


FIG. 6. Psm3K106Ac is not detectable in the eso1-H17 mutant strain at the permissive temperature. (A) Cells were cultured at 25°C, arrested
in early S phase by adding 12 mM hydroxyurea (HU), and released into the cell cycle. Samples were taken at the indicated time points (min).
Psm3-GFP was immunoprecipitated from total protein extracts and probed with anti-Psm3K106Ac antibodies. Equal amounts of Psm3-GFP were
verified by probing with anti-GFP antibodies. (B) Psm3-GFP immunopurified from the wt was serially diluted with Psm3-GFP immunopurified
from eso1� wpl1� cells and probed with anti-Psm3K106Ac and anti-GFP antibodies as in panel A. (C) DNA content analysis before and after release
from HU arrest. (D) eso1-H17 is still viable and thermosensitive for growth in a psm3RR background. Serial dilutions of cells were spotted on YES
medium and incubated at the indicated temperatures. (E) Analysis of the cohesin complex with anti-acetyl antibodies. The cohesin complex was
immunoprecipitated from native protein extracts by anti-GFP antibodies and probed with the indicated antibodies. Budding yeast SMC3-PK was
immunopurified from the indicated strains (8) and used as a control for anti-acetyl antibodies. (F to I) The stable cohesin fraction is reduced in
the eso1-H17 mutant at the permissive temperature. The strains contain the cdc25-22 and mis4-367 alleles and were cultured and processed for
nuclear spreading and ChIP as in Fig. 1. (F) Chromatin-bound Rad21-PK was quantified from nuclear spreads before (T0) and after (T150 and
T180 min) the temperature shift. The error bars represent SD from duplicate samples. (G) Cell survival during the course of the experiment.
(H) ChIP assay showing the amount of Rad21 bound to pericentromeric regions (imr and dg) just after (15 min) and 3 h after the temperature
shift. Rad21 enrichment was calculated from duplicate samples. The error bars represent SD. (I) Fluorescence-activated cell sorter (FACS) and
cell cycle staging of cells before and after the shift to 36.5°C.

1782

 on June 24, 2019 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 



DISCUSSION

Different modes of cohesin binding along postreplicative
chromosomes. Live imaging in mammalian cells revealed that
cohesin complexes cycle on and off G1 chromosomes but that
a subpopulation of cohesin is stably bound to chromatin after
DNA replication (23). Similarly, in fission yeast, inactivation of
the cohesin loader in G1 cells leads to a complete removal of
cohesin from chromatin. In contrast, a fraction of cohesin
remained chromatin bound when the experiment was done
with postreplicative (G2) cells (12). In the present study, we
further characterized the behavior of cohesin in postreplicative

cells. The population of cohesin that remains bound to chro-
mosomes after cohesin loading is shut off appears very stable,
since the amount of chromatin-bound cohesin did not decrease
when the experiment was extended up to 5 h (Fig. 2F). This is
reminiscent of the stable mode of cohesin binding observed in
mammalian cells after S phase (23). The change in cohesin
dynamics correlates with S phase progression in mammalian
cells (23), suggesting it is produced by the replication-coupled
mechanism leading to sister chromatid cohesion. Accord-
ingly, the stable cohesin fraction provides functional cohe-
sion in fission yeast, and it is altered when the function of

FIG. 7. Acetyl-mimicking forms of Psm3 by themselves are not sufficient for sustained Rad21 binding to chromatin. All strains contain the
cdc25-22 and mis4-367 mutations and were cultured and processed as in Fig. 1. (A and B) Kinetics of Rad21 dissociation from chromatin.
Chromatin-bound Rad21 was measured from nuclear spreads. The error bars represent SD from at least two independent experiments, except for
the wpl1� controls, which were done once. The data are presented in two separate graphs for clarity. (C) Cell survival was determined at the
indicated time points.

FIG. 8. The acetylation status of Psm3 modulates Wpl1-dependent cohesin removal from chromatin. All strains contain the cdc25-22 and
mis4-367 mutations and were cultured and processed as in Fig. 1. (A to C) Chromatin-bound Rad21 was measured from nuclear spreads. The error
bars represent SD from 3 to 5 independent experiments. (D to F) Kinetics of Rad21 dissociation from chromatin. Each data set (A to C) was
normalized respective to its time zero value (arbitrarily set at 100).
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the cohesion establishment factor Eso1 is compromised (12)
(Fig. 6F and H).

Examination of cohesin binding along G2 chromosomes re-
vealed that cohesin complexes bound in the stable mode are
not evenly distributed. Most sites appear to contain a mixture
of the two cohesin subpopulations. The labile fraction may
represent cohesin complexes that were excluded from the sta-
bilization reaction during S phase or cohesin that was loaded
onto chromosomes after this process. The rDNA gene cluster
is a major site of cohesin binding. A rough estimate from
chromosome spreads indicates that cohesin bound to the nu-
cleolus in G2 cells represents 40 to 50% of the total amount of
chromatin-bound cohesin (data not shown). Most (�75%)
(Fig. 1H) cohesin is bound in the labile mode at that site. This
suggests that the nucleolus may act as a reservoir of cohesin
that may be important in the event of a DNA DSB or in the
regulation of gene expression (19).

The major foci of stably bound cohesin colocalize with the
heterochromatin protein Swi6, and deletion of swi6 reduces
the stable cohesin fraction to 40% of the wild-type amount
(Fig. 1F and G). Swi6 domains are therefore major sites where
cohesin is bound in the stable mode. Why the stable mode of
cohesin binding is favored at those sites is unknown. Swi6
interacts with the cohesin subunit Psc3, and it was proposed
that this may create local enrichment in cohesin (42). However,
a large amount of cohesin does not necessarily imply a stable
binding mode for cohesin, as exemplified by the rDNA gene
cluster. This raises the possibility that chromatin features may
mark chromosomal domains as preferential sites for cohesin
stabilization during DNA replication.

Eso1 function is dispensable for stable cohesin binding to
chromosomes and sister chromatid cohesion when the wpl1
gene is deleted. Eso1 function is essential in an otherwise
wild-type background but dispensable when wpl1 is deleted. A
minichromosome loss assay indicated that eso1� wpl1� strains
segregate their chromosomes with high fidelity (Table 2), and
sister chromatid cohesion appears to be unaffected, as assayed
by FISH on metaphase cells (Fig. 2B). This is a sensitive assay,
as cohesion is challenged by spindle forces exerted on sister
centromeres. The labile cohesin fraction is still present, and its
amount appeared slightly increased. The stable cohesin frac-
tion is made along chromosomes and is similar in size and
distribution to that observed in wild-type cells (Fig. 2C and F).
The fundamental processes by which cohesin becomes stabi-
lized and the creation of cohesion remain intact and are there-
fore not dependent on the Eso1-Wpl1 module. However, Eso1
is required for both processes in wpl1� cells. Hence, the sole
but essential function of Eso1 in cohesion establishment is to
counteract Wpl1.

Psm3 acetylation contributes to antagonizing Wpl1. In bud-
ding yeast and mammals, Smc3 is acetylated on two conserved
lysine residues (8, 45, 59, 63). We therefore asked whether
Eso1 would antagonize Wpl1 through this pathway. A non-
acetylatable mutant form does not support cell viability in
budding yeast (8, 45, 59, 63). In contrast, the very same amino
acid substitutions in fission yeast Psm3 are without conse-
quences at the gross level. The strain is viable and grows like
the wild type. The viability of the nonacetylatable mutant is
strictly dependent on Eso1, demonstrating that Eso1 performs
an essential function even when the two conserved lysine res-

idues are replaced by arginines (Fig. 4E). The other function of
Eso1 is currently unknown.

Careful examination of the nonacetylatable psm3 mutant
revealed an elevated rate of minichromosome loss (Table 2),
the stable cohesin fraction is created but is reduced in size (Fig.
5A and D), and a cohesion defect could be detected in meta-
phase cells (Fig. 4B). All the phenotypes are suppressed by the
deletion of wpl1, demonstrating that it is the presence of Wpl1
and not the amino acid substitutions per se that is responsible
for the observed phenotypes. This strongly argues that in wild-
type Psm3 acetylation contributes to antagonizing Wpl1. By
looking at the kinetics of Rad21 dissociation from chromatin
(Fig. 8), we provide evidence that an acetyl-mimicking form of
Psm3 renders the labile cohesin fraction less sensitive to Wpl1-
dependent removal. Conversely, a mutant mimicking the non-
acetylated state has the opposite effect. These data are consis-
tent with the notion that Psm3 acetylation does provide a
sheltering effect from Wpl1, thereby providing a more stable
mode of cohesin interaction with chromatin.

However, Psm3 acetylation by itself might not be sufficient
to create a stable cohesin fraction. In an eso1� psm3NN back-
ground, the two cohesin subpopulations are observed. The
labile fraction is mostly insensitive to Wpl1 but still dissociates
over time (Fig. 8F). In contrast, the same nuclei contain a
stable cohesin population (Fig. 5D). Since both cohesin sub-
populations are made of acetyl-mimicking Psm3, another event
must make the difference. We suggest the second event is Eso1
dependent, since in eso1� psm3NN cells, the stable cohesin
fraction is not observed (Fig. 7B). The phenotype is alleviated
by the deletion of wpl1, further suggesting that the second
event contributes to antagonizing Wpl1.

What is the role of Psm3 acetylation? Three recent studies
in budding yeast reported that Smc3 is deacetylated by Hos1
following cohesin release from chromatin at anaphase (7, 13,
62). Therefore, Smc3 is kept acetylated from the time of DNA
replication until cohesin cleavage, suggesting that the acety-
lated state may be required for maintaining cohesion. In S.
pombe, we show here that a nonacetylatable Psm3 mutant is
proficient in long-term cohesion. Likewise, the eso1-H17 mu-
tant is also able to cope with a prolonged period of G2 arrest
(54), although we show here that Psm3 acetylation is below the
detection level. These observations strongly argue that Psm3
acetylation may not be required for maintaining sister chro-
matid cohesion. What is the role of Psm3 acetylation, then? In
budding yeast, the amount of Pds5 bound to cohesin was re-
duced in cells expressing an acetyl-mimicking form of Smc3
(52). Similarly, in human cells, Smc3 acetylation seems to
reduce Wapl and Pds5A binding to cohesin (56). These
observations suggest that acetylated Smc3 may stimulate the
remodeling of cohesin at the time of cohesion establish-
ment. Nonacetylated Smc3 slows replication fork progression
in human cells and generates cohesion defects (56). Preventing
Smc3 acetylation may slow cohesin remodeling and the estab-
lishment reaction, leading to reduced replication fork velocity
and occasional failure to connect sister chromatids within the
replisome. The phenotypes of the nonacetylatable psm3 mu-
tant reported here are consistent with this interpretation, al-
though coimmunoprecipitation experiments did not show evi-
dence that the binding of Pds5 and Wpl1 to the core cohesin
complex was altered when Psm3 was not acetylatable or
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mimicked the acetylated state (data not shown). This again
strengthens the notion that Smc3 acetylation does not have the
same impact in budding and fission yeasts. One possible expla-
nation is that Smc3 acetylation has a conserved facilitating role
in cohesion establishment and some organisms rely more heav-
ily on this pathway than others.

To summarize, we suggest that the main function of Eso1 in
cohesion establishment is counteracting Wpl1. Psm3 acetyla-
tion contributes to antagonizing Wpl1, and this may facilitate
the cohesion establishment reaction. Meanwhile, a second
Eso1-dependent event is required to fully antagonize Wpl1 to
promote sustained cohesin binding to chromosomes and long-
term cohesion.
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