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able in the eco1D wpl1D strain. The Eco1
dependence is consistent with Eco1 directly
acetylating Smc3. Furthermore, Wpl1 does not
appear to counteract Eco1-dependent Smc3 acet-
ylation. Rather, a destabilizing effect of Wpl1 on
sister chromatid cohesion might be counteracted by
Smc3 acetylation. Smc3 acetylation at the time of S
phase was substantially reduced, but not abolished,
when DNA replication was prevented by depletion
of the replication initiation factor Cdc6 (fig. S4).
This suggests that Smc3 acetylation is facilitated
when Eco1 moves along chromosomes as part
of the replisome (10, 12) but that additional cell-
cycle regulation of Eco1, or of a deacetylase that
counteracts Eco1, contributes to S-phase speci-
ficity of Smc3 acetylation.

If Eco1 promotes establishment of sister chro-
matid cohesion by acetylating Smc3, then prevent-
ing acetylation by a lysine-to-arginine (K113R)
substitution should interfere with cohesion estab-
lishment. Cells containing the smc3K113R muta-
tion were viable but displayed pronounced defects
in sister chromatid cohesion (Fig. 4C). Cohesion
was also compromised in SMC3K113N cells, albeit
to a lesser extent, which suggests that although
asparagine 113 compensates for the requirement
of Eco1, it does not support sister chromatid cohe-
sion to the same degree as acetylated lysine. Eco1
is essential, and if its sole function in S phase is
Smc3 acetylation,wewould expect nonacetylatable
Smc3 to cause lethality. Consistent with this ex-
pectation, cells harboring Smc3K112,113R, with
both acetylated lysines replaced by arginine, were
no longer viable (fig. S5). Viability was restored by
deletion ofWPL1, indicating that Smc3K112,113R
is in principle proficient in sister chromatid cohesion.

In an accompanying study, Ünal et al. simi-
larly describe Eco1-dependent Smc3 acetylation
during S phase (23). These authors confirm that
Smc3K112,113R supports cohesin associationwith
budding yeast chromosomes in a manner appar-
ently indistinguishable from wild-type Smc3, yet
fails to promote sister chromatid cohesion. In
contrast with our results, a single Smc3K113R
mutation interfered with DNA binding and did
not support cell viability. The reason for this dif-
ference is not known but could be due to different
Wpl1 levels in the two strain backgrounds used
for our studies. Together, our results using the
Smc3K112,113R mutants suggest that Smc3 acet-
ylation is not required for DNA binding but that
Eco1-dependent acetylation of at least one of the
two neighboring lysines K112 and K113 is essen-
tial to stabilize chromosome-bound cohesin at the
time of cohesion establishment. Acetylation of
both lysines might act in part redundantly, because
an acetylation mimicking K112N mutation, like
K113N, allowed growth of eco1-1 cells at restric-
tive temperature, albeit not of eco1D cells (fig. S6).
These results are consistent with the idea that
Eco1 acts as an acetyl transferase during the es-
tablishment of sister chromatid cohesion.

The ring-shaped cohesin complex is thought to
bind DNA by topological embrace (1, 24). K112
and K113 emerge from the Smc3 ATPase head,

where ATP hydrolysis is instrumental for cohesin’s
ring-opening reaction during loading onto DNA
(25,26).Acetylationof these lysines couldmodulate
cohesin’s interaction with Wpl1, to prevent Wpl1
from destabilizing the cohesin ring. Alternatively,
acetylation could reinforce interactions within
cohesin to render it Wpl1-resistant. That the latter
may be the case is suggested by our observation that
Eco1 strengthens sister chromatid cohesion even in
the absence of Wpl1. The position of K112 and
K113 could also allow regulation of an interaction
with the Smc hinge, on the opposite side of the ring,
that has been implicated in ring opening (27, 28). In
the absence of both Eco1 andWpl1, the fundamen-
tal mechanism for pairing sister chromatids during
DNA replication remains intact. Reactions that are
innate to the DNA replication process—for exam-
ple, passage of the replication fork through the
cohesin ring—may provide the underlying basis for
sister chromatid cohesion. In wild-type cells, Eco1
modifies cohesin during DNA replication, a pre-
requisite for stable sister chromatid cohesion, but
this can be uncoupled from S phase by WPL1
deletion or the SMC3K113N mutation. We cannot
exclude that the primary benefit ofWpl1-dependent
cohesin regulation pertains to cohesin function
outside of sister chromatid cohesion (29).

References and Notes
1. K. Nasmyth, A. Schleiffer, Philos. Trans. R. Soc. London

Ser. B 359, 99 (2004).
2. F. Uhlmann, K. Nasmyth, Curr. Biol. 8, 1095 (1998).
3. A. Tóth et al., Genes Dev. 13, 320 (1999).
4. R. V. Skibbens, L. B. Corson, D. Koshland, P. Hieter,

Genes Dev. 13, 307 (1999).
5. K. Tanaka, Z. Hao, M. Kai, H. Okayama, EMBO J. 20,

5779 (2001).
6. J. S. Hanna, E. S. Kroll, V. Lundblad, F. A. Spencer, Mol.

Cell. Biol. 21, 3144 (2001).
7. M. L. Mayer, S. P. Gygi, R. Aebersold, P. Hieter, Mol. Cell

7, 959 (2001).

8. M. Petronczki et al., J. Cell Sci. 117, 3547 (2004).
9. H. Xu, C. Boone, G. W. Brown, Genetics 176, 1417 (2007).

10. A. Lengronne et al., Mol. Cell 23, 787 (2006).
11. D. Ivanov et al., Curr. Biol. 12, 323 (2002).
12. G.-L. Moldovan, B. Pfander, S. Jentsch, Mol. Cell 23, 723

(2006).
13. Materials and methods are available as supporting

material on Science Online.
14. D. Gresham et al., Science 311, 1932 (2006).
15. J. C. Game et al., Radiat. Res. 160, 14 (2003).
16. C. D. Warren et al., Mol. Biol. Cell 15, 1724 (2004).
17. S. Kueng et al., Cell 127, 955 (2006).
18. G. Gandhi, P. J. Gillespie, T. Hirano, Curr. Biol. 16, 2406

(2006).
19. P. Bernard et al., EMBO J. 27, 111 (2008).
20. E. Ünal, J. M. Heidinger-Pauli, D. Koshland, Science 317,

245 (2007).
21. L. Ström et al., Science 317, 242 (2007).
22. C. H. Haering et al., Mol. Cell 15, 951 (2004).
23. E. Ünal et al., Science 321, 566 (2008).
24. D. Ivanov, K. Nasmyth, Cell 122, 849 (2005).
25. P. Arumugam et al., Curr. Biol. 13, 1941 (2003).
26. S. Weitzer, C. Lehane, F. Uhlmann, Curr. Biol. 13, 1930

(2003).
27. S. Gruber et al., Cell 127, 523 (2006).
28. J. Mc Intyre et al., EMBO J. 26, 3783 (2007).
29. D. Donze, C. R. Adams, J. Rine, R. T. Kamakaka, Genes

Dev. 13, 698 (1999).
30. We thank L. Kruglyak for providing the SNPscanner

software; M. Ocampo-Hafalla for the cohesin chromatin
immunoprecipitation data in fig. S1; E. Ünal, D.
Koshland, K. Shirahige, and M. Singleton for discussions
and sharing unpublished results; and members of our
laboratory for comments on the manuscript. This work
was supported by a European Molecular Biology
Organization long-term fellowship to S.H. and by the
Human Frontier Science Program. The microarray data
reported in this manuscript can be obtained from Gene
Expression Omnibus with accession number GSE11527.

Supporting Online Material
www.sciencemag.org/cgi/content/full/321/5888/563/DC1
Materials and Methods
Figs. S1 to S6
References

14 March 2008; accepted 24 June 2008
10.1126/science.1157774

A Molecular Determinant
for the Establishment of Sister
Chromatid Cohesion
Elçin Ünal,1,2* Jill M. Heidinger-Pauli,1,2 Woong Kim,3 Vincent Guacci,1 Itay Onn,1
Steven P. Gygi,3 Douglas E. Koshland1†

Chromosome segregation, transcriptional regulation, and repair of DNA double-strand breaks
require the cohesin protein complex. Cohesin holds the replicated chromosomes (sister chromatids)
together to mediate sister chromatid cohesion. The mechanism of how cohesion is established
is unknown. We found that in budding yeast, the head domain of the Smc3p subunit of cohesin
is acetylated by the Eco1p acetyltransferase at two evolutionarily conserved residues, promoting
the chromatin-bound cohesin to tether sister chromatids. Smc3p acetylation is induced in
S phase after the chromatin loading of cohesin and is suppressed in G1 and G2/M. Smc3 head
acetylation and its cell cycle regulation provide important insights into the biology and
mechanism of cohesion establishment.

Sister chromatid cohesion is required for
faithful chromosome segregation and for effi-
cient DNA double-strand break (DSB) repair

and ismediated by the cohesin protein complex (Fig.
1A) (1–4). Chromatin loading per se is not sufficient

for cohesin to tether sister chromatids (3,5,6). Eco1p
(also known as Ctf7p) must act on the chromatin-
bound cohesin to promote the establishment of sister
chromatid cohesion both during S phase and in
response to DSBs in G2/M phase (7–10).
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Eco1p possesses acetyltransferase activity
(11–13). A mutant form of Eco1p, eco1p (R222G,
K223G) (fig. S1), purified from bacteria has al-
most no detectable catalytic activity in vitro (11).
In yeast, eco1 (R222G, K223G) cells are defec-
tive only inDSB-induced cohesion inG2/M (9,14).
Thus, Eco1p acetylation of cohesin seemed re-
quired for DNA damage–induced cohesion but
not S-phase cohesion (9). However, the S-phase
conclusion was challenged by two observations.
First, we found that eco1p (R222G, K223G) puri-
fied from yeast extracts has auto-acetyltransferase
activity in vitro (fig. S2A). Second, eco1 mutants
lacking the acetyltransferase domain are inviable,
a phenotype of cells defective in S-phase cohesion
(fig. S2B). Together, these results suggest that the
Eco1p acetyltransferase activity is required for es-
tablishing sister chromatid cohesion duringSphase,
and that the eco1 (R222G, K223G) protein must
have sufficient acetyltransferase in vivo to carry
out this function. The eco1p (R222G, K223G)
protein may be unable to promote DSB-induced
cohesion in G2/M for several reasons. For instance,
its acetyltransferase activity might be reduced such
that it is unable to overcome an antagonizing ac-
tivity (like the activity of a deacetylase), which
accrues after exit from S phase. Alternatively,
DSB-induced cohesion may require acetylation of
DNA damage–specific targets in G2/M that are
recognized poorly by the mutant protein.

Potential acetyltransferase targets include the
four cohesin subunits Smc1p, Smc3p,Mcd1p (also
known as Scc1p or Rad21p), and Scc3p (Fig. 1A),
as well as the cohesin-associated factor Pds5p
(7, 15–19). Mcd1p, Pds5p, and Scc3p are acety-
lated by Eco1p in vitro (11). We immunoprecipi-
tated cohesin from extracts of asynchronous wild-
type and eco1 (R222G, K223G) cells and
observed a single acetylated band of ~150 kD,
which we demonstrated to be Smc3p (Fig. 1, B
and C, and fig. S2C). In eco1-203 cells at the
nonpermissive temperature, acetylated Smc3p
was barely detectable (Fig. 1D and fig. S3) but
was restored to wild-type levels in the presence
of a plasmid-borne ECO1 (Fig. 1D). In addition,
Smc3p immunoprecipitated from yeast was acet-
ylated in vitro by a recombinant Eco1p (Fig. 1E).
Therefore, Smc3p is a bona fide substrate of the
Eco1p acetyltransferase.

Liquid chromatography–mass spectrometry
(LC-MS) revealed eight acetylated lysine residues
in Smc3p (Fig. 1F and fig. S4).We initially focused
on the conserved lysine (K) residues and mutated
them either as a pair (K112, K113) or individually

1Howard Hughes Medical Institute and Department of
Embryology, Carnegie Institution, 3520 San Martin Drive,
Baltimore, MD 21218, USA. 2Department of Biology, Johns
Hopkins University, Baltimore, MD 21218, USA. 3Depart-
ment of Cell Biology, Harvard Medical School, 240
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*Present address: Howard Hughes Medical Institute and
Centre for Cancer Research, Massachusetts Institute of
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02139, USA.
†To whom correspondence should be addressed. E-mail:
koshland@ciwemb.edu
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(K931) to arginine (R), a structurally similar amino
acid that cannot undergo acetylation. The K112R,
K113R mutation, but not the K931R mutation,
failed to complement smc3 and support growth (Fig.
2A), which suggests that sister chromatid cohesion
requires K112, K113 acetylation. Moreover, in the
smc3 (K112R, K113R) mutant, as in the eco1
mutant, cohesin associated with chromatin (Fig. 2,
B and C) (5, 7, 8, 20, 21) but failed to establish
cohesion (Fig. 2D) (7, 8). This phenotypic similarity
between smc3 (K112R, K113R) and eco1 strongly
suggests that K112, K113 acetylation by Eco1p
promotes chromatin-bound cohesin to become
cohesive [also reported in (22)]. Because both the
Eco1p acetyltransferase and its functionally relevant
target sites on Smc3p are conserved [(11–13) and
this study], this mechanism is likely to be conserved
between yeast and the other eukaryotes.

If acetylation of K112 and K113 are the only
functionally important targets of Eco1p in S phase,
then changing them to an acetyl-mimic glutamine
(Q) (23) should allow cells to establish cohesion
without Eco1. The presence of an ectopic copy of
smc3 (K112Q, K113Q) restored sister chromatid
cohesion in the eco1mutant (Fig. 2E). K113 seems
to be the more critical target of the Eco1 acetyl-
transferase, because smc3 (K113Q) suppresses the
cohesion defect of eco1 to the same extent as smc3
(K112Q, K113Q). However, in both smc3 (K113Q)
and smc3 (K112Q, K113Q), cohesion and growth
were only partially rescued (Fig. 2E and fig. S5A).

This partial suppressionmight reflect the presence of
additional targets or the incomplete mimic of the
acetylated state by glutamine substitution. Alterna-
tively, forcing Smc3p to be acetylated constitutively
could compromise sister chromatid cohesion be-
cause cohesin becomes active at the wrong time or
in the wrong context.

Individual substitution mutants were generated
for K112, K113, and the remainder of the Smc3
acetylation sites to assess their contribution to
cohesion establishment. Only the K113R mutation
failed to support growth and establish cohesion (fig.
S5, B and C, and fig. S6A). Surprisingly, unlike
cohesin in the eco1 or smc3 (K112R, K113R)
mutants, cohesin in the smc3 (K113R)mutant failed
to associate stably with chromosomes (fig. S6, B
and C). One explanation for this instability is that
K113R continues to be acetylated at K112. Indeed,
themonoacetylatedK112was recovered fromwild-
type cells (fig. S4). This monoacetylated form may
normally be generated from the diacetylated K112,
K113 as part of theWapl-dependent mechanism for
dissociating cohesin from chromatin in interphase
and prophase (24–26). By mutating K113R, the
monoacetylated K112 would be generated in-
appropriately, causing precocious cohesin removal.
Consistent with this, deletion of RAD61, the
budding yeast homolog ofWAPL, restores viability
and (by inference) cohesion to the K113R mutant
(fig. S7). Changes in expression or Rad61p in
different genetic backgrounds may explain the

phenotypic difference between the K113R mutants
in this and the accompanying study (22).

Modeling indicates thatK112 andK113 are near
the adenosine triphosphate (ATP)–binding pocket
(fig. S8) (6) such that Eco1p-mediated acetylation
could modulate Smc3p adenosine triphosphatase
activity (28). This could stabilize the cohesin ring
once it has embraced the sister chromatids, or could
induce a conformational change to stimulate interac-
tions within or between cohesin complex(es) (29).
Alternatively, Smc3p acetylation could promote
the dissociation of a negative cohesin regulator
such as Wapl (25, 26). The modification-defective
and modification-mimic alleles of Smc3 provide
powerful tools to test these models.

The Smc3 mutations also allowed us to identify
the acetylated residue recognizedby theCalbiochem
antibody as K112 (fig. S9). Using this antibody, we
began to assess the temporal and spatial regulation
of Smc3 acetylation. Cells were sampled for K112
acetylation at regular intervals after release from
arrest in G1 or S (Fig. 3, A and B). AcetylatedK112
is undetectable inG1, accumulates duringSphase, is
relatively constant until G2/M, and then diminishes
when Mcd1p is degraded at the onset of anaphase
to dissolve cohesion. Analysis of its spatial regula-
tion shows that K112 acetylation also requires the
Scc2p/Scc4p (30)–dependent loading of cohesin on
chromatin (Fig. 3C). This requirement for loading
might have explained the low K112 acetylation in
G1, because cohesin normally does not load at this
time in budding yeast. However, even when we
induced the premature loading of cohesin onto
chromosomes in G1 (Fig. 3D), K112 acetylation
still remained greatly reduced relative to S-phase
cells (Fig. 3E). Thus, Eco1p-dependent acetylation
of Smc3p, minimally at K112 and likely at K113,
occurs only upon entry into S phase and after
chromatin loading of cohesin.

This regulation of Smc3 acetylation may serve
several biological functions. It may ensure robust
cohesion by ensuring that cohesin becomes cohe-
sive only after binding chromatin and only in the
presence of an emerging sister chromatid. In addi-
tion, it may allow cells to mark a subset of cohesins
to generate two functional cohesin pools. Indeed,
evidence for two pools of cohesin with different
chromatin-binding properties has been found in
mammalian cells (31). We suggest that cohesins
with acetylated Smc3p may be stably bound to
chromosomes and locked in their cohesive state,
thereby maintaining cohesion for chromosome seg-
regation. Cohesins lacking Smc3p acetylation may
be an uncommitted reservoir that can be targeted to
de novo regions of the genome to respond to dy-
namic processes like transcription or DNA repair.
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Fig. 3. Smc3p acetylation is cell cycle–regulated. (A and B) K112 acetylation during and after G1
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loading during G1. (E) K112 acetylation status in G1-loaded cohesin.
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ERdj5 Is Required as a Disulfide
Reductase for Degradation of
Misfolded Proteins in the ER
Ryo Ushioda,1* Jun Hoseki,1,2* Kazutaka Araki,1* Gregor Jansen,3
David Y. Thomas,3 Kazuhiro Nagata1,2†

Membrane and secretory proteins cotranslationally enter and are folded in the endoplasmic
reticulum (ER). Misfolded or unassembled proteins are discarded by a process known as
ER-associated degradation (ERAD), which involves their retrotranslocation into the cytosol.
ERAD substrates frequently contain disulfide bonds that must be cleaved before their
retrotranslocation. Here, we found that an ER-resident protein ERdj5 had a reductase activity,
cleaved the disulfide bonds of misfolded proteins, and accelerated ERAD through its physical
and functional associations with EDEM (ER degradation–enhancing a-mannosidase–like protein)
and an ER-resident chaperone BiP. Thus, ERdj5 is a member of a supramolecular ERAD complex
that recognizes and unfolds misfolded proteins for their efficient retrotranslocation.

In eukaryotic cells, secretory and membrane
proteins are cotranslationally translocated
into the endoplasmic reticulum (ER), acquire

N-glycans and disulfide bonds, and become
folded with the help of ER-resident molecular
chaperones. Correctly folded proteins exit the ER
and traffic through the Golgi to their final des-
tinations. However, if these proteins fail to acquire
their correct conformation, they are recognized by
ER “quality-control” mechanisms (1). Terminally
misfolded proteins are retrotranslocated from
the ER into the cytosol for degradation via the
ubiquitin-proteasome system, a process known
as ER-associated degradation (ERAD) (1).

The enzymatic modification of the N-linked
Glc3Man9GlcNAc2 oligosaccharide of glycoproteins
(i.e., glucose, mannose, andN-acetylglucosamine) is
recognized not only by the calnexin-calreticulin
cycle for productive folding (1), but also by ER

degradation–enhancing a-mannosidase–like protein
EDEM (Htm1/Mnlp1 in yeast), or Yos 9 (yeast
osteosarcoma 9) for ERAD (2). EDEMenhances the
degradation of misfolded proteins in a mannose-
trimming–dependent manner (3). EDEM accepts
Man8GlcNAc2 substrates from calnexin (4, 5) and
also associates with the transmembrane proteins
Derlin 2 and 3 (6), which in turn associate with the
cytosolic p97 complex. However, EDEM itself does
not bind properly folded proteins, nor does it affect
their secretion or degradation (7).

Disulfide bonds not only stabilize protein
tertiary structure, but, in the ER, they also create
large oligomers of misfolded proteins (8) that may
not be accommodated by the retrotranslocation
channel. Thus, the reduction of such disulfide
bonds is required for the unfolding and retro-
translocation of misfolded proteins. ERAD is
accelerated by treatment with reductants, such as
dithiothreitol (DTT), and is inhibited by oxidants
(7, 9). No protein having reductase activity in the
ER has been reported to be involved in ERAD.

To elucidate the precise role of EDEM in
ERAD, we screened for EDEM-binding ER pro-
teins by an ER-membrane yeast two-hybrid sys-
tem (ER-MYTHS) (10, 11). In this method, the
ER luminal portion of the yeast Ire1p was re-
placed by rat EDEM as bait and tested against
a library of ER proteins as prey. Association of

prey and bait causes oligomerization of Ire1p
and activates its cytosolic ribonuclease activity,
which leads to splicing of the mRNA of the tran-
scriptional activator HAC1 and, in turn, results in
induction of the reporter gene (ADE2 in this study)
under control of unfolded protein–responsive ele-
ments (UPRE).

In a screen of a focused library of ER-resident
proteins, we identified ERdj5 (JPDI) (12, 13)
as an EDEM-binding protein (fig. S1A). The
ERdj family is comprised of five ER proteins,
each containing a DnaJ domain (14), and ERdj5
is the only member that has thioredoxin-like do-
mains with CXXC motifs (active cysteines with
various amino acid residues between them) (Fig.
1A) (15). The specificity of the binding of ERdj5
to EDEM was confirmed with ER-MYTHs by
using ERdj5 as bait (fig. S1B), and EDEM did
not bind to any other ERdj proteins, including
ERdj3 and ERdj4 (fig. S1C).

We purified recombinant mouse ERdj5 from
Escherichia coli (E. coli) (Fig. 1B) and deter-
mined its reductase activity using oxidized insulin
as a substrate. ERdj5 catalyzed the reduction of
the insulin disulfide bonds in a dose-dependent
manner in the presence of reduced glutathione
(GSH), although the specific activity of ERdj5
was about one-third that of recombinant human
protein disulfide reductase (PDI) (Fig. 1C). This
reductase activity was not displayed by ERdj5/SS
mutant, in which all cysteines of the four CXXC
motifs of ERdj5 are replaced by serines (Fig. 1C).
In addition, ERdj5 had neither oxidase nor isom-
erase activity for ribonuclease A (RNase A) and
lysozyme (fig. S2).

Recombinant ERdj5 was incubated with dif-
ferent ratios of GSH and oxidized glutathione
(GSSG) in order to determine its redox potential.
The redox equilibrium constant K of ERdj5 was
determined from the alkylation of free cysteines
with a fluorescent maleimide (Fig. 1D). The ap-
parent equilibrium constant (Kapp) of ERdj5 (190
mM) was ~100 times that of the redox state of the
ER lumen (16) (0.5 to 2.3 mM) (Fig. 1E), con-
sistent with ERdj5's having only reductase activity.
Because the redox state of the ERdj5/SSmutant did
not change within the measured redox ranges (Fig.
1E), we could attribute the observed Kapp values of
ERdj5 to its CXXC motifs. The Kapp of ERdj5 is
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