelers ar e the key enzymes in the cell that 
overn nucleosome occupancy, position and structure, thus 
egulating many chromatin transactions, including gene ex- 
r ession. Inter estingly, at some promoters RSC and Isw1 

ave opposing functions: while RSC prevents encroach- 
ent of -1 and + 1 nucleosomes into the NDR, ISW1a 

hifts + 1 nucleosomes towards NDR. Consequentl y, w hile 
ack of functional RSC results in narrowing and filling of 
he NDR, disruption of ISW1a in the rsc mutant back- 
round partially re v erses this effect, leading to improv ed 

rowth under normal and stress conditions ( 51 , 101 ). In- 
riguingly, deletion of ISW1 in rsc2 � cells r estor ed cohesin 

nd cohesin loader binding to CENs and improved cen- 
romeric cohesion (Figure 8 D–F). These data suggest that 
ne of the roles of Isw1 at CENs is to balance RSC activ- 

ty. Thus, it seems that, as in the case of promoters, also at 
ENs, chromatin remodelers compete to establish a certain 

hr omatin envir onment. 
In recent years, much progress has been made in un- 

erstanding the SCC process. It has become clear that 
WI / SNF family proteins play an important role in regu- 

ation of cohesion not only in yeast but also in higher eu- 
aryotes. Chromatin remodelers such as PBAF, ATRX or 
uman ortholog of Isw1, SNF2H, have been shown to in- 
eract with cohesin and to regulate cohesin association with 

hromatin ( 131–135 ). As mutations in cohesin, cohesin reg- 
lators and chromatin remodelers are present in many can- 
ers and are the underlying cause of se v eral de v elopmental 
isor ders, further inv estigation e xploring the interplay be- 
ween these factors is of great importance ( 136–141 ). 
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ass spectrometry proteomics data have been deposited 
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partner repository with the dataset identifier PXD037034
and 10.6019 / PXD037034. Sequencing datasets are
available at the Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/ ), accession number
GSEGSE232315. 
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