EMBO

reports

scientific report

Pds5 promotes cohesin acetylation and stable
cohesin-chromosome interaction

Sabine Vaur?*, Ameélie Feytout"?*, Stéphanie Vazquez"? & Jean-Paul Javerzat™?*
1University Bordeaux and 2CNRS, Institut de Biochimie et Génétique Cellulaires, Bordeaux, France

Pds5 and Wpl1 act as anti-establishment factors preventing sister-
chromatid cohesion until counteracted in S-phase by the cohesin
acetyl-transferase Esol. However, Pds5 is also required to
maintain sister-chromatid cohesion in G2. Here, we show that
Pds5 is essential for cohesin acetylation by Eso1 and ensures the
maintenance of cohesion by promoting a stable cohesin interac-
tion with replicated chromosomes. The latter requires Eso1 only
in the presence of Wapl, indicating that cohesin stabilization
relies on Esol only to neutralize the anti-establishment
activity. We suggest that Esol requires Pds5 to counteract
anti-establishment. This allows both cohesion establishment and
Pds5-dependent stable cohesin binding to chromosomes.
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INTRODUCTION

Sister-chromatid cohesion is mediated by cohesin, a tripartite ring-
shaped complex made of a Smc1-Smc3 heterodimer associated with
Scc1, which recruits Scc3, Pds5 and Wapl subunits (Psm1, Psm3,
Rad21, Psc3, Pds5 and Wpl1, respectively, in fission yeast) [1-4].
How sister-chromatid cohesion is made and maintained is of
fundamental importance but still incompletely understood. Cohesin
is deposited on chromatin by the loading complex (Mis4/Ssl3 in
fission yeast), and unless in the event of a DNA double-strand break,
cohesin is converted into cohesive structures exclusively during
S-phase [5]. In fission yeast and mammals, cohesion establishment
correlates with a change in the mode of cohesin interaction with
chromosomes. In G1 cells, cohesin cycles chromatin on and off as a
result of repeated events of cohesin loading and unloading.
By contrast, after S-phase a fraction of cohesin is stably bound to
chromosomes and ensures long-term cohesion [6-8]. This change in
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cohesin dynamics may involve the inactivation of unloading
activities, activation of stabilization factors or both. Cohesin
unloading is stimulated by Wapl. The deletion of the wplT gene
in fission yeast or Wapl depletion in human cells slows down
cohesin removal from chromosomes [7,9]. Add-back experiments
in Xenopus mitotic extracts have shown that both Pds5 and Wapl
are required for cohesin removal from chromatin [10]. Pds5 and
Wapl are also described as anti-establishment factors. Cohesion
establishment during S-phase requires the neutralization of an
anti-establishment activity by a conserved acetyl-transferase (Eso1
in fission yeast) that catalyses acetylation of a pair of conserved lysine
residues within the core cohesin subunit Smc3. Acetyl-mimicking
forms of Smc3 or mutations affecting Wapl, Scc3 or Pds5 can bypass
the requirement for the acetyl-transferase, indicating that these
factors are all part of the anti-establishment pathway [4]. Among
these, Pds5 and Wapl form a stable subcomplex that interacts with
cohesin and promotes its removal from chromatin [9,11], suggesting
that anti-establishment and releasing activity might be synonymous,
as recently suggested [4]. Accordingly, the stable mode of cohesin’s
interaction with fission yeast chromosomes is Eso1-dependent, but
not when the wplT gene is deleted [6,7]. The deletion of pds5 also
bypasses Esol requirement [12]. It is clear, however, that the
inactivation of Pds5 or Wapl leads to different outcomes. In budding
yeast, deletion of WPLT generates moderate cohesion defects
[11,13,14], while Pds5 is essential for cell viability and its
inactivation in postreplicative cells leads to a loss of sister-
chromatid cohesion [15-17]. Wapl and Pds5 functions are even
more clearly separable in fission yeast. The deletion of wpl1 has no
detrimental effect on sister-chromatid cohesion establishment and
maintenance [7]. Strains deleted for pds5 are viable and proficient
for sister-chromatid cohesion in actively dividing cycling cells,
showing that Pds5 is dispensable for the establishment of sister-
chromatid cohesion [12,18]. However, cohesion is progressively
eroded during the G2-phase and is eventually lost when the duration
of G2 is extended [12]. We report here two new key findings related
to Pds5 function. First, we show that Pds5 authorizes cohesion
establishment by allowing Esol-mediated neutralization of the
anti-establishment. Pds5 is therefore required both for the anti-
establishment activity and to bring about the mechanism that
counteracts it. Second, we show that Pds5 is essential for the stable
mode of cohesin interaction with replicated chromosomes, giving a
straightforward explanation for its role in cohesion maintenance.
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Fig 1|Pds5 is required for Psm3K10 acetylation. (A) GFP-tagged Psm3 was immunopurified from cycling cells and probed with anti-Psm3¥1064¢
antibodies. (B) Cells were arrested in G1 by nitrogen starvation and released into rich medium. Progression into S-phase was monitored by measuring
DNA content by flow cytometry. Total protein extracts were probed with anti-Psm3K199A¢ antibodies and the total amount of Psm3 with anti-Psm3
antibodies. (C) DNA content analysis of cycling cells at 30 °C and after 4-h incubation with hydroxyurea. Total protein extracts were probed with

Psm3KlO6Ac

and Psm3 antibodies. The short exposure time shows a slight increase in Psm3 acetylation in the clr6-1 mutant, as reported [19]. The

longer exposure (15 min) shows that Psm3 acetylation remains undetectable in a pds5A background. GFP, green fluorescent protein; Hu, hydroxyurea;

IP, immunoprecipitation; Wt, wild type.

We suggest a model in which Pds5 couples DNA replication with
sister-chromatid cohesion establishment and maintenance.

RESULTS AND DISCUSSION

Pds5 is required for Psm3 acetylation by Eso1

In yeasts and mammals, Smc3 is acetylated on two adjacent lysine
residues, which correspond to K105 and K106 in fission yeast
Psm3. The acetylated form rises during S-phase and is maintained
throughout G2 [7,19]. Fig 1A shows that Psm3-GFP immuno-
purified from cycling Schizosaccharomyces pombe cells
(~80% G2) reacts strongly with anti-Psm3X106A¢ antibodies, but
not when purified from pds5A cells. To address whether the
lack of acetylation is due to defective acetylation during S-phase,
as opposed to a failure to maintain acetylation during G2, we
analysed synchronous cultures progressing through S-phase and
cells arrested in early S-phase using hydroxyurea (Fig 1B,C).
Again, Psm3 from pds5A cells did not react with the anti-
Psm3K106AC antibody. To observe whether de-acetylation would
be responsible for the absence of acetylated Psm3, the experiment
was repeated in a thermosensitive mutant background for Clr6 that
was recently reported as the S. pombe Psm3 de-acetylase [19].
Psm3 acetylation was slightly elevated in hydroxyurea-arrested
clr6-1 cells at 30 °C, as reported [19], but remained undetectable
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in pds5A clr6-1 (Fig 1C). These data show that Pds5 is essential for
Psm3K106AC and are consistent with Pds5 being required for de
novo Psm3 acetylation. As Pds5 and Eso1 interact together [12],
loss of Pds5 may prevent Eso1’s access to cohesin.

Pds5 is essential for the stable mode of cohesin binding
Fission yeast cells lacking the pds5 gene are viable [12,18],
indicating that sister-chromatid cohesion can be achieved without
Pds5. However, cells progressively lose cohesion during the G2-
phase when its duration is extended by the use of the
thermosensitive cdc25-22 mutation, which prevents entry into
mitosis at 37 °C. As expected from the severe loss of cohesion
during G2, cells experienced massive chromosome segregation
defects during their first mitosis upon release from the cdc25-22
block [12]. We repeated this experiment to assess Rad21
association with chromosomes during the G2 arrest, globally
by nuclear spreads and at specific loci by chromatin
immunoprecipitation (ChiP). We looked at the three major sites
of cohesin binding in the fission yeast genome: the peri-
centromeric regions, the non-transcribed spacer sequences
within the ribosomal DNA gene cluster and telomeres [7], and
two cohesin-associated regions (CAR1806 and CAR1979 [6]) in
euchromatin. Before the temperature shift (cycling cells, ~80%
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in G2, Fig 20), Rad21 was bound to chromatin in pds5* as well as
in pds5A cells (Fig 2A,B,D). In agreement with the progressive loss of
sister-chromatid cohesion shown by Tanaka et al [12], pds5A cells
were unable to properly segregate their chromosomes upon release
from the G2 arrest, as shown by massive chromosome segregation
defects (Fig 2E) and poor cell survival (Fig 2F). Nuclear spreads
and ChiP indicated that pds5A cells retained a sizable amount
of chromatin-bound Rad21 after the 3-h time period at 37°C
(Fig 2A,B,D), suggesting that although they are chromatin-bound,
those cohesin complexes may not ensure functional cohesion.

In fission yeast and mammals, a fraction of cohesin (~20-30%)
is stably bound to chromosomes after S-phase and ensures
functional cohesion, while the bulk of cohesin remains labile
[6-8]. We hypothesized that pds5A cells may be unable to
generate the stable cohesin fraction. To test this, pds5A cells were
arrested in G2 as before by cdc25-22 and further cohesin
deposition was prevented by the use of the thermosensitive
mis4-367 mutation in the cohesin loader Mis4 [6,20]. Chromatin-
bound cohesin was monitored by nuclear spreads and ChiP
against Rad21. In an otherwise wild-type background, chromatin-
bound Rad21 decreased with time to reach a plateau after
~120min (Fig 3A; [7]). Sister-chromatid cohesion was not
affected by the 3-h time period at 37 °C (supplementary Fig S1
online), and cell viability remained high upon release from the G2
block (Fig 3B), indicating that cohesin that remains bound to
chromatin (the stable fraction) provides functional cohesion, as
reported [7]. By contrast, in pds5A cells, chromatin-bound Rad21
decreased to background levels (Fig 3A), sister-chromatid cohe-
sion was severely compromised (supplementary Fig S1 online) and
cell survival was low upon release from the cdc25-22 arrest
(Fig 3B). ChiP analyses confirmed that the stable cohesin fraction
was severely affected by the lack of Pds5 (Fig 3D). The effect is
particularly dramatic within the peri-centromeric domains (imr).
In an otherwise wild-type background, cohesin binds mostly in the
stable mode at that site, as the amount of bound Rad21 does not
decrease with time (Fig 3D and [7]). By contrast, in pds5A, Rad21
dissociated from these regions during the 3-h period of G2 arrest.
At rDNA and telomeres, ~20% and 50% of Rad21 is bound in the
stable mode in pds5™ cells, respectively [7]. In pds5A, however,
Rad21 dissociates close to background levels (Fig 3D). The two
euchromatic sites analysed behaved similarly. At CAR1806 and
CAR1979, ~60% and ~35% of Rad21 was stably bound in
pds5*, respectively [7], but Rad21 dropped to background levels
in pds5A. We conclude that the stable cohesin fraction is not
made in pds5A cells and this causes a failure to maintain sister-
chromatid cohesion. We propose that cohesion establishment
does occur in pds5A, but these cohesive cohesin complexes are
not stable enough on chromatin and cohesion is lost when the
cohesive pool is exhausted.

In budding yeast, Pds5 seems to be continuously required after
S-phase, as its inactivation in postreplicative cells leads to a loss of
sister-chromatid cohesion [15-17]. We found that Pds5 co-localized
with the subpopulation of Rad21 that binds chromatin in the stable
mode, suggesting that cohesin stabilization may require a continuous
interaction of Pds5 with cohesin (supplementary Fig S2 online).

Pds5 can stabilize cohesin independently from Eso1-Wpl1

The establishment of cohesion and the formation of the
stable cohesin fraction require Esol, whose main function is
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counteracting Wpl1 [6,7,21]. As Pds5 is required for Esol
function (Fig 1), pds5A cells may be unable to stabilize cohesin
binding to chromosomes because cohesin remains sensitive
to Wpl1. To test this, we asked whether the deletion of wpl7
would restore stable cohesin binding in a pds5A background.
Examination of chromatin-bound Rad21 by nuclear spreads
(Fig 4A) indicates that the kinetics of Rad21 release from chromatin
is very similar in pds5A and pds5A wpl1A, showing that Wpl1 is not
responsible for cohesin removal in pds5A. Nuclear spreads and ChiP
(Fig 4A,D) showed that the stable cohesin fraction is not restored in
pds5A wplTA. Consistently, cells experienced massive chromosome
segregation defects upon release from the cdc25-22 arrest (Fig 4E),
and cell survival was low (Fig 4B). Therefore, deletion of wpl1 does
not rescue the pds5A defect, ruling out the possibility of a residual
Wopl1 activity causing a failure to generate the stable cohesin fraction.
This experiment also confirms that wpl/TA cells are proficient for
cohesion maintenance. The deletion of wp/T does not affect sustained
Rad21 and Pds5 binding to chromosomes (Fig 4A,D; supplementary
Fig S3 online); chromosome segregation occurred normally and cells
remained viable upon release from the 3-h time of G2 arrest
(Fig 4B,E). Wpl1 is therefore not required for the maintenance of
sister-chromatid cohesion, and cohesion maintenance in wpl1A
cells is Pds5-dependent.

Pds5 is required for Psm3 acetylation (Fig 1), suggesting that the
inability of pds5A cells to generate a stable cohesin interaction
with chromatin may stem from the lack of Psm3 acetylation.
However, we previously showed that the stable cohesin fraction is
obtained in esoTA wpl1A, and sister-chromatid cohesion is robust
even after prolonged G2 or metaphase arrest, showing that Psm3
acetylation is dispensable for cohesion maintenance [7].
Accordingly, the amount of chromatin-bound Pds5 was very
similar in wild-type and esoTA wpl1A (supplementary Fig S3).
Crucially, deletion of pds5 in this context abolished the formation
of the stable cohesin fraction (Fig 5A,D). Cell survival dropped
with time upon prolonged G2 arrest (Fig 5B), and abnormal
chromosome segregation was observed when cells were released
into mitosis (Fig 5E). These experiments demonstrate that cells
deleted for wpl1 or both esoT and wpl1 are proficient for cohesion
maintenance in a Pds5-dependent manner. Therefore, neither the
Esol acetyl-transferase nor Psm3 acetylation per se are part of
the basic mechanism by which Pds5 promotes a stable cohesin
interaction with chromosomes. Esol is fully dispensable for
cohesion establishment and maintenance in a wp/1A background,
but is absolutely required for cohesion establishment in wild type
[7,21]. We conclude that the sole but essential function of Esol
is to neutralize the anti-establishment during S-phase as a
prerequisite for cohesion establishment and maintenance.

The data presented here highlight Pds5 as a major regulator of
cohesin. Pds5 and Wpl1 are components of the anti-establishment
activity (pds5A and wplTA are eso1A suppressors) and act together
in G1 to promote cohesin removal ([6] and supplementary Fig S4
online). In S-phase, Esol neutralizes the anti-establishment
activity, authorizing cohesion establishment. Esol function is
Pds5-dependent, as all pds5A phenotypes are unmodified by the
deletion of esol (Figs 4, 5 and [12]) and Psm3 acetylation is
abolished in pds5A (Fig 1). As the cohesin acetyl-transferase
may associate with replication forks [22-24], the dependency
of Esol on Pds5 provides a robust system to ensure that the
anti-establishment is counteracted when the replisome encounters
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Fig 2 | Examination of Rad21 binding to chromosomes in pds5A cells upon prolonged G2 arrest. Cycling cells were shifted to 37 °C. The cdc25-22 mutation
blocks entry into mitosis and keep cells in G2. (A) Images of Rad21-PK immunofluorescence on nuclear spreads from cells collected before and after 3h at

37 °C. Chromatin was counterstained with DAPI. Bar =2 pum. (B) Quantification of Rad21 bound to chromosomes. Fluorescence intensity was measured for
50-100 nuclei per sample. Error bar = 95% confidence interval of the mean with o =0.05. (C) Cell cycle staging showing that cells were predominantly in G2
before the temperature shift (one nucleus and 2C DNA content) and remained in G2 throughout the experiment. (D) ChiP assay showing the amount of Rad21-
PK bound at the indicated loci, shortly (15 min) and 3h after the 37 °C temperature shift. Error bar = s.d. from four ChiPs. (E) Cytological analysis of cells
undergoing their first mitosis upon release from the cdc25-22 arrest. After 3h at 37 °C, cells were shifted back to 25°C and fixed 1h later when most cells were
in anaphase. The mitotic spindles were stained by indirect immunofluorescence against tubulin (green) and DNA was stained with DAPI (red, pseudocolour).
Bar = 5 pm. The frequency of abnormal anaphases was determined from the examination of 80-100 anaphases per sample. Abnormal anaphases were defined as
cells with a spindle length >5 pm displaying DAPI-stained material that had not reached the spindle poles. (F) Cell survival was determined by plating cells
back to 25 °C and scoring the number of colony-forming units. Error bar = s.d. from four (control) and five (pds5A) experiments. ChIP, chromatin
immunoprecipitation; DAPI, 4,6-diamidino-2-phenylindole.
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Fig 3| Pds5 is required for the stable mode of cohesin interaction with chromosomes. (A) Kinetics of Rad21 dissociation from G2 chromosomes upon
inactivation of the cohesin loader. Cycling cells were shifted to 37 °C to shut off cohesin loading (mis4-367) while keeping cells in G2 (cdc25-22).
Chromatin-bound Rad21 was measured at the indicated time points by nuclear spreads (50-100 nuclei per sample). Error bar =95% confidence interval of
the mean with o= 0.05. (B) Cell survival over time. Error bar =s.d. from three experiments. (C) Cell cycle staging showing that cells were predominantly in
G2 before the temperature shift and remained in G2 throughout the experiment. (D) ChiP assay showing the amount of Rad21-PK bound at the indicated
loci, shortly (15min) and 3h after the 37 °C temperature shift. Error bar =s.d. from three ChiPs. ChIP, chromatin immunoprecipitation.

cohesin and cohesion must be made. Pds5 is subsequently
required for sustained sister-chromatid cohesion during the G2-
phase, and we have shown here that Pds5 ensures this function by
promoting the stable mode of cohesin interaction with chromosomes.
The mechanism by which cohesin becomes stably bound remains
enigmatic. Esol-mediated neutralization of the anti-establishment
activity in S-phase is a prerequisite, but is unlikely to be the sole
event. In wplTA cells, the anti-establishment is abolished and the rate
of cohesin removal is reduced but not abolished. This can be
observed in G1 ([6] and supplementary Fig S4 online) and G2 for the
labile cohesin pool [7]. Likewise, in mammalian cells, Wapl
depletion increases the residence time of the labile cohesin fraction
on G2 chromatin (from ~8 to ~16min) but does not lead to a
full stabilization [9]. In other words, the sole neutralization of the
anti-establishment is not sufficient to generate the stable binding
mode. Altogether, these data suggest that the stable mode of cohesin
interaction with chromosomes requires the neutralization of the
anti-establishment, the Pds5 protein, but also passage through
S-phase. This may involve a conformational change in cohesin

©2012 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

driven by the replisome, other S-phase-specific factors of both.
Clarifying these issues will be of crucial importance to deepen
our understanding of sister-chromatid cohesion establishment
and maintenance.

METHODS

The strains used are listed in supplementary Table ST online. Media
and genetic techniques were as described [25]. Synthetic medium
EMM2 was used unless otherwise stated. EMM2 lacking a nitrogen
source was used to arrest cells in G1, and YPD to release cells into the
cell cycle. Cell cycle arrest in early S-phase was induced by addition
of 12mM hydroxyurea to exponentially growing cells at 30 °C. Cell
cycle block in G2 by cdc25-22 was verified by 4,6-diamidino-2-
phenylindole and calcofluor staining of ethanol-fixed cells (n=200)
to score the rise in mononucleate cells at the expense of binucleated
and septated cells. DNA content was measured by flow cytometry
after Sytox Green staining of ethanol-fixed cells. Tubulin immuno-
fluorescence and spindle length measurements were done as
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Fig 4| The absence of a stable cohesin fraction in pds5A is not rescued by wpll deletion. Cycling cells were shifted to 37 °C to shut off cohesin loading
(mis4-367) while keeping cells in G2 (cdc25-22). (A) Kinetics of Rad21 dissociation from chromatin by nuclear spreads. Fluorescence intensity was
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as in Fig 2 from the examination of 80-100 anaphases per sample. ChIP, chromatin immunoprecipitation; DAPI, 4,6-diamidino-2-phenylindole.

described [26]. Nuclear spreads, ChiP, immunoprecipitation and

western blotting were done as described [7].

Supplementary information is available at EMBO reports online

(http://www.emboreports.org).
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Fig 5|Pds5’s function in cohesion maintenance remains essential in the absence of both Esol and Wpll. (A) Kinetics of Rad21 dissociation from G2
chromosomes upon inactivation of the cohesin loader. Cycling cells were shifted to 37 °C to shut off cohesin loading (mis4-367) while keeping cells in
G2 (cdc25-22). Chromatin-bound Rad21 was measured by nuclear spreads (50-100 nuclei per sample). Error bar =95% confidence interval of the mean
with o =0.05. (B) Cell survival over time. Error bar =s.d. from three experiments. (C) Cell cycle staging showing that cells were predominantly in G2
before the temperature shift and remained in G2 throughout the experiment. (D) ChiP assay showing the amount of Rad21-PK bound at the indicated
loci, shortly (15min) and 3 h after the 37 °C temperature shift. Error bar =s.d. from four ChiPs. (E) Cytological analysis of cells undergoing their first
mitosis upon release from the cdc25-22 arrest. Green: tubulin, red: DAPI. Bar =5 um. The frequency of abnormal anaphases was determined as in Fig 2
from the examination of 80-100 anaphases per sample. ChIP, chromatin immunoprecipitation; DAPI, 4,6-diamidino-2-phenylindole.
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