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SUMMARY

Cohesin, the protein complex that mediates sister
chromatid cohesion, is required for faithful chromo-
some segregation and efficient repair of double-
strand breaks (DSBs). Cohesion generation is nor-
mally restricted to S phase. However, in G2/M,
a DSB activates cohesion generation near the DSB
and genome-wide. Here, using budding yeast, we
show that DSB-induced cohesion occurs when co-
hesin contains the kleisin subunit, Mcd1 (Scc1), but
not when Mcd1 is replaced by its meiotic isoform,
Rec8. We exploit this divergence to demonstrate
that serine 83 of Mcd1 and the Chk1 kinase are criti-
cal determinants for DSB-induced cohesion. We pro-
pose that a DSB in G2/M activates Mec1 (ATR), which
in turn stimulates Chk1-dependent phosphorylation
of Mcd1 at serine 83. Serine 83 phosphorylation pro-
motes chromatin-bound cohesin to become cohe-
sive.

INTRODUCTION

Cells maintain genome integrity by ensuring that daughter cells

receive the same number and the same composition of chromo-

somes as parental cells. Proper chromosome number is

achieved through the high fidelity of chromosome segregation,

while proper chromosome integrity requires high-fidelity DNA

replication and repair of DNA damage. Recently, the processes

of chromosome segregation and DNA repair have been directly

linked through cohesin, an evolutionarily conserved protein com-

plex (Kim et al., 2002; Sjogren and Nasmyth, 2001; Strom et al.,

2004; Ünal et al., 2004). Cohesins tether sister chromatids to-

gether, thereby mediating sister chromatid cohesion (reviewed

in Guacci, 2007). Understanding the function of cohesin in DSB

repair will yield insight not only into the regulation of cohesion

and the DNA damage response, but will also provide an avenue

to study the poorly understand mechanism by which cohesins

generate sister chromatid cohesion.

The establishment of cohesion is regulated during the cell cy-

cle. In budding yeast, the process begins with the binding of co-

hesins to chromosomes in large domains around the centro-

meres and at cohesin-associated regions (CARs) along

chromosome arms (reviewed in Guacci, 2007). Loading to these
regions can occur between late G1 and M phase and requires the

Scc2/Scc4 complex (Ciosk et al., 2000). However, loading of co-

hesin to chromosomes is not sufficient to promote cohesion.

Rather, chromatin-bound cohesin is converted to a cohesive

state by an Eco1 (Ctf7)-dependent process, henceforth defined

as cohesion generation (Skibbens et al., 1999; Toth et al., 1999).

In an unperturbed cell cycle, cohesion generation occurs in S

phase but is inhibited in G2/M (Haering et al., 2004; Lengronne

et al., 2006; Strom et al., 2004; Uhlmann and Nasmyth, 1998).

A double-strand break in DNA (DSB) dramatically alters cohe-

sin loading and cohesion generation in G2/M. The loading of co-

hesins is no longer limited to CARs and centromeres (Strom

et al., 2004; Ünal et al., 2004). Rather, activation of the DNA dam-

age response pathway leads to H2AX phosphorylation in a large

domain around the DSB, followed by recruitment of cohesins to

the newly modified chromatin (Strom et al., 2004; Ünal et al.,

2004). The DNA damage response pathway also activates cohe-

sion generation in G2/M by an Eco1-dependent pathway (Strom

et al., 2007; Ünal et al., 2007). As a result, the cohesins newly

loaded around the DSB and at CARs genome-wide become co-

hesive, generating cohesion proximal to the DSB and genome-

wide, respectively (Strom et al., 2007; Ünal et al., 2007). These

observations raise the question: how does a DSB relieve the in-

hibition of cohesion generation in G2/M? Answering this ques-

tion is likely to provide important insights into the DNA damage

response pathway, cell-cycle control of cohesion generation,

and the mechanism that makes chromatin-bound cohesin be-

come cohesive.

To address this important question, we exploited differences

between mitosis and meiosis, both in the composition of cohesin

and the logic of DSB repair by homologous recombination. In

meiosis, programmed DSBs are repaired preferentially through

recombination with the homolog. Use of the homolog in meiotic

recombination ensures accuracy in chromosome segregation at

meiosis I and promotes genetic diversity (reviewed in Marston

and Amon, 2004). In mitosis, DSBs are repaired preferentially

by recombination between sister chromatids to minimize loss

of genetic information (reviewed in Strom and Sjogren, 2007;

Watrin and Peters, 2006). While DSB-induced cohesion pro-

motes recombination between sister chromatids in mitotic cells,

DSB-induced cohesion is likely to be suppressed in meiotic

cells. One means to suppress DSB-induced sister chromatid co-

hesion in meiosis would be to alter a key cohesin subunit such

that cohesion generation cannot be activated even after a DSB.

The mitotic cohesin complex is composed of Smc1 and

Smc3, Scc3 (also known as SA1/SA2), Mcd1 (also known as
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Rad21/Scc1), and an accessory protein Pds5 (reviewed in

Nasmyth and Haering, 2005; Guacci, 2007). Mcd1 belongs to

the kleisin family of proteins, which connect the two Smc heads

(Schleiffer et al., 2003). In budding yeast, the meiotic and mitoic

cohesin differ only in the kleisin subunit such that mitotic cohesin

contains only the Mcd1 kleisin isoform (henceforth referred as

Mcd1 cohesin) while meiotic cohesin predominantly contains

the Rec8 isoform (henceforth referred as Rec8 cohesin). It has

already been established that Rec8 cohesin, but not Mcd1 cohe-

sin, mediates important meiotic functions including assembly of

the synaptonemal complex and repair of programmed DSBs

(Klein et al., 1999; Molnar et al., 1995). This functional divergence

of the kleisin subunits led us to hypothesize that Mcd1 has ac-

quired a unique mitotic function in DSB-induced cohesion. We

proposed that only Mcd1 cohesin, but not Rec8 cohesin, could

respond to the DNA damage response pathway to promote

DSB-induced sister cohesion.

Here, we show that, in contrast to Mcd1 cohesin, Rec8 cohe-

sin expressed in mitotic cells cannot support DSB-induced co-

hesion. We exploit the functional divergence between these klei-

sin isoforms to show that Mcd1 is likely the key target of G2/M

inhibition of cohesion generation. Furthermore, our results

strongly suggest that the DNA damage response pathway re-

lieves this inhibition by Chk1 phosphorylation of the Serine 83

residue of Mcd1. Finally, we show that the Serine 83 residue is

a major determinant to the functional divergence between

Mcd1 and Rec8 isoforms. We discuss the implications of these

observations for the DNA damage response pathway and the

regulation of cohesion generation.

RESULTS

Mcd1 and Rec8 Isoforms Have Diverged
for DSB-Induced Cohesion Generation
The mitotic cohesin complex is required for efficient postreplica-

tive repair (Sjogren and Nasmyth, 2001; Strom et al., 2004; Ünal

et al., 2004). To address the potential functional divergence of

Mcd1 and Rec8 in efficient postreplicative repair during mitotic

growth, we made a strain expressing Rec8 in place of Mcd1.

This strain is viable, indicating that the Rec8 cohesin complex

is proficient for S phase cohesion in vegetative cells (Buonomo

et al., 2000; Figure S1D available online). Rec8 was expressed

at similar levels to Mcd1 (Figure S1C). We then arrested the cells

in G2/M using nocodozole and used g irradiation to generate nu-

merous DSBs in strains containing either Mcd1 or Rec8 as their

sole source of kleisin. We monitored the restoration of full-length

Chromosome (Chr) XV as a measure of repair efficiency. By this

assay, the efficiency of repair of ChrXV is dramatically impaired

in cells containing the Rec8 kleisin compared to cells containing

the Mcd1 kleisin (Figure 1A).

Inefficient postreplicative repair of DSBs can arise from a defi-

ciency in either cohesin loading or the conversion of cohesin to

its cohesive state (Strom et al., 2004; Ünal et al., 2004, 2007).

To address whether Rec8 cohesin was competent for recruit-

ment to the site of a DSB, we used strains containing an inducible

HO endonuclease to generate a site-specific DSB at the MAT lo-

cus. Exponential cultures of these strains were staged in G2/M

using nocodozole and induced to form a DSB (Ünal et al.,
48 Molecular Cell 31, 47–56, July 11, 2008 ª2008 Elsevier Inc.
2004). Aliquots of the cultures were harvested prior to and after

induction of the DSB, and cohesin binding to chromosomes

was assayed by chromatin immunoprecipitation (ChIP).

Our ChIP analysis shows that, in the absence of a DSB, the

binding of Mcd1 or Rec8 is low at the MAT locus with the excep-

tion of a CAR site to the left of the break site. When a break is in-

duced, Mcd1 is enriched in a large domain around the break site

by 1 hour and persists during the second hour (Figure 1B, top

panel; Figure S1A), consistent with previous observations (Ünal

et al., 2004). However, while Rec8 and Mcd1 exhibit similar bind-

ing profiles at the CARC196000 (Figure 1B) as well as CARC1 on

ChrIII (Figure S5A), Rec8 enrichment around the DSB is absent

at 1 hr but does become enriched around the DSB by 2 hr

(Figure 1B, bottom panel; Figure S1A). This difference occurs

even though the strains experience nearly identical kinetics of

DSB formation (data not shown). Hence, the kinetics of Rec8 co-

hesin loading around a DSB is slower than Mcd1 cohesin, and this

kinetic delay may contribute to the postreplicative repair defect.

We next asked whether a DSB induces Rec8 cohesin to be-

come cohesive in G2/M. To test this possibility, we used an as-

say we developed previously to assess DSB-induced cohesion

on a broken chromosome fragment and genome-wide (Ünal

et al., 2007; Figure 1C). Cells were arrested in G2/M, followed

by the induction of two DSBs on ChrIII concomitant with the in-

duction of Mcd1 (Mcd16HA) or Rec8 (Rec83HA). The cohesion

generated previously in S phase was inactivated, and sister

chromatid cohesion was analyzed using a GFP marking system

on the broken ChrIII fragment and the unbroken ChrIV.

The results from these analyses are presented in Figure 1E and

Figure S1B. When S phase cohesion is active in G2/M-arrested

cells, most cells retain cohesion since only �20% have two

GFP spots. This percentage is not affected by the induction of

DSBs (Ünal et al., 2007) or by induction of Rec8 or Mcd1 (data

not shown). When S phase cohesin is inactivated in G2/M, cohe-

sion loss increases to �55%. As expected, the induction of

Mcd1 and DSBs on ChrIII prevents cohesion loss of ChrIV and

the broken chromosome fragment (Figure 1E; Ünal et al.,

2007). In contrast, DSBs coupled with Rec8 expression fail to

prevent cohesion loss of ChrIV (Figure 1E) or the broken ChrIII

fragment (Figure S1B). Therefore, Rec8 cohesin does not be-

come cohesive following a DSB.

On the broken chromosome fragment, the failure to generate

cohesion may result from the kinetic delay of cohesin loading

around the break site. However, prior to the inactivation of S

phase cohesin, we observe robust genome-wide loading of

Rec8 cohesin throughout the genome in G2/M by chromosome

spreads (Figure 1D). Thus, the failure of Rec8 cohesin to generate

genome-wide cohesion cannot be explained by a loading defect.

Rather, chromatin-boundRec8 cohesin fails to becomecohesive.

The chromatin-binding and cohesion assays show that the Mcd1

and Rec8 isoforms have functionally diverged. Following a DSB,

only Mcd1 cohesin has the ability to load efficiently proximal to

a DSB and to become cohesive at the DSB and genome-wide.

The S83 Residue of Mcd1 Is Required
for DSB-Induced Cohesion
Having identified Mcd1 as a critical cohesin subunit in DSB-

induced cohesion, we wanted to determine the molecular



Molecular Cell

Kleisin Subunit Dictates Damage-Induced Cohesion
Figure 1. Rec8 Is Poorly Recruited to the

Sites of DSBs and Is Deficient for DSB Co-

hesion and Efficient Postreplicative Repair

(A) Cells from JKM179 (MCD1) or JH2306-110K

(mcd1D, pMCD1:REC8HA3) were arrested in G2/M

using nocodazole at 23�C. Cultures were split,

and one half of the cultures were irradiated with

320 Gy. Aliquots were taken at 0, 30, 60, and

120 min after irradiation and prepared as de-

scribed in the Experimental Procedures. The per-

centage of repair of the broken chromosome is

calculated by using the intensity of ChrXV prior

to irradiation, immediately after irradiation, and

during the recovery after irradiation.

(B) The binding of Mcd1 or Rec8 around MAT on

ChrIII upon induction of a DSB. Exponentially

growing strains JKM179-101A (MCD16HA) or

JH2306-110K (mcd1D, pMCD1:REC8HA3) were

arrested in G2/M using nocodazole at 23�C. Cul-

tures were treated with galactose for 0, 1, and

2 hr, respectively, to induce an HO break at the

MAT locus on ChrIII (at 201 kb). Cells were subse-

quently fixed and subjected to chromatin immuno-

precipitation (see the Experimental Procedures).

Input DNA and DNA coimmunoprecipitated with

the HA antibody were amplified using primers ad-

jacent to the break site. Percentage of input chro-

matin in the HA IPs is plotted on the y axis while

chromosome coordinates are plotted on the x

axis. An arrow indicates the position of the DSB.

The difference in % input in Mcd1 (top graph) or

Rec8 IPs (bottom graph) can not be directly com-

pared due to the respective size of the HA tag.

(C) Assay for genome-wide DSB-induced cohe-

sion. Cells establish cohesion during S phase

using thermosensitive mcd1-1 (referred to as S

phase cohesin). These cells are arrested in G2/M

using nocodazole and then induced to make two

DSBs on ChrIII by the HO endonuclease at HO

cleavage sites (HO-cs) and to express wild-type

Mcd1 (Mcd16HA) or Rec8 (Rec83HA). To test whether the newly loaded Mcd1 or Rec8 cohesin has become cohesive, the S phase cohesin is specifically inacti-

vated by a temperature shift to 37.5�C. Cohesion of sister chromatids of the unbroken ChrIV is visualized by LacI-GFP fusion proteins bound to a tandem array of

Lac operators (LacO) integrated at LYS4. The presence of a single GFP spot in the cell indicates cohesion between two sister chromatids, whereas two GFP spots

indicate loss of cohesion.

(D) Chromsome binding of G2/M-loaded cohesin in strains EU3291 (galactose-inducible MCD16HA) and EU3292 (galactose-inducible REC83HA) by chromatin

spreads. Cells grown at 30�C were arrested in G2/M using nocodazole. MCD16HA or REC83HA was then induced for 1 hr 15 min by addition of galactose to

the media. Cells were prepared for chromatin spreads, and Rec8 or Mcd1 was visualized by indirect immunofluorescence with an antibody against the HA tag.

(E) DSB-induced cohesion in strains expressing either galactose-inducible Mcd16HA (EU3291) or Rec83HA (EU3292). Assay was performed as described in (C).

‘‘a’’ represents permissive temperature (30�C) for mcd1-1. ‘‘i’’ represents inactivation of mcd1-1 (restrictive temp 37.5�C). ‘‘+’’ indicates induction of DSB and

Mcd16HA or Rec83HA. Error bars indicate standard deviation.
properties of Mcd1 that specifically render Mcd1 cohesin com-

petent to respond to DSBs. To do this, we screened a pool of

random mutations in Mcd1 for those that retained viability

(hence, competent for S phase cohesion) but were sensitive to

DNA damage (potentially defective in DSB-induced cohesion).

We mapped the position of one DNA damage sensitive mutation

to Tyrosine 82 (Y82) (arrow in Figure 2A). Y82 is only partially de-

fective in DSB cohesion, which suggested to us that Y82 might

be indicating an important region for Mcd1 cohesin’s response

rather than being the critical residue. Furthermore, since Y82 is

a highly conserved residue in all klesin family members, including

Rec8 and Mcd1 of Saccharomyces cerevisiae, this residue is un-

likely to account for the specific ability of Mcd1 to respond to

a DSB. Therefore, we looked for adjacent residues that were
conserved in the mitotic isoforms but absent in the Saccharomy-

ces cerevisiae Rec8 and other meiotic isoforms. S83, the serine

immediately adjacent Y82, meets these criteria (Figure 2A).

To address the role of S83 in DSB-induced cohesion, we made

an allele of Mcd1 in which the S83 residue was mutated to ala-

nine, mcd1-S83A. We constructed strains expressing either

mcd1-S83A or wild-type Mcd1 as the only source of kleisin.

The mcd1-S83A strain is viable and exhibits a doubling time in-

distinguishable from wild-type (100 ± 1 min, 24 s and 101 min ±

30 s, respectively). The robust growth of mcd1-S83A implies that

S83 plays little or no role in the essential process of cohesion es-

tablishment during S phase. To detect a potential subtle role of

S83 during S phase, we analyzed the mcd1-S83A strain by addi-

tional parameters, including cell-cycle progression, precocious
Molecular Cell 31, 47–56, July 11, 2008 ª2008 Elsevier Inc. 49
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Figure 2. Serine 83 in Mcd1 Is Essential for

Generation of Cohesion in Response to

DSBs, but Not for DSB Recruitment of

Cohesin

(A) Alignments of mitotic and meiotic kleisin iso-

forms proximal to Y82 of budding yeast. The box

outlines S83 in budding yeast and the residue at

the homologous position in other species. Resi-

dues are highlighted as follows: blue (G), red

(charged amino acids [D, E, R, and K]), yellow (H

and Y), and green (small and hydrophobic [A, V,

L, I, M, F, and W]).

(B) Cells from EU3349 (MCD1) or EU-3363 (mcd1-

S83A) were arrested in G2/M using nocodazole at

30�C. Cultures were split, and one half of the cul-

tures were irradiated with 320 Gy and processed

as described in Figure 1A.

(C) The binding of Mcd1 or mcd1-S83A around

MAT on ChrIII upon induction of a DSB. Exponen-

tially growing strains JH2315, which have the sole

source of Mcd1 provided by either plasmid

pVG164 (MCD1 TRP1 CEN6) or pVG164 S83A

(mcd1-S83A TRP1 CEN6), were grown at 30�C

and arrested in G2/M using nocodazole. An HO

break at the MAT locus was induced by addition

of galactose to the culture media for 90 min. Cells

were fixed and subjected to chromatin immuno-

precipitation as described in Figure 1A, except

DNA was coimmunoprecipitated with an antibody

against Mcd1.

(D) Chromosome binding of G2/M-loaded cohesin

in strains EU3291 (galactose inducble Mcd16HA)

and JH2350 (galactose-inducible mcd1-

S83A6HA). Cells were staged in G2/M, induced

for DSBs and the appropriate kleisin, and then

stained as described in Figure 1B.

(E) DSB-induced cohesion assay in JH2350 (ga-

lactose-inducible mcd1-S83A6HA). Error bars indi-

cate standard deviation.
separation of sister chromatids, and aneuploidy. By all these

parameters, the mcd1-S83A and MCD1 strains are identical

(Figure S2). Thus, S83 of Mcd1 is dispensable for S phase cohe-

sion. However, the mcd1-S83A strain exhibits a defect in postre-

plicative repair similar to Rec8 cohesin (Figures 1A and 2B).

These results indicate that S83 is required specifically for DSB-

induced cohesion.

To assess whether S83 is important for the ability of Mcd1 co-

hesin to respond to DSBs, we first analyzed the ability of mcd1-

S83A to bind proximal to a DSB by ChIP. Unlike Rec8 cohesin,

the binding of mcd1-S83A and Mcd1 is indistinguishable around

the break site (Figure 2C). Furthermore, mcd1-S83A is able to

bind to CARs in G2/M as evident by genome-wide staining in

chromosome spreads (Figure 2D) and ChIP of CARC1 (data

not shown). Therefore, S83 of Mcd1 is not required for loading

of cohesin to CARs or DSB proximal regions.

We next asked whether S83 was required for conversion of the

G2/M loaded cohesin to its cohesive state using our assay for

DSB-induced, genome-wide cohesion. Unlike Mcd1 cohesin,
50 Molecular Cell 31, 47–56, July 11, 2008 ª2008 Elsevier Inc.
mcd1-S83A cohesin failed to generate cohesion (Figure 2E).

Thus, mcd1-S83A is deficient for DSB-induced cohesion despite

binding chromatin both genome-wide and around the DSB. We

conclude that S83 defines a region of Mcd1 dispensable for co-

hesin loading but is specifically required to convert chromatin-

bound cohesin into a cohesive state in G2/M.

Chk1 Kinase and the S83 Residue in Mcd1 Are
Necessary to Generate DSB-Induced Cohesion
Since the DNA damage response pathway regulates DSB-in-

duced cohesion (Strom et al., 2007; Ünal et al., 2007), we hy-

pothesized that a kinase in this pathway might phosphorylate

S83. Indeed, the region surrounding S83 is a perfect match for

a consensus recognition site (M > I > L > V) X-(R/K)-X-X-(S/T)*

of the serine/threonine kinase Chk1 (Wang et al., 2001). Further-

more, Chk1 is an excellent candidate for regulating S83 because

Chk1 acts downstream of Mre11/Rad50/Xrs2 (M/R/X) and the

Mec1 kinase (Grenon et al., 2001), two components of the

DNA damage response pathway which were previously found
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to be required for the DSB-induced cohesion (Strom et al., 2007;

Ünal et al., 2007).

If the Chk1 kinase is responsible for the putative phosphoryla-

tion of S83, then a chk1 deletion (chk1D) should mimic the phe-

notype of mcd1-S83A in DSB-induced cohesion. We analyzed

cohesin loading and cohesion generation in a chk1D strain.

Like mcd1-S83A cells, chk1D cells are unable to generate ge-

nome-wide cohesion in response to DSBs (Figure 3A), yet cohe-

sin still binds around the DSB and genome-wide (Figure 3B; data

not shown). Furthermore, since chk1D cells are viable and can

establish S phase cohesion, Chk1 is not essential for cohesion

establishment in S phase (Figure S3A). Thus Chk1, like the S83

residue of Mcd1, is required specifically for DSB-induced cohe-

sion. The similarities between mcd1-S83A and chk1D mutants

support the idea that S83 phosphorylation and Chk1 act at

a common step in DSB-induced cohesion.

A simple model for this pathway is that DNA damage activates

Mec1 and M/R/X, which in turn activate Chk1. Chk1 then phos-

phorylates Mcd1-S83. This phosphorylation allows chromatin

bound Mcd1 cohesin to become cohesive. To test whether

Chk1 is capable of phosphorylating Mcd1, we tested whether

Chk1 could phosphorylate Mcd1 in vitro. We used human Chk1,

whose amino acid sequence is highly conserved with Saccharo-

myces cerevisiae Chk1 (Chen et al., 2000) and whose kinase

consensus site closely resembles that of the Saccharomyces

cerevisiae Chk1 (Hutchins et al., 2000; O’Neill et al., 2002). Bac-

terially-purified Mcd1 with a glutathione-S-transferase tag (GST)

is phosphorylated by human Chk1-GST (Figure 3C). Further-

more, Chk1 can phosphorylate a peptide containing S83 in vitro

(Figure S3B). If S83 is the critical phosphorylated target of Chk1

kinase, then changing S83 to aspartic acid (S83D), a substitution

known to act as a phosphomimic, is predicted to bypass the

Figure 3. The Chk1 Kinase Phosphorylates Mcd1

In Vitro, and Chk1 Is Essential for Generation of

Cohesion in Response to DSBs, but Not for DSB

Recruitment of Cohesion

(A) DSB-induced cohesion assay in JH2375 (chk1D).

(B) The binding of Mcd1 around MAT on ChrIII upon induction

of a DSB in JKM179 (CHK1) and YAA2 (chk1D) cells. The assay

was preformed as described in Figure 2C.

(C) In Vitro kinase assay with human recombinant Chk1 and

purified Mcd1. After the kinase reaction samples were re-

solved by SDS-PAGE and gel radioactivity was determined

using a molecular dynamics phosphor imager. n = 3.

(D)DSB-inducedcohesionassay inJH4104 (galactose-inducible

mcd1-S83D6HA, chk1D). Error bars indicate standard deviation.

requirement for Chk1 in DSB-induced cohesion.

Indeed, ectopic expression of mcd1-S83D in

chk1D cells restores DSB-induced cohesion gener-

ation, which is indistinguishable from cells induced

for a DSB and wild-type Mcd1 (compare Figure 3D

and Figure 1E). Taken together, these data indicate

that S83 is phosphorylated in a Chk1-dependent

manner, possibly by Chk1 itself.

To follow this phosphorylation, it would be very

useful to detect it in vivo with and without a DSB.

Our assays included change in migration on sodium dodecyl sul-

fate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, anti-

bodies generated against the phosphopeptide derived from

the S83 region, and identification of phospho-S83 by mass spec-

trometry analysis. Unfortunately these analyses were inconclu-

sive because of the poor specificity of the antibody, extensive

phosphorylation of Mcd1 (Figures S3C and S3D), and the inabil-

ity to detect the peptide containing S83 by mass spectrometry

analysis. Following S83 phosphorylation in vivo will await the

development of better detection assays.

The Phosphomimic mcd1-S83D Allows Cohesion
Generation in the Absence of a DSB
How may S83 phosphorylation promote DSB-induced cohe-

sion? One possibility is that DSB-dependent phosphorylation

of S83 activates cohesion generation by removing the inhibition

of cohesion generation that normally exists in G2/M. A prediction

from this model is that constitutive phosphorylation of S83

should allow cohesion generation in G2/M independent of

a DSB. Indeed, cells expressing mcd1-S83D in G2/M can gener-

ate similar levels of cohesion with and without a DSB (Figure 4A).

Thus, S83D is sufficient to relieve most of the inhibition of cohe-

sion generation in G2/M. Note a small but significant increase in

cohesion generation (p = 0.0002, Student’s t test) is observed

when cells expressing Mcd-S83D also suffer DSBs. Hence either

S83D does not completely mimic the phosphorylated state or

additional factors are needed to relieve the remaining inhibition.

If the function of S83 phosphorylation is to promote cohesion

generation, then the cohesion in mcd1-S83D-expressing cells

should be dependent upon Eco1 activity. To address this ques-

tion, we modified the DSB cohesion assay so that we could inac-

tivate Eco1 specifically in G2/M prior to induction of the DSB and
Molecular Cell 31, 47–56, July 11, 2008 ª2008 Elsevier Inc. 51
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mcd1-S83D. Under these conditions, cohesion is not generated

(Figure 4B). This result further supports the notion that Mcd1-

S83 phosphorylation relieves the inhibition of cohesion genera-

tion in G2/M, allowing Eco1 to convert cohesin to its cohesive

state.

S83 Residue Is a Major Contributor to the Functional
Divergence between Mcd1 and Rec8 Isoforms
We establish here that Mcd1, but not Rec8, allows cohesin to re-

spond to a DSB both to load efficiently around the DSB and to

become cohesive genome-wide. Furthermore, Mcd1 contains

a serine (S83) missing from homologous position of Rec8, which

we propose undergoes Chk1-dependent phosphorylation to al-

low DSB-induced cohesion. These conclusions raise the ques-

tion, how important is the absence of this serine in Rec8 to its

functional divergence from Mcd1? To address this question,

Figure 4. The S83 Phosphomimic, mcd1-S83D, Bypasses the Need

for a Break, but Not Ctf7, to Generate Cohesion in G2/M

(A) G2/M-induced cohesion assay in JH2352 (galactose-inducible mcd1-

S83D6HA) and JH2358 (galactose-inducible mcd1-S83D6HA, hoD).

(B) Left panel: experimental design for right panel. The DSB cohesion assay

was modified to allow temporal inactivation of Eco1 prior to inactivation of

Mcd1. The protocol was modified as follows: cells were arrested in early S

phase using hydroxyurea for 4 hr, 30 min; cells were washed three times;

and then cells were resuspended in nocodazole. One hour and 15 min later,

the cultures were split to either 30�C (active Eco1) or 34�C (inactive Eco1).

Forty-five minutes later, cultures were again split and mcd1-S83D and the

HO endonuclease were induced for 1 hr by addition of galactose to the media.

Cultures were then shifted to 37.5�C for 45 min to inactivate S phase cohesion

generated with mcd1-1, and cells were prepared for microscopy. mcd1-1 is

active (a) at 34�C and inactive 37.5�C (i). eco1-203 is active (a) at 30�C and

inactive at temperatures at or above 34�C (i). Right panel: DSB-induced

cohesion assay in EU3382 (galactose-inducible mcd1-S83D6HA, eco1-203,

mcd1-1). mcd1-1 is active (a) at 34�C and inactive at 37.5�C (i). n = 2; error

bars indicate standard deviation.
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we introduced a serine in place of the N93 residue of Rec8, which

occupies the homologous position to S83 in Mcd1. The serine

substitution at this position (N93S) generates a partial Chk1

consensus site in Rec8.

We then examined the properties of rec8-N93S cohesin after

a DSB, including chromatin binding, cohesion, and postreplica-

tive repair. Like Rec8, rec8-N93S exhibits robust chromosomal

staining, indicating that rec8-N93S is competent for loading at

CARs in G2/M (Figure 5C; Figure S5A). This CAR-associated

rec8-N93S as well as rec8-N93D are competent to generate sig-

nificant DSB-induced, genome-wide cohesion (Figure 5D;

Figure S5C). Thus, S83 is a major determinant for the functional

divergence of Mcd1 and Rec8 to allow chromatin bound cohesin

to become cohesive after a DSB.

We next looked at the kinetics of loading of rec8-N93S around

the DSB. It binds with slower kinetics proximal to the DSB similar

to Rec8 cohesin (Figures 5B and 1B). This shows that the slow

kinetics of binding of Rec8 is independent of the presence of

N93S, suggesting that loading around a DSB is controlled by an-

other unknown determinant that is different between Mcd1 and

Rec8. This result is consistent with our experiments with

mcd1-S83A, which indicate that S83 is only important for con-

verting chromatin-bound cohesin to become cohesive and is

not sufficient and/or not important for DSB-induced chromatin

binding. Furthermore, our results suggest that efficient postrepli-

cative repair requires additional determinants beyond converting

chromatin-bound cohesin to become cohesive, such as timely

loading or recruitment of DNA repair factors (Figure 5A). Finding

these determinants will be an exciting future direction.

S83 is present in the Mcd1 isoform of many invertebrates, sug-

gesting it is part of a conserved pathway. However, in humans,

an analogous serine is present in the Rec8 isoform and absent

in the Mcd1 isoform (Rad21). This raises the following questions.

Are either human Mcd1 or Rec8 competent to generate cohesion

in response to a DSB? Are they functionally divergent for this ac-

tivity, and does the presence of the serine correlate with this ac-

tivity? To begin to address these questions, we expressed hu-

man Rec8 or Mcd1 in yeast. We show that both are equally

competent to generate S phase cohesion. However, only the hu-

man Rec8 isoform can generate cohesion in response to a DSB

(Figure S6). Thus the ability of kleisin isoforms to respond to

a DSB has diverged even in human isoforms, and this activity

correlates with the presence of the serine.

DISCUSSION

In mitotically dividing yeast cells, sister chromatid cohesion es-

tablished during S phase can be mediated either by cohesin

complex containing Mcd1 (mitotic) or Rec8 (meiotic) isoforms

of the kleisin subunit (Buonomo et al., 2000). Here we show

that Mcd1 and Rec8 have functionally diverged, as only Mcd1

cohesin is competent to mediate DSB-induced cohesion in

G2/M. We have exploited this difference to uncover a pathway

for the regulation of cohesion generation in G2/M.

We propose that upon a DSB, the Chk1 kinase is activated by

the master regulators, Mec1 kinase and Mre11. Chk1 kinase

then induces phosphorylation of the S83 residue of Mcd1, which

activates cohesion by promoting cohesion generation at a
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post-chromatin-binding step. In support of this model, Mre11,

Mec1, and Chk1 are all required for DSB-induced cohesion gen-

eration, and Mre11 and Mec1 are established upstream activa-

tors of Chk1 (Grenon et al., 2001; Sanchez et al., 1999; Strom

and Sjogren, 2007; Ünal et al., 2007). In this study, we show

that inactivation of Chk1 blocks DSB-induced cohesion gen-

eration, but not cohesin binding, around the DSB or at CARs

genome-wide. While we are unable to detect in vivo phosphory-

lation of the S83 residue of Mcd1 using biochemical methods,

our data strongly suggest that S83 is phosphorylated by a

Chk1-dependent mechanism. S83 is part of a consensus site

for Chk1 phosphorylation. Like inactivation of Chk1, mutating

S83 to S83A blocks cohesion generation after cohesins bind to

chromatin. By contrast, the phosphomimic S83D allows cohe-

sion generation in G2/M, independent of a DSB, and bypasses

the need for Chk1. It seems that the phosphorylation of S83 by

Chk1 is direct, as S83 is part of a Chk1 consensus site, and

Chk1 can phosphorylate Mcd1 in vitro, but further studies will

be needed to corroborate this conclusion. The conservation of

Chk1 kinases and the S83 region in Mcd1 orthologs in many

eukaryotes suggests that this pathway is also conserved.

These results provide important insights into the DNA-damage

response pathway and its role in cohesion generation. Here we

show that Chk1 regulates a specific DNA repair response,

DSB-induced cohesion. Previous studies in yeast and mammals

suggested that the DNA damage response pathway uses Chk1

solely as a regulator of cell-cycle progression (Chen and San-

chez, 2004; Sanchez et al., 1999). In higher eukaryotes, Chk1

disassociates from chromosomes in response to DNA damage

(Smits et al., 2006). This mobilization of Chk1 may be critical to

allow it to phosphorylate Mcd1 around the DSB and genome-

wide. Furthermore, we show that DSB-induced cohesion re-

Figure 5. Substitution of a Serine into Rec8

Rescues Its DSB Cohesion Defect, but Not

Its DSB Loading Defect

(A) Postreplicative repair assay in JKM179 (MCD1)

or JH2361 (rec8-N93S) is performed as described

in Figure 1A.

(B) The binding of Rec8 or Rec8-N93S around

MAT on ChrIII upon induction of a DSB in strain

JH2361. The assay was performed as in Figure 1A.

(C) Chromosome binding of G2/M-loaded cohesin

in strains EU3292 (galactose inducble Rec83HA)

and JH2357 (galactose-inducible rec8-N93S3HA).

Cells were staged in G2/M, induced for DSBs

and the appropriate kleisin, and then stained as

described in Figure 1B.

(D) DSB-induced cohesion assay in JH2357

(galactose-inducible rec8-N93S3HA). Error bars

indicate standard deviation.

quires two distinct subpathways of the

DNA damage response: first, Tel1 and

H2AX ensure that cohesins can bind in

the vicinity of the DSB (Ünal et al.,

2004), and second, Chk1 and Mcd1 S83

phosphorylation are important to convert

chromatin-bound cohesin to a cohesive

state (Figure 6). This dual mode of regulation hints at additional

complexities in DSB-induced cohesion.

We propose that Chk1-dependent phosphorylation of S83 in

Mcd1 is not required in the biochemistry of cohesion generation

but rather in its temporal regulation. We base this conclusion on

three observations. First, while cohesion generation occurs both

in S phase and in response to a DSB in G2/M, Chk1-dependent

phosphorylation of S83 is required only for the latter. Second, ex-

pression of Mcd1-S83D, a phosphomimic of the key target of

Chk1, relieves the inhibition of cohesion generation in G2/M of

unperturbed cells. Third, this constitutive generation of cohesion

in Mcd1-S83D-expressing cells is still dependent upon active

Eco1, the cohesion establishment factor. Taken together, these

results suggest Chk1-dependent phosphorylation of S83 is re-

quired specifically to relieve the inhibition of cohesion generation

in G2/M. In a previous study, we showed that removing the inhi-

bition of cohesion generation also requires acetylation of an un-

known cohesion factor(s) through the acetyl transferase activity

of Eco1 (Ünal et al., 2007). Intriguingly, Mcd1 is one of three co-

hesin subunits that can be acetylated by Eco1 in vitro (Ivanov and

Nasmyth, 2005). Coupled acetylation and phosphorylation have

been demonstrated for gene regulation through modification of

histones and for regulation of signaling networks through nonhis-

tone proteins (Lo et al., 2000; Sakaguchi et al., 1998). Whether

such an intimate relationship between these modifications is re-

sponsible for regulating cohesion generation will await identifica-

tion of the relevant cohesin subunit and the putative acetylation

sites.

The fact that S83 phosphorylation overcomes the inhibition of

cohesion generation implies that this inhibition acts directly on

cohesin and specifically on the S83 region of Mcd1. Interestingly,

the S83 region of Mcd1 is highly conserved. It is found in the third
Molecular Cell 31, 47–56, July 11, 2008 ª2008 Elsevier Inc. 53
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winged helix domain, which is implicated in association with

Smc3 (Arumugam et al., 2006; Haering et al., 2002). This interface

may therefore be critical for controlling cohesion generation.

Kleisin as the Regulatory Linchpin
Our study provides the first evidence that cohesion generation

canbe regulated byadirectbiochemicalmodificationofa cohesin

subunit. Previously, only the trans-acting factor, Eco1, was

shown to promote chromatin-bound cohesin to become cohe-

sive (Skibbens et al., 1999; Toth et al., 1999). Cohesion dissolution

also involves phosphorylation of the Mcd1 subunit to promote its

cleavage by Esp1 (Alexandru et al., 2001; Hornig and Uhlmann,

2004). Thus, key phosphorylation eventsboth for cohesion gener-

ation and cohesion dissolution occur on the kleisin subunit, rais-

ing the possibility that it may be a linchpin for the regulation of

cohesion. Interestingly, biochemical and genetic studies in yeast

and mammalian cells have found the kleisin subunit directly con-

tacts three other cohesin subunits, Smc1, Smc3, and Scc3, as

well as an accessory protein Wapl (Gandhi et al., 2006; Haering

et al., 2002, 2004; Kueng et al., 2006). Recently, the Mcd1 kleisin

has been shown to modulate ATP hydrolysis of Smc1 (Arumugam

et al., 2006). Thus, the intricate biochemical properties of the

kleisin make it ideally suited to be a regulatory hub.

This key regulatory role of the kleisin subunit is underscored

further by our demonstration that Mcd1 cohesin, but not Rec8

cohesin, is competent for DSB-induced cohesion. Remarkably,

Figure 6. Pathway for DSB Cohesion

Upon induction of a DSB in G2/M. Cohesins are recruited to a large

(�100 kb) region surrounding a DSB in a process dependent on

DSB sensors/transducers (The M/R/X complex [Mrell/Rad50/

Xrs2], Mec1, and Tel1). The Mec1/Tel1 DNA damage checkpoint

proteins phosphorylate the histone variants, H2AX and Scc2/4,

then loads cohesin to this phospho-H2AX domain. Cohesin is

then converted to a cohesive state both at the break site and at

CAR sites throughout the genome. This cohesion generation path-

way also relies on some of the same DSB sensors/transducers re-

quired for DSB loading (the M/R/X complex [Mrell/Rad50/Xrs2]

and Mec1) as well a Chk1. Chk1 phosphorylates cohesin on the

Mcd1 subunit to relieve the inhibition of cohesion generation in

G2/M. The inhibition of cohesion generation could be a posttrans-

lational modification that must be counteracted to allow cohesion

establishment, a protein inhibitor, or a conformational change that

denies Eco1 access to cohesin. Removal of the inhibition of cohe-

sin generation allows Eco1 to convert the cohesin complex to a co-

hesive state. Eco1 could promote cohesion generation either by

positively promoting cohesion or by inhibiting a cohesion dissolu-

tion pathway.

we find that a single serine substitution in Rec8

(N93S) restores the Chk1 consensus sequence and al-

lows Rec8 cohesin to become cohesive genome-wide

in response to a DSB. Thus, S83 is a critical determi-

nant in the functional divergence of the yeast kleisin

isoforms to respond to a DSB and make chromatin-

bound cohesin become cohesive. Mcd1 must contain

a distinct determinant for timely targeting cohesin to

DSB proximal regions and possibly for recruitment of

DNA repair factors. But once these other determinants

are identified, it will be interesting to engineer a Rec8 that is com-

petent for DSB-proximal cohesion and repair to test its impact on

homolog segregation in meiosis I.

Our analyses in yeast suggest that the ability to respond to

a DSB has also diverged among human kleisin isoforms. The sur-

prising observation is that this activity appears to be switched

between the human and yeast isoforms with the human Rec8 be-

ing competent to generate DSB-induced cohesion. While ec-

topic studies of human kleisin function must be treated with cau-

tion, they are intriguing. Interestingly, unlike yeast, the human

Rec8 isoform is expressed in some somatic cells (Parisi et al.,

1999). It has been reported to be induced by damage and ap-

pears to have a somatic function since rec8 homozygous mice

are not born at a Mendelian ratio (Kalejs et al., 2006; Parisi

et al., 1999; Xu et al., 2005). Therefore, our studies open up the

possibility of a role of human Rec8 cohesin in repair of DNA dam-

age in somatic cells.

EXPERIMENTAL PROCEDURES

Yeast Strains

Yeast strains and plasmids used in this study are listed in Table S1.

Cell Synchronization

Exponentially dividing cultures were arrested in S or G2/M using 130 mM hy-

droxyurea (HU) (Sigma) or 15 mg/ml nocodazole (NZ) (Sigma) for 4 hr in YEP

media with 3% glycerol (EMD, 30% v/v stock), 2% lactic acid (Fisher, 40% v/v

stock ph 5.7), and 0.01 mg/ml adenine or 2 hr in YEPD (YEPD medium
54 Molecular Cell 31, 47–56, July 11, 2008 ª2008 Elsevier Inc.
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contains 1% yeast extract [BD], 2% peptone [DB], and 2% glucose [EMD] and

0.01 mg/ml adenine).

Chromosome Spreads

Chromosome spreads were performed as described (Hartman et al., 2000).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation was performed as described (Huang et al.,

2004) with a few exceptions described as follows. 5 3 108 cells were cross-

linked for 2 hr at room temperature. The chromatin was sheared six times

for 10 s each using the Branson 250 sonicator with a 3/16 inch tapered microtip

at constant duty cycle and output at 30. Immunoprecipitation of Mcd1 or Rec8

was performed using 12CA5 anti-HA antibody (Roche) or with affinity-purified

rabbit anti-Mcd1p (559-1) antibodies (provided by V. Guacci). Input was di-

luted 100-fold relative to immunoprecipitated DNA before PCR analysis.

PCR and data analysis was performed as described (Ünal et al., 2004). Each

chromatin immunoprecipitation experiment was done at least twice with a

representative experiment shown.

DSB Cohesion Assay

The assay was performed as described (Ünal et al., 2007). All error bars are SD

from multiple individual experiments. For each 30�C experimental condition,

n R 2 experiments and at least 300 cells were counted. For each 37.5�C experi-

mental condition, n R 3 experiments and at least 500 cells were counted.

Postreplicative Repair Assay

Strains were arrested in G2/M using a 15 mg/ml final concentration of nocoda-

zole (Sigma). Cultures were split and one half of the cultures were irradiated

with 320 Gy. Gamma irradiation was done using a 137Cs source with a radia-

tion dose of 26.7 Gy/min (Figures 1A and 5A) or a 137Cs source with a radiation

dose of 16 Gy/min (Mark I irradiator, J.L Shepherd and Associates)

(Figure 2A). Aliquots were taken at 0, 30, 60, and 120 min after irradiation.

For the same time points, aliquots were taken from nonirradiated cultures.

For an internal loading control, all samples were mixed with a fixed amount

of PHY112 cells where HIS3 is present on ChrII instead of ChrXV. Cells were

fixed in 70% ethanol and processed for pulsefield gel electrophoresis and

southern blotting as described (Ünal et al., 2004). A radioactive probe specific

to HIS3 was used to detect ChrXV from the time-course samples and ChrII

from a nonirradiated loading control. Radioactivity was detected with a Molec-

ular Dynamics Phosphor Imager and quantified using ImageQuant software.

The percentage of repair of the broken chromosome is calculated by using

the intensity of ChrXV prior to irradiation, immediately after irradiation, and dur-

ing the recovery after irradiation. All experiments were done at least two times

with a representative experiment shown.

Chk1 Kinase Assay

100 ng of Human GST-tagged full-length Chk1 (Upstate) with a specific activity

of 406 units/mg was incubated with 100 ng of bacterially purified Mcd1-GST

(provided by V. Guacci) according to the Chk1 kinase assay protocol (Upstate).

Briefly, the reaction buffer consisted of 8 mM MOPS, pH 7.0, 0.2 mM EDTA, and

a final ATP concentration of 100 mM (containing 5 mCi g[32P]-ATP). The assay

was allowed to proceed at 30�C for 10 min, at which point 23 Laemmli sample

buffer was added and the samples were boiled for 5 min. Samples were then re-

solved on a 7% gel with an acrylamide:bis ratioof 37.5:1 (30% acrylamide stock,

Biorad) by SDS PAGE. The gel was dried using a Biorad Gel Air Dryer, and gel

radioactivity was detected with a Molecular Dynamics Phosphor Imager.

Microscopy

Fluorescence was observed using a Zeiss Axioplans 2 microscope (1003

objective, NA = 1.40) with a Quantix CCD camera (Photometrics).

SUPPLEMENTAL DATA

The Supplemental Data include six figures and one table and can be found with

this article online at http://www.molecule.org/cgi/content/full/31/1/47/DC1/.
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