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Summary

A multisubunit complex called cohesin forms a huge
ring structure that mediates sister chromatid cohe-
sion, possibly by entrapping sister DNAs following
replication. Cohesin’s kleisin subunit Scc1 completes
the ring, connecting the ABC-like ATPase heads of a
V-shaped Smc1/3 heterodimer. Proteolytic cleavage
of Scc1 by separase triggers sister chromatid disjunc-
tion, presumably by breaking the Scc1 bridge. One
half of the SMC-kleisin bridge is revealed here by a
crystal structure of Smc1’s ATPase complexed with
Scc1’s C-terminal domain. The latter forms a winged
helix that binds a pair of B strands in Smc1’s ATPase
head. Mutation of conserved residues within the con-
tact interface destroys Scc1’s interaction with Smc1/3
heterodimers and eliminates cohesin function. Inter-
action of Scc1’s N terminus with Smc3 depends on
prior C terminus connection with Smc1. There is little
or no turnover of Smc1-Scc1 interactions within cohesin
complexes in vivo because expression of noncleavable
Scc1 after DNA replication does not hinder anaphase.

Introduction

Sister chromatid cohesion is essential for bi-orientation
of sister chromatids on the mitotic spindle. Itis mediated
by the multisubunit cohesin complex consisting of
Smc1, Smc3, Sccl1, and Scc3 proteins. The N- and
C-terminal halves of Smc1 and Smc3, like other mem-
bers of the structural maintenance of chromosomes
(SMC) family, fold back on themselves to form 50 nm
long intramolecular coiled coils. Their N- and C-terminal
domains together form an ABC-like ATPase at one end
(the “head”) of the coiled coil while their central se-
quences form a dimerization or “hinge” domain at the
other end, through which Smc1 and Smc3 interact to
form a V-shaped heterodimer (Anderson et al., 2002;
Haering et al., 2002; Melby et al., 1998). Crystal struc-
tures of the SMC-related Rad50 protein (Hopfner et al.,
2000) and other ABC-like ATPases (Chen et al., 2003;
Locher et al., 2002; Smith et al., 2002) suggest that ATP
bound to each head induces their intimate interaction via
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contacts between ATP’s phosphates and the adjacent
head’s signature motif residues. If this were also true
for SMC proteins, then ATP would induce formation of
a bipartite ring-like structure while its hydrolysis might
drive heads apart, recreating V-shaped heterodimers. It
is also conceivable that under special circumstances
ATP could trigger interaction of heads from different
SMC dimers (Hirano et al., 2001).

Cohesin’s Scc1 subunitis a member of the kleisin super-
family of proteins, which are known to form complexes
with SMC proteins (Schleiffer et al., 2003). Eukaryotic
genomes encode at least three classes of kleisins: «
kleisins like Scc1 and its meiotic counterpart Rec8,
which interact with cohesin’s Smc1/3 heterodimers, and
B and vy kleisins, which interact with condensin’s Smc2/4
heterodimers. The yeast Scc1 a kleisin is composed of
three domains: an N-terminal region that interacts with
Smc3’s ATPase head, a C-terminal region that interacts
with Smc1’s ATPase head, and a central domain that
contains cleavage sites for a thiol protease called sepa-
rase (Uhlmann et al., 2000). Scc1 thereby forms a stable
bridge connecting the two heads of Smc1/3 heterodim-
ers to form a tripartite cohesin ring (Gruber et al., 2003;
Haering et al., 2002). The connection between Smc1 and
Smc3 heads provided by Scci1 is essential for sister
chromatid cohesion. Thus, loss of cohesion at the meta-
phase-to-anaphase transition is triggered by proteolytic
cleavage of Scc1’s central domain by separase, which
is activated through the destruction of an inhibitory
chaperone (securin) by an ubiquitin protein ligase called
the anaphase-promoting complex or cyclosome (APC/C).
Scci’s cleavage at the metaphase-to-anaphase transition
causes dissociation of cohesin from chromosomes with
its N- and C-terminal cleavage fragments still bound to
Smc3 and Smc1 heads, respectively. It is feasible that
cohesin holds sister DNAs together by trapping them
inside its tripartite ring structure and that separase de-
stroys sister chromatid cohesion by opening the ring
and thereby releasing previously entrapped DNAs.

The significance of ATP binding and hydrolysis by
cohesin’s SMC heads has been investigated by intro-
ducing mutations predicted to abolish either ATP bind-
ing, ATP-mediated dimerization via signature motifs, or
hydrolysis of ATP bound to Smc1’s or Smc3’s head
(Arumugam et al., 2003; Weitzer et al., 2003). Mutations
to prevent binding of ATP to Smc1’s head abolish asso-
ciation of Scc1 with Smc1/3 heterodimers in vivo. Equiv-
alent mutations in Smc3 also inactivate cohesin but do
not prevent Scc1 association. These experiments also
suggest that binding of Scc1 to Smc1’s head may be
the first step in the formation of tripartite cohesin rings.
Although mutant Smc1 or Smc3 proteins presumably
defective in ATP hydrolysis form cohesin complexes,
these complexes fail to associate stably with chromo-
somes. This raises the possibility that entry of DNA
within cohesin’s ring may depend on dissociation of
Smc1 from Smc3 heads triggered by ATP hydrolysis.

To understand how Scc1 binds to Smc1’s head, we
have solved the crystal structure of a complex between
Scc1’s C-terminal domain and Smc1’s ATPase head in
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Figure 1. Structure of Smc1hd/Scc1-C

(A-C) Smc1hd/Scc1-C homodimer complexed with MgATP~S. The ABC signature motif comes close to the phosphates of the nucleotide.
The C-terminal WHD of Scc1 binds to the side opposite of the coiled coil segments on Smc1.

(D) SarS (1P4X), the top score in a 3D similarity search to Scc1-C, encodes two WHDs by a single chain in approximately the same distance
and orientation (rms 1.6 A per domain, 3.6 A overall). The DNA binding surface (top) of SarS corresponds to the Smc1 binding surface of

Scc1-C.

(E) Stereo plot of Smc1hd/Scc1-C with assigned secondary structure elements.

(F) Detailed stereo plot of Smc1hd’s ATP binding pocket.

(G) Final 2f,f, electron density map of residues 1097-1116 of subunit chain C (Smc1).

the presence of ATPyS. The structure shows two dyad-
related Smc1 heads each bound to Scc1 which sand-
wich a pair of ATPyS molecules in-between their contact
surfaces. A similar structure possibly occurs between
Smc1 and Smc3 heads in native cohesin complexes.

Scc1 binds to the Smc1 head via a winged helix motif
normally associated with DNA binding proteins. Muta-
tion of specific Scc1 or Smc1 residues prevents complex
formation between Scc1 and Smc1/3 heterodimers and
abolishes cohesin function in vivo. By expressing sepa-
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Table 1. Refinement Statistics, S. cerevisiae Smc1hd Domain/Scc1-C Terminus

Model 4-NCS-related Smc1hd:Scc1-C molecules in two dimers:
Smc1 chain A, aa 2-52, 62-69, 89-169, 1067-1083, 1095-1100, 1113-1223
Smc1 chains B-D, aa 2-54, 62-69, 89-189, 1048-1083, 1095-1223
Scc1-C chains E-H, aa 483-512, 521-560

4 ATP+S, 4 Mg**
0 water molecules

Diff. data NATI, 2.9 A, all data
R factor, R free? 0.242 (0.397), 0.275 (0.394)
B factors® 66 A2, 3.1 A2
Geometry® 0.008A, 1.456°
Ramachandran 86.7%/0.1% (2)
Restrained NCS
Smcthd 0.197 A
Scc1-C 0.120 A
PDB ID 1W1W

25% of reflections were randomly selected for Rfree. R factors for the highest resolution bins are given in brackets.

®Temperature factors averaged for all atoms and rms deviation of temperature factors between bonded atoms.

°Rms deviations from ideal geometry for bond lengths and restraint angles.

dPercentage of residues in the “most favored region” of the Ramachandran plot and percentage of outliers, corresponding number of residues

in brackets.

rase-uncleavable Scc1 variants in postreplicative cells,
we find little or no exchange of cohesin or its subunits
in vivo.

Results and Discussion

Structure of the Smc1hd Dimer
We obtained milligram quantities of a complex between
the head domain of Smc1 (Smcihd) and the most
C-terminal 115 amino acids of Scc1 (Scc1-C) by coex-
pression in insect cells using the baculovirus system.
Crystallization in the presence of ATPyS and magnesium
yielded diffraction-quality crystals whose structure was
solved using multiple isomorphous replacement (see
Supplemental Table S1 at http://www.molecule.org/cgi/
content/full/15/6/951/DC1). The resulting structure at
2.9 A resolution is of good quality (Figure 1G; Table 1).
The yeast Smc1hd domain (Figures 1A-1C) closely
resembles published structures of P. furiosus Rad50hd
(1F2U [Hopfner et al., 2000]; rms deviation 2.4 A over
239 Ca atoms) and T. maritima SMChd (1E69 [Lowe et
al., 2001]; rms deviation 2.3 A over 232 Ca atoms). The
Smc1 head forms an ABC ATPase fold in which one of
the two B sheets is composed of strands from N- and
C-terminal SMC chains (for secondary structure assign-
ments, see Figure 1E). Our structure reveals how the
coiled-coil segments are attached to the globular head
domain: the loop between S9 and S10 stabilizes outgo-
ing and incoming helices of the coiled coil, and the two
coiled coils are attached to the globular head dimer in
an almost parallel orientation (Figures 1B and 1C). The
Smc1hd structure contains two disordered regions: the
N-terminal chain is disordered between residues 55 and
88, while the C-terminal chain is disordered between
residues 1084 and 1094 (HE to S9). The loop between
residues 55 and 88 contains a short helix and has only
been partially built using residual density and a dimeric
SMChd structure (Lammens et al., 2004) as a guide.
Our finding that Smc1hd homodimerizes in the pres-
ence of ATP~yS (Figure 1) and ATP (see below) was unex-
pected. Presumably, Smc1 heads would normally asso-

ciate with Smc3 heads in the presence of ATP because
hinge-mediated heterodimerization of Smc1 and Smc3
would ensure a high local concentration of heterotypic
head domains. Smc1 head dimerization might merely
reflect the fact that eukaryotic SMC head domains have
not lost their ability to self-dimerize following the ancient
gene duplication that gave rise to heterodimeric SMC
proteins in eukaryotic lineages from the homodimeric
bacterial versions. At present, it is unknown whether
Smc1 and Smc3 heads form similar, if not more stable,
heterodimers. Independent of the interaction between
Smc1 and Smc3, it is nevertheless conceivable that un-
der certain circumstances ATP-mediated interaction of
adjacent cohesin complexes via their Smc1 heads cre-
ates a more robust form of cohesion than that produced
by isolated cohesin complexes.

The Smc1hd Dimer Is a Functional ATPase

The dimer formed by Smc1hd is structurally very similar
to that formed by Rad50hd (Hopfner et al., 2000) and
by an ABC ATPase transporter (Smith et al., 2002). Cru-
cially, the ABC signature motif on one Smc1hd interacts
with the phosphates of a nucleotide bound to a Walker
A motif in its partner. ATPyS is sandwiched between
the two Smc1hd domains (Figures 1A and 1F). Not sur-
prisingly, residues forming the Smc1hd dimer interface
and contacting the ATP molecules are highly conserved
among SMC proteins (Figure 3A). Dimerization in this
manner is thought to create a pair of sites capable of ATP
hydrolysis. In ABC transporters and Rad50, mutation of
a conserved serine in the signature motif (equivalent
to Smc1’s S1130) abolishes contact to the nucleotide
phosphates, ATP-dependent dimerization, and hence
also ATP hydrolysis, while mutation of a conserved glu-
tamate residue in the Walker B motif (equivalent to
Smc1’s E1158) compromises ATP hydrolysis without
adversely affecting dimerization (Moncalian et al., 2004,
Smith et al., 2002). Though ATPase activity associated
with cohesin has not hitherto been measured, mutation
of the conserved signature motif serine residue or the
Walker B glutamate residue of either Smc1 or Smc3
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Figure 2. The Smc1hd/Scc1-C Dimer Is a Functional ATPase

[Smc1,Sce1-Cl/ uM

(A) SDS-PAGE Coomassie stain of Smc1hd/Scc1-C protein preparations used in the ATPase. The upper band corresponds to Smc1hd, the

lower to Scc1-C.

(B) ATPase assay. o*?P-labeled ATP and ADP were resolved by thin layer chromatography, and intensities of ADP to ADP+ATP signals were

plotted for each time point.

(C) ATPase assays were performed for different protein concentrations of Smc1hd/Scc1-C. ATP hydrolysis rates determined from the linear
reaction range for each protein concentration are plotted against the molar protein concentration calculated using a molecular mass of 58.8
kDa (monomeric Smc1hd/Scc1-C). A curve fitting the data was calculated, assuming that the hydrolysis rate is straight proportional to the
dimer concentration (Nikaido et al., 1997). This gives a dissociation constant K; of two Smc1hd/Scc1-C monomers of 260 pM and a rate
constant of 7 min~" for the hydrolysis reaction. The low rate constant is consistent with the notion that cohesin’s ATP hydrolysis acts as a
conformational switch rather than as an active motor. The inset shows the proportion of dimers at different protein concentrations calculated

using a K; of 260 uM.

abolishes cohesin’s ability to associate with chromosomes
in vivo (Arumugam et al., 2003; Weitzer et al., 2003).

We purified Scc1-C coexpressed with either wild-
type, signature motif mutant S1130R, or Walker B motif
mutant E1158Q Smc1hd protein in insect cells by affinity
chromatography followed by gel filtration. Most com-
plexes eluted from the column with a retention volume
consistent with amonomeric 58.8 kDa molecular weight,
but a sizeable fraction (~20%) of the E1158Q mutant
complex eluted with a retention volume consistent with
a dimeric 117.6 kDa molecular weight (data not shown),
implying that a fraction of the mutant protein is trapped
in the ATP-bound dimer form because it is unable to
hydrolyze the bound nucleotides. We then used the puri-
fied Smc1hd/Scc1-C complexes (Figure 2A) in an ATPase
assay. ATP was hydrolyzed by wild-type, but not by
S1130R or E1158Q, complexes (Figure 2B). Two lines
of evidence suggest that ATP hydrolysis is mediated by
the sort of dimeric structures seen in our crystals. First,
ATP hydrolysis is abolished by the S1130R mutation.
Second, we measured a nonlinear increase in ATP hy-
drolysis with increasing Smc1hd/Scc1-C complex con-
centration (Figure 2C). Our curves are consistent with
the notion that hydrolysis is mediated by dimers and
that the dissociation constant (K,) between two Smc1hd/
Scc1-C complexes is in the 107" mM range, which is
comparable to the K, estimated by similar means for the
ABC ATPase domains of the HisP transporter (Nikaido et
al., 1997).

We conclude that the Smc1hd/Scc1-C complex crys-
tallizes in a manner compatible with ATP hydrolysis.
Importantly, association of Scc1-C with the underside
of the Smc1 head does not appear to compromise for-
mation of hydrolysis-competent dimeric structures. This
latter finding is difficult to reconcile with the recent pro-
posal that Scc1’s C-terminal separase cleavage product

prevents interaction of Smc1 and Smc3 heads (Weitzer
et al., 2003). However, we cannot yet exclude the possi-
bility that Smc3 heads might have additional protruding
domains which would prevent them from dimerizing with
Smc1 heads bound by Scc1-C or that the presence
of Scc3 bound to the larger C-terminal Scc1 fragment
produced by separase cleavage hinders Smc1-Smc3
head dimerization in vivo.

Scc1-C Is a Winged Helix Domain
Kleisins contain at their N- and C termini conserved
globular domains (Schleiffer et al., 2003) that in the case
of Scc1 bind Smc3 and Smc1 heads, respectively, and
thereby connect them through a mechanism distinct
from ATP-mediated SMC head dimerization (Gruber et
al., 2003; Haering et al., 2002). Our structure shows that
the most C-terminal ~80 residues of yeast Scc1 form a
winged helix domain (WHD) (reviewed in Gajiwala and
Burley, 2000) that binds to the Smc1 head. The first 32
N-terminal amino acids (451-482) and a small loop re-
gion (513-520) of Scc1-C are disordered (Figure 1E).
The ordered domain corresponds almost exactly to the
boundaries and secondary structure predicted by se-
quence conservation of kleisins (Schieiffer et al., 2003),
implying that the C-terminal domains of all members of
the kleisin superfamily may form WHDs that bind to
SMC heads in the manner observed in our Smc1hd/
Scc1-C structure.

WHDs usually contain three helices followed by two
B strands and have been classified as a subgroup of
helix-turn-helix proteins. Most but not all participate in
site-specific DNA (or RNA) binding, using helix H3 to
recognize base pairs within DNA’s major groove. Many
WHD proteins were found in a DALI search for known
structures similar to the C-terminal domain of Scc1. The
protein with the highest structural similarity (Z = 9.0) is
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the S. aureus SarS protein (1P4X [Li et al., 2003]) known
to bind promoters of specific genes. SarS actually con-
tains two WHDs, one at its N terminus and a second at
its C terminus (Figure 1D). Interestingly, the two winged
helices from SarS have a spacing and relative orientation
similar to the two winged helices associated with each
Smc1hd dimer. A crucial difference is that the surfaces
on SarS and other WHDs predicted to bind to DNA are
occupied instead by the Smc1 head in Scc1-C (Figures
1C and 1D). This and experimental evidence (see below)
indicate that Scc1-C’s winged helix does not participate
in DNA binding. Scc1-C is not unique in binding protein
and not DNA. For example, the second highest hit from
the DALI search, iso-flavone-o-methyltransferase (1FPX
[Zubieta et al., 2001]), uses its WH domain for dimer-
ization.

The structure of SarS raises the possibility that Scc1’s
N-terminal domain might also be a winged helix domain.
Sequence alignments and secondary structure analyses
suggest a similarly sized domain at the N termini of
kleisin proteins, containing three helices that might form
a helix-turn-helix motif but, at least in the case of ScpA,
missing the two B strands forming the “wing” in WHD
proteins (Schleiffer et al., 2003). If the N-terminal domain
of Scc1 folds into a helix-turn-helix motif, then its recog-
nition helix might bind Smc3 in a manner similar to the
C-terminal WHD binding Smc1. It is therefore conceiv-
able that the broad outlines of Scc1’s interaction with
Smc1/3 heterodimers have already emerged from our
Smc1hd/Scc1-C structure.

Does the Scc1-C WHD Bind DNA?

When bound to Smc1 heads, Scc1’s C-terminal winged
helix is unlikely to bind DNA in a fashion similar to other
winged helix DNA binding domains. The interface be-
tween Scc1-C and Smc1hd is almost exclusively hy-
drophobic and lacks the positively charged residues
often found in winged helices involved in binding DNA
(Figure 3B). It is nevertheless striking that our Smc1hd/
Scc1-C structure contains a positively charged patch
associated with the inner surfaces of each WH domain
(Figure 3C). To test its biological importance, we gener-
ated yeast strains expressing Scc1 proteins in which
the residues generating the patch, namely K509, K521,
R522, and R526, were mutated. Mutant proteins were
expressed from the native SCC1 promoter at levels com-
parable to wild-type protein, as judged by immunoblot-
ting against their C-terminal HA;-epitope (Figure 4B).
The strains expressed in addition a wild-type copy of
the SCC1 gene under control of the galactose-inducible
and glucose-repressible GAL7-10 promoter. The mutant
Scc1 proteins were tested for their ability to sustain
proliferation in the absence of wild-type Scc1 on glucose
media. Surprisingly, all strains expressing mutant pro-
teins grew at a rate similar to the strain expressing the
wild-type protein, even at 37°C (Figure 4B). The complex
between Smc1 and Scc1-C has one other notable patch
of positive charge (right hand side of Figure 3D). This is
the region on Smc1hd where a long loop and a small
helix between helix HA and B strand S4 are disordered
(residues 55-88), and the electrostatic potential was cal-
culated using only ordered residues. The loop is long
and it is possible that some residues reach down to

Scc1-C. Importantly, residues in this loop are close to
the nucleotide and could couple Scc1-C binding with
hydrolysis. However, the disorder makes it difficult to
design specific mutants to test this hypothesis.

The only indication that Smc1hd/Scc1-C complexes
might interact with DNA is our observation that their
ATPase activity was increased, albeit only 2.5-fold, upon
addition of 25 nM 3.5 kb circular supercoiled or linear
plasmid DNA to 25 uM Smc1hd/Scc1-C. Addition of
excess heparin or single stranded oligonucleotide DNA
had little or no effect (data not shown).

The Interaction of Scc1 with Smc1 Is Essential

The major contacts between Smc1 and Scc1’s WHD
are made by the latter’s “recognition helix” and “wing”
binding to the two most C-terminal 8 strands (S14 and
S15) of Smc1’s head (Figure 1E). Contacts are largely
hydrophobic and involve residues F528 and L532 from
the WHD recognition helix and residues L1201, G1203,
Y1205, 11216, and L1218 from Smc1’s S14 and S15 (Fig-
ure 4A). The interaction is stabilized by a contact be-
tween the side chain of Q544 from the WHD wing and
the backbone of Smc1’s strand S15, and by contacts
between the WHD recognition helix and residues N1192,
F1195, and E1196 from Smc1’s helix HH and residue
132 of Smc1’s strand S3 immediately preceding the P
loop (Figure 4A). Residues in Scc1’s recognition helix
and wing, which together form the pocket that binds
Smc1, are highly conserved among all kleisin proteins (Fig-
ure 3B). Smc1’s preference for binding Scc1’s C- rather
than N terminus is presumably determined by these
conserved residues. It is harder to detect such a con-
served patch within predicted S14 and S15 strands from
various SMC proteins (Figure 3C), but it is notable that
residues equivalent to Y1205 within Smc1’s S14 strand
are conserved among SMC proteins thought to bind the
C-terminal domain of kleisins, namely Smc4 and Smc1
proteins. The equivalent residue in Smc2 and Smc3 pro-
teins is frequently lysine or arginine.

To confirm that Scc1 does indeed bind to Smc1 in
the manner revealed in our Smc1hd/Scc1-C structure
in vivo, we mutated the side chains of three amino acids
in Scc1’s WHD (F528, L532, and Q544) that make major
contacts to the Smc1 head. All three residues are highly
conserved in kleisin proteins (Schleiffer et al., 2003). We
tested mutant Scc1 proteins for their ability to sustain
growth in glucose medium of yeast cells whose sole
wild-type SCC1 gene is expressed from the GAL1-10
promoter. Despite accumulating to normal levels, F528R
and L532R proteins failed to sustain growth at any tem-
perature tested, while Q544K sustained only poor
growth at 25°C and none at 30°C or higher (Figure 4C). To
address whether the mutant proteins are dysfunctional
because they cannot bind Smc1 stably, we expressed
the mutant proteins tagged with an HA; epitope in strains
whose Smc1 protein was tagged with a myc,; epitope.
Immunoprecipitation of the tagged proteins showed that
the interaction between Scc1 and the Smc1/3 dimer was
strongly reduced by F528R, L532R, and Q544K muta-
tions (Figure 4D).

We also investigated the importance of Smc1’s Y1205
residue by expressing mutant or wild-type Smc1-myc,
protein as an additional copy in cells that expressed
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Figure 3. Electrostatic Surface Potential Maps (+6 keT) and Sequence Conservation Plots

Conservation of surface residues was calculated using alignments of eukaryotic Smc1-6 protein families or eukaryotic -y and bacterial kleisin
families, respectively.

(A) Top view along the coiled coils. The active sites in the Smc1hd dimer are surrounded by negative charge, and residues surrounding
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Scc1 tagged with the HA; epitope and compared the
amounts of Scc1-HA; coimmunoprecipiated with Smc1-
myc,. Substitution of Y1205 by lysine completely abol-
ished the interaction between Smc1/3 dimers and Scci,
while substitution by alanine reduced but did not abolish
the interaction (Figure 4E). The effect of Y1205A is more
evident when comparing the amounts of C-terminal
Scc1 cleavage fragment coimmunoprecipitated by mu-
tant and wild-type Smc1/3 dimers. This suggests that
the Y1205A mutation is compatible with Scc1-C binding
the Smc1 head and with subsequent formation of con-
tacts between Scc1-N and the Smc3 head but that the
mutation compromises the interaction between Scc1-C
and Smc1 when this is not stabilized by tripartite ring
formation. To evaluate the effect of Y1205K and Y1205A
mutations on cohesin function, we integrated an ectopic
copy of either wild-type or mutant SMC1 genes in a
diploid strain in which one copy of the endogenous
SMC1 genes had been deleted. Tetrad dissection after
sporulation showed that Y1205A, but not Y1205K, was
able to sustain cell division (data not shown).

Remarkably, disruption of the Scc1-Smc1 interaction
is sufficient to abolish all interaction with Smc1/3 hetero-
dimers even though Scc1 also interacts stably with
Smc3. This is consistent with the finding that the N
terminus of Scc1 cannot bind to Smc3 heads in yeast
when not attached to its C terminus (Arumugam et al.,
2003). The implication is that binding of Scc1’s N termi-
nus to Smc3 depends on the prior binding of its C termi-
nus to Smc1. Interestingly, we could not detect C-ter-
minal separase cleavage fragments from the three
mutant Scc1 proteins incapable of binding the Smc1/3
heterodimer (Figures 4C and 4D). There are two explana-
tions for this: either Scc1 that is not bound to Smc1
is incapable of associating with chromosomes and is
therefore a poor substrate for separase, or (albeit less
likely) the C-terminal cleavage product is more rapidly
degraded when not bound to the Smc1 head.

Notably, serine 525 is replaced by asparagine in the
two scc1 alleles (scc7-73 and scc1-312) originally iso-
lated in a screen for yeast mutants with defective sister
chromatid cohesion (Michaelis et al., 1997; V.L. Katis,
personal communication). As expected, yeast cells ex-
pressing only S525N Scc1 protein grew at 25°C but not at
37°C (Figure 4F). S525 is situated in the WHD recognition
helix, and its side chain faces toward the Smc1 head
domain (Figure 4A). To test whether the S525N mutation
weakens the contact between Scc1-C and Smc1, we
grew cells expressing Smc1 tagged with myc,z and an
extra copy of either wild-type or S525N Scc1 tagged
with HA; at 23°C or at 37°C. The amount of Scc1-HA;
bound to Smc1/3 was strongly reduced by the S525N
mutation when cells were grown at 37°C, but not at 23°C
(Figure 4F). Sister chromatid cohesion established by

S525N Scc1 when scc1-73 cells undergo DNA replica-
tion at the permissive temperature (25°C) is largely de-
stroyed by shifting G2 or M phase cells to the restrictive
temperature (37°C) (Ciosk et al., 2000). This implies that
the interaction of Scc1’s C terminus with Smc1 heads
is required for maintaining cohesion between sister
chromatids as well as for generating functional cohesin
complexes. This is an important prediction of the ring
hypothesis, which postulates that any disruption of tri-
partite cohesin rings should abolish sister chromatid co-
hesion.

Interestingly, Scc1’s winged helix binds Smc1’s head
in close proximity to its ATPase active site. Residues
F529, S533, and T536 in the WH recognition helix (Figure
4A) contact the P loop (Walker A motif) that binds the
phosphates of the nucleotide. To test whether these
contacts are of physiological relevance, we analyzed
the effect of substituting these residues with alanine.
Yeast cells expressing only mutant proteins were viable
at all temperatures tested (Figure 4C), though the S533A
mutant grew slightly slower than wild-type at 25°C. It
has been shown that point mutations in Smc1’s Walker A
or B motifs that abolish ATP binding dramatically reduce
Scc1’s ability to bind stably to Smc1/3 heterodimers
in vivo (Arumugam et al., 2003; Weitzer et al., 2003). Our
structure gives little or no explanation for these findings.
When the structure of the monomeric, ATP-free SMC
head domain of T. maritima (1E69 [L6we et al., 2001]) and
our Smc1hd/Scc1-C dimer structure are superimposed,
few if any structural differences can be seen in the area
of the SMC head domain to which Scc1 binds, namely
the region around 8 strands S14 and S15. The ATP-free
form of the Smc1 head should therefore be compatible
with binding Scc1’s C terminus. It might nevertheless
be possible that the loop between residues 55 and 88
that is disordered in our structure and also partially in
the TmSMC structure blocks Smc1’s Scc1 binding site in
the absence of nucleotide. Bound ATP might in addition
stabilize the Smc1 head structure, in particular the P
loop in the vicinity of the Scc1 binding site. Alternatively,
the presence of Scc3 might influence the manner
through which Scc1’s WHD binds Smc1’s head so that it
depends on nucleotide binding. The activity of additional
factors (e.g., Scc2/4) might also modulate this interac-
tion in vivo.

Is There Any Turnover of Cohesin Subunits

in Complexes that Have Formed Cohesion?

Having analyzed the physical interaction between Scc1
and SMC ATPase heads, we next assessed the stability
of this interaction when cohesin holds sister chromatids
together inside cells. According to the ring model,
cohesin holds sister DNA molecules together by entrap-
ment inside its tripartite ring structure. If cohesin’s klei-

the nucleotide are highly conserved. Another patch of highly conserved residues is located in the pocket that holds the disordered loop

residues 55-88.

(B) Top view onto Scc1-C. The interface between Scc1-C and Smc1 is mostly hydrophobic, and Scc1-C’s cleft holding Smc1 strands S14
and S15 is highly conserved. Smc1’s 8 strands S14 and S15 are shown in light gray.

(C) Bottom view. The cleft between the two Scc1-C domains is positively charged. Smc1’s Scc1-C interacting surface (top) and the outside
surface of Scc1-C (bottom) are poorly conserved. Scc1’s WHD domain is shown in dark gray.

(D) Side view. A large positively charged patch is created on a surface at the interface of Smc1hd and Scc1-C, very close to the active site.
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Figure 4. The Scc1-C Winged Helix Domain Makes the Essential Contact to the Smc1 Head

(A) Stereo plot of the Smc1/Scc1-C interaction interface. The WHD recognition helix (H3) contains most of the Scc1-C contacts. Residues
mutated in this study are labeled. Scc1-C binds directly to the P loop of the Smc1 active site.

(B and C) Analysis of Scc1 mutants for functionality in vivo. Yeast strains K12449-61 and K12589-91 (MATwo, GAL1-10-SCC1::KITRP1, leu2::SCC1-
(mut, TEV,s5)-HA;::LEU2) express the mutant SCC1 gene from its native promoter and a wild-type SCC1 gene from the GAL71-10 promoter. All
strains grow on galactose media to maintain the expression of wild-type SCC1 (top). When expression of wild-type SCC1 is repressed on
glucose media, cells can only grow if the mutant SCC1 is functional (middle, bottom). Immunoblotting against the HA;-epitope shows expression
of mutant Scc1 proteins at levels comparable to the wild-type protein. Note that no C-terminal separase cleavage product of Scc1 is seen
for mutants F528R, L532R, and Q544K. Swi6: loading control.

(D) Scc1 mutants F528R, L532R, and Q544K fail to associate stably with Smc1/3 dimers in vivo. Strains K12564-68 (MAT«, SMC1-mycs::KITRP1,
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sin subunit would frequently dissociate from SMC heads
post replication, it might have the same effect as its
proteolytic cleavage, namely escape of DNA strands
from their entrapment inside rings. In this case, sepa-
rase-resistant Scc1 molecules expressed after DNA rep-
lication should be able to exchange with cleavable Scc1
molecules in cohesin complexes which had formed dur-
ing DNA replication. Thus, noncleavable tripartite rings
would continue to hold sister chromatids together after
cells had activated separase. In principle, such non-
cleavable cohesive structures could of course also be
produced by the de novo formation of fully new struc-
tures if this were also possible post replication. We
therefore analyzed the consequences of expressing
noncleavable Scc1 (Uhimann et al., 1999) in cells ar-
rested in metaphase by depletion of the APC/C activator
protein Cdc20. If noncleavable Scc1 were incapable of
blocking the onset of anaphase upon restoration of
Cdc20 synthesis, then we could conclude that it can
neither produce new structures nor exchange into old
ones during metaphase.

We created yeast strains in which HA;-tagged wild-
type or noncleavable Scc1 was expressed under control
of the GAL7-10 promoter in cells with an endogenous
SCC1 gene tagged with myc,;. A third strain expressed
Scc1-HA; from the endogenous SCC1 promoter. The
sole copy of Cdc20 in all three strains was expressed
under control of the methionine-repressible MET3 pro-
moter, making a reversible metaphase arrest possible.
Cells growing logarithmically in the presence of raffinose
(GAL1-10 off) and in the absence of methionine (Cdc20
on) were shifted to methionine-containing medium
(Cdc20 off). After most cells had accumulated in meta-
phase, we induced synthesis of wild-type or noncleav-
able Scc1-HA; protein by addition of galactose. Chro-
mosome spreading showed that within 3 hr of the
addition of galactose, the amount of Scc1-HA; protein
made from the GAL17-10 promoter that had bound to
chromosomes was comparable to the amount of Scc1-
HA; made from its native SCC1 promoter (Figure 5A).
When whole-cell extracts were centrifuged through a
sucrose cushion, most Scc1-HA; was recovered in the
chromatin-containing pellet fraction, while little or no
Scc1-HA; could be detected in the soluble fraction (Fig-
ure 5A). Both results show that Scc1-HA; readily associ-
ates with chromosomes when expressed during the
metaphase arrest.

Cdc20 synthesis was restored by shifting cells to me-
dium lacking methionine, and further expression from
the GAL17-10 promoter was prevented by replacement
of galactose by glucose. This led to separase activation,

which was monitored by the disappearance of Scci-
myc,g from chromosome spreads (Figure 5B) and its
transient cleavage (Figure 5E). Scc1-myc;g reappeared
on chromosomes by the onset of DNA replication in the
following cell cycle and disappeared once again after a
second round of separase cleavage. Wild-type Scc1-
HA; protein expressed from GAL7-10 disappeared from
chromosomes with similar kinetics to endogenous
Scc1-mycg, but due to repression of GAL7-10 it did not
reappear (Figure 5B). Cells that had expressed wild-type
Scc1-HA; during the Cdc20 arrest exited metaphase and
rapidly underwent anaphase (Figure 5C). Both the onset
of DNA replication (data not shown) and the onset of
the second anaphase (Figure 5C) were modestly delayed
relative to the strain expressing Scc1-HA; from the SCC1
promoter, possibly because larger than normal amounts
of Scc1 cleavage fragments may interfere with ubiquitin-
mediated degradation of the Cdk1 inhibitor Sic1.

Noncleavable Scc1-HA; protein, in contrast, remained
tightly associated with chromosomes for at least 3 hr
after the resumption of Cdc20 synthesis (Figure 5B).
Remarkably, it neither prevented nor even delayed the
onset of the first anaphase (Figure 5C). Cells separated
sister chromatids with identical kinetics to those that
had expressed wild-type Scc1-HA;, be it from the SCC1
or the GAL7-10 promoter. Nevertheless, noncleavable
Scc1-HA; completely blocked a second anaphase, de-
spite there having been no further synthesis of the pro-
tein after restoration of Cdc20 synthesis. The cells
clearly attempted to undergo a second anaphase be-
cause the second round of Scc1-myc,s cleavage and
disappearance from chromosomes occurred despite
the persistence of noncleavable Scc1-HA,. In summary,
noncleavable protein made exclusively during a meta-
phase arrest caused by Cdc20 depletion blocks the sec-
ond, but not the first, round of anaphase following the
resumption of Cdc20 synthesis.

To exclude the possibility that the failure of noncleav-
able Scc1-HA; to block the first anaphase is not due to
some unforeseen property associated with the experi-
mental protocol used to reversibly arrest cells in meta-
phase, we checked whether anaphase would be blocked
if noncleavable Scc1-HA; were expressed prior to DNA
replication. To do this, we added « factor to cells grow-
ing in the absence of methionine and galactose. After
most cells had arrested in G1, they were transferred to
medium containing both galactose (to induce expres-
sion of either wild-type or noncleavable Scc1-HA;) and
methionine (to arrest cells in metaphase after they had
completed DNA replication). When most cells had ar-
rested in metaphase, we restored Cdc20 synthesis by

leu2::SCC1(mut, TEV,)-HA;::LEU2) express an additional copy of the mutant SCC17 gene from its native promoter. Coimmunoprecipitation of
Smc1-myc,s with Scc1-HA; (left) and of Scc1-HA; with Smc1-myc; (right) was tested by immunoblotting input (I), unbound (U), and bound (B,

3X) fractions.

(E) Mutation of Smc1 residue Y1205 reduces Smc1’s affinity to Scc1. Extracts were prepared from strain K12929-31 (MAT«, SCC1-HA,::HIS3,
ura3::SMC1(mut)-mycy::URA3) or K7563 (MATa, SCC1-HA4::HIS3), and Smc1/3 was immunoprecipitated by the myc, epitope on (mutant)
Smc1. Coimmunoprecipitation of Scc1-HA; and its C-terminal separase cleavage fragment was detected by immunoblotting against the

HA; epitope.

(F) The temperature sensitivity of scc7-73 (S525N Scc1) is caused by its reduced affinity to Smc1/3 at high temperatures. Functionality of
S525N Scc1 in vivo was tested for strain K12927 on glucose-containing media as described in (B). Strains expressing wild-type (K12567) or S525N
mutant (K12926; MAToa, SMC1-myc,s::KITRP1, leu2::SCC1(S525N, TEV,s5)-HA3::LEU2) Scc1-HA; protein were either grown at 23°C or 37°C before
extract preparation and immunoprecipitation of Smc1-myc,s. Coimmunoprecipitation of Scc1-HA; was probed by immunoblotting against HA;.
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Figure 5. No Scc1 Turnover in Chromosomal Cohesin Complexes during Metaphase

(A) Strain K11733 (MATa, SCC1-HA;::HIS3, pMET3-CDC20::natMX4) expresses Scc1-HA; epitope from its native promoter. Strain K11732
(MATa, SCC1-myc;s::KITRP1, pGAL1-10-SCC1(R 5D, RzssD)-HA;::LEU2, pMET3-CDC20::natMX4, his::TetR-GFP::HIS3, ura3::TetO112::URA3)
expresses a separase noncleavable version of Scc1-HA; from the GAL17-10 promoter. Both strains were arrested in metaphase by repressing
Cdc20 expression from the MET3 promoter. After cells had arrested, the GAL7-10 promoter was induced, and Scc1-HA; levels in soluble
fractions (S) and chromatin pellets (CP) were determined by immunoblotting against the HA; epitope (top), or Scc1-HA; levels on chromatin
were detected by in situ immunofluorescence staining (bottom) at successive time points. Three hours after induction, the amount of Scc1-
HA; on chromatin when expressed from GAL7-10 was comparable to Scc1-HA; when expressed from its native promoter.

(B) Expression of noncleavable Scc1-HA; (K11732) or wild-type Scc1-HA; (K11731; pGAL1-10-SCC1(wt)-HA;::LEU2, otherwise isogenic to
K11732) from the GAL1-10 promoter was stopped, and Cdc20 expression was induced to release cells from metaphase. At consecutive
time points, chromosomal spreads were probed for Scc1-HA; (closed circles, closed squares) and endogenous Scc1-myc;s (open circles,
open squares).

(C) The percentage of cells in metaphase (mononucleate cells, left) or undergoing anaphase (binucleate cells, right) is plotted for each time
point after Cdc20 induction for cells which had expressed noncleavable (closed circles) or wild-type Scc1-HA; (closed squares) during the
arrest from GAL1-10, or expressed Scc1-HA; from its native promoter (open triangles).

(D) Strains K11731-33 were arrested in G1 by « factor and then released into media containing galactose to induce expression from GAL1-10
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Figure 6. No Exchange of Scc1 in Chromosomal Cohesin Complexes after DNA Replication

Strain K11732 was arrested in G1 by « factor. Cells were then synchronously released into media containing methionine to rearrest them in
metaphase. Expression of noncleavable Scc1-HA; from GAL1-10 was induced by addition of galactose at the indicated time points after release.
(A) Scc1-HA; expression was detectable by immunoblotting against HA; 20-30 min after galactose addition. Endogenous Scc1-myc;; was
detectable ~20 min after release from G1 arrest.

(B) FACScan analysis shows that cells started to undergo DNA replication 20-30 min and largely completed replication 60 min after the release.
(C) Cdc20 expression was induced after cells had rearrested in metaphase. The percentage of cells in metaphase (mononucleates, left) or
undergoing anaphase (binucleates, right) is plotted for each time point after the release for cells whose expression of noncleavable Scc1-HA;
had been induced at the time of release from G1 (closed circles), or 15 (closed squares), 30 (closed right-side-up triangles), 45 (closed upside-
down triangles), or 60 (open diamonds) min after release from G1. As expression of the noncleavable Scc1 from GAL17-10 continued, cells
failed to undergo a second anaphase.

shifting cells into methionine-free media containing glu- from the SCC1 promoter, but cells that had expressed
cose and examined whether cells underwent anaphase. noncleavable Scc1-HA; from the GAL7-10 promoter
As expected, cells that had expressed wild-type Scc1- failed to do so completely (Figure 5D).

HA; from the GAL1-10 promoter underwent anaphase To test whether there is exchange or generation of
as synchronously as cells that had expressed it only new bridges at any period from the completion of DNA

and methionine to rearrest them in metaphase. Cells were released from metaphase by Cdc20 induction. The percentage of cells undergoing
anaphase is plotted for strains expressing noncleavable (closed circles) or wild-type Scc1-HA; (closed squares) from GAL17-10 or from its
native promoter (open triangles).

(E) Whole-cell extracts of strains 11732 and 11732 were prepared at time points following release from metaphase, and cleavage of endogenous
Scc1-myc,s was monitored by probing immunoblots for myc;s.
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replication until metaphase, we repeated the above ex-
periment but induced synthesis of noncleavable Scc1-
HA; at different times after release from the « factor
arrest. Following accumulation in G1, cells were trans-
ferred to pheromone-free medium containing methio-
nine (Cdc20 off), and the cultures were split into five
aliquots, to which galactose was added at different times,
specifically at 0, 15, 30, 45, and 60 min after pheromone
release. DNA replication took place with similar timing
in all five cultures as monitored by measuring DNA con-
tent per cell by FACScan (Figure 6B). The kinetics with
which noncleavable Scc1-HA; protein actually accumu-
lated was measured by immunoblotting (Figure 6A). In
general, addition of galactose led to accumulation of
detectable Scc1-HA; levels about 25 min later. When
galactose was added at the time of release from phero-
mone arrest, protein accumulated at the onset of DNA
replication, when added 15 min later, it accumulated as
many of the cells were half way through S phase, and
when added 30 min after release, it accumulated only
after many cells had nearly completed replication. Wild-
type Scc1-myc,s protein expressed from its native pro-
moter accumulated ~20 min after release (Figure 6A),
that is, shortly before the onset of S phase.

When cells had completed DNA replication and ar-
rested in metaphase (3 hr after release from the « factor
arrest), they were transferred to medium lacking methio-
nine and galactose to test whether they were capable
of separating sister chromatids upon the resumption of
Cdc20 synthesis. Addition of galactose at the time of re-
lease from pheromone arrest prevented anaphase in all
cells, addition 15 min later prevented anaphase in about
half of the cells, and addition 30 min after release or
later blocked very few if any cells (Figure 6C). Noncleav-
able Scc1 expressed any time after DNA replication has
largely taken place therefore doesn’t block sister chro-
matid separation. We conclude that noncleavable pro-
tein neither replaces cleavable Scc1 protein currently
engaged in holding sister chromatids together nor cre-
ates new links between sister chromatids.

A Long Lasting Link in the Cohesin Ring

Our observations on the effect of expressing noncleav-
able Scc1 at different stages of the cell cycle suggest
not only that dissociation of Scc1 from Smc1/3 hetero-
dimers that have already formed bridges between sister
chromatids is so slow that there is little or no exchange
during a 3 hr period but also that cohesion between
sister chromatids can only be built during S phase and
cannot be reinforced during a normal G2 or M phase.
Our experiments extend previous ones showing that
Scc1 synthesized after DNA replication cannot form co-
hesion (Uhlmann and Nasmyth, 1998), because they
show that cohesion cannot be generated postreplica-
tively even when sisters are already held together by
preexisting cohesion. Mere proximity of sister DNAs is
clearly not sufficient for cohesin to build sister chromatid
cohesion. Special mechanisms and enzymes associated
only with replication forks may be required to build con-
nections exclusively between sister DNAs. Alternatively,
replication forks might pass through cohesin rings. The
lack of Scc1 exchange may be due partly to the biva-
lence of its interaction. If one end of Scc1 dissociates

from an SMC head, association of its other end with the
opposing head will maintain such a high local concentra-
tion that the dissociated end and not some competing
molecule will reengage the free SMC head.

By anchoring one half of Scc1 to the Smc1 head,
the Smc1hd/Scc1-C complex enables the subsequent
interaction of Scc1’s N-terminal domain with the Smc3
head, thereby linking the two heads of Smc1/3 hetero-
dimers together to form tripartite rings whose stability
may be much greater than the bipartite rings formed by
association of SMC heads alone. The persistence of
cohesion most probably depends on the stable intercon-
nection of Smc1 and Smc3 heads by Scci1, because
severing the connection between N- and C-terminal do-
mains of Scc1 destroys cohesion immediately as does,
presumably, disruption of the Scc1-Smc1 interaction
due to the temperature-sensitive S525N mutation. The
stability of kleisin-SMC interactions within cohesion
complexes may be a feature that is unique to cohesin,
which unlike condensin can only form functional struc-
tures during one period of the cell cycle (S phase) but
must use these structures for long periods thereafter,
especially during oogenesis when mammalian oocytes
are thought to spend many years if not decades in G2
before undergoing the first meiotic division.

Further work is necessary to define whether the Scc1-
Smc1 interaction has mechanistic roles beyond serving
as a connector between Scc1 and the Smc1/3 hetero-
dimer. Although we do not find obvious effects in vivo
of mutations in close proximity to the ATP binding pocket
(P loop) of Scc1, we do observe that the C-terminal winged
helix does bind in the vicinity of Smc1’s P loop region
and may therefore regulate Smc1’s ATP hydrolysis cy-
cle. The finding that Smc1 mutants deficient in ATP
binding have a strongly reduced affinity to Sccl1’s C
terminus in vivo (Arumugam et al., 2003; Weitzer et al.,
2003) suggests that the SMC ATPase cycle might in turn
regulate the kleisin-SMC interaction. If sister DNAs are
trapped within individual tripartite cohesin rings, they
could enter these rings either upon transient dissocia-
tion of Smc1 and Smc3 hinge domains or when Smc1
and Smc3 heads are not connected by Scc1. If the latter
is true and if it is the case that Smc1/3 heterodimers
can form tripartite rings prior to sister DNA entrapment,
then it must be possible to dissociate Scc1 from Smc1/3
heads, at least transiently, and it has been suggested
that the ATP hydrolysis cycle might have a role in this
process (Arumugam et al., 2003). In this case, one of
the key issues for the future will be to understand
whether, and if so how, SMC-kleisin interactions can
under some circumstances be labile enough to pass
DNAs between SMC heads but under other circum-
stances be stable enough to maintain sister chromatid
cohesin for long periods after DNA replication has
been completed.

Experimental Procedures

Expression and Purification of Smc1hd/Scc1-C

Smc1hd is a fusion protein between the N- and C termini of
S. cerevisiae Smc1 including short stretches of the coiled coil and
connected by a 14 amino acid linker (ESSKHPTSLVPRGS). Scc1-C
consists of the most C-terminal 115 residues of the S. cerevisiae
Scc1(Mcd1) protein connected to an N-terminal His, tag (MHHHHHH).



Smc1-Kleisin Structure and Stability
963

Proteins were produced in insect cells by coinfection with recombi-
nant baculoviruses and purified via metal affinity chromatography
followed by gel filtration (see Supplemental Material at http://www.
molecule.org/cgi/content/full/15/6/951/DC1). Smc1hd/Scc1-C
eluted from the gel filtration column in a single peak at V.4 ~78
ml, consistent with the apparent molecular weight of an Smc1hd/
Scc1-C monomer (58.8 kDa). Peak fractions were concentrated to
15 mg/ml by ultrafiltration. The typical yield from 30 T250 flasks
confluent cells was 12-15 mg purified protein.

Crystal Structure of Smc1hd/Scc1-C

Crystallization conditions were found using a 100 nl crystallization
setup employing 1200 standard conditions (Stock et al., 2004). 1 pl
Smc1hd/Scc1-C complex at 15 mg/ml in 20 mM TRIS-HCI (pH 7.5),
100 mM NaCl, 4.5 mM MgCl,, 5 mM B-mercaptoethanol, 2 mM
ATP~S was mixed with 1 pl crystallization solution containing 100
mM sodium acetate (pH 4.6), 9.5% PEG2000, and 15 mM MgCl,.
Drops were equilibrated for 1 day at room temperature before ATPyS
hydrolysis dissolved the crystals. For generation of derivatives, data
collection and analysis see Supplemental Material.

ATPase Assay

Purified Smc1hd/Scc1-C was incubated at a final concentration of
50 wM or at the concentrations plotted in Figure 2C in 20 mM TRIS-
HCI (pH 7.5), 100 mM KCl, 10 mM MgCl,, 2 mM ATP, and 25 uCi/
ml o®P-ATP at 30°C. At the indicated time points, 1 pl reaction
mixture was spotted onto PEI cellulose TLC plates (Merck). TLC
plates were developed in 1 M HCOOH, 0.5 M LiCl and exposed to
phosphorimager screens. Signal intensities for ATP and ADP spots
were quantified using ImageQuant software (Amersham).

Yeast Strains
All strains are derivatives of W303. Genotypes are listed in the figure
legends; all epitope tags are C-terminal fusions.

Scc1 and Smc1 Mutant Analysis

Plasmids encoding mutant SCC1 (see Supplemental Material) were
transformed into yeast strain K9514 (MATa, pGAL1-10-SCC1::
KITRP1) for integration at the LEU2 locus. To test functionality of
the mutant proteins, 5-fold dilutions of cells suspended in YEP media
were plated onto YEP plates containing 2% glucose (+D) or YEP
containing 2% raffinose (+R) and 2% galactose (+G) and incubated
at 25°C, 30°C, or 37°C for 2 days. To check expression of mutant
Scc1 proteins, extracts from asynchronous cultures grown at 30°C
in YEP+R+G were prepared by breaking cells in 10% CCI,COOH
and resuspension of the protein precipitate in SDS loading buffer.
Scc1-HA; and its C-terminal cleavage product were detected after
immunoblotting using 16B12 antibody (BAbCO). To test association
of mutant Scc1 or Smc1 proteins, constructs were integrated at the
LEU2 locus of K7566 (MATa, SMC1-myc,s::KITRP1) or at the URA3
locus of K7563 (MATw, SCC1-HA::HIS3), respectively. Extracts were
prepared from asynchronous cultures grown at 30°C in YEP+D by
breaking cells with glass beads in EBX buffer, and immunoprecipita-
tions against the HA; (16B12) or myc,s (9E10) epitope tags were
performed as described (Gruber et al., 2003).

Expression of Noncleavable Scc1 before and after Replication

Experiments were performed at 25°C. To arrest cells in metaphase
by repressing the expression of Cdc20 from the MET3 promoter,
cells growing at logarithmic phase in —MET +R media were collected
by filtration and resuspended in YEP+R media containing 2 mM
methionine. After 1 hr, fresh methionine was added at 2 mM and
cells were incubated for another 1.5 hr, after which more than 90%
had arrested in metaphase. Scc1-HA; expression from the GAL1-
10 promoter was then induced for 3 hr by the addition of galactose
to a final concentration of 2%. During this time, hourly samples were
taken to analyze the protein levels of Scc1-HA; bound to chromatin
by preparing extracts from spheroblasted cells and separating solu-
ble extract from a chromatin-containing pellet as described (Liang
and Stillman, 1997). Equal amounts of soluble and chromatin pellet
fractions were probed for Scc1-HA; by immunoblotting (16B12). To
induce Cdc20 expression from the MET3 promoter and repress

further Scc1-HA; expression from the GAL 7-10 promoter, cells were
transferred into —MET+D media.

To arrest cells in G1 phase, a factor was added to 2 mg/l to cells
growing at logarithmic phase in —MET+R media. After 1 hr, fresh
« factor was added at 1.5 mg/I. After another 2 hr, more than 95%
of the cells were arrested as small budded cells. Cells were collected
by filtration and either directly transferred into YEP+R+G containing
2 mM methionine to release them from the arrest while inducing
expression from the GAL7-10 promoter, or cells were first trans-
ferred into YEP+R containing 2 mM methionine and galactose was
added after 15, 30, 45, or 60 min. Samples were taken every 10 min
after release to monitor the induced expression of Scc1-HA; and
endogenous Scc1-mycyg on immunoblots. More than 95% of the
cells had rearrested in metaphase 3 hr after release from « factor
arrest. Cells were collected by filtration and released into
—MET+D media.
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