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Cohesin is a four-subunit ATPase in the family of structural mainte-
nance of chromosomes (SMC). Cohesin promotes sister chromatid
cohesion, chromosome condensation, DNA repair, and transcription
regulation. Cohesin performs these functions as a DNA tether and
potentially a DNA-based motor. At least one of its DNA binding
activities involves entrapment of DNA within a lumen formed by its
subunits. This activity can be reconstituted in vitro by incubating
cohesin with DNA, ATP, and cohesin loader. Previously we showed
that a mutant form of cohesin (DE-cohesin) possesses the ability to
bind and tether DNA in vivo. Using in vitro reconstitution assays, we
show that DE-cohesin can form stable complexes with DNA without
ATP hydrolysis. We show that wild-type cohesin with ADP aluminum
fluoride (cohesinADP/AlFx) can also form stable cohesin–DNA com-
plexes. These results suggest that an intermediate nucleotide state
of cohesin, likely cohesinADP-Pi, is capable of initially dissociating one
interface between cohesin subunits to allow DNA entry into a cohe-
sin lumen and subsequently interacting with the bound DNA to sta-
bilize DNA entrapment. We also show that cohesinADP/AlFx binding to
DNA is enhanced by cohesin loader, suggesting a function for loader
other than stimulating the ATPase. Finally, we show that loader
remains stably bound to cohesinADP/AlFx after DNA entrapment, po-
tentially revealing a function for loader in tethering the second DNA
substrate. These results provide important clues on how SMC com-
plexes like cohesin can function as both DNA tethers and motors.
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Higher order chromatin structure in prokaryotes and eu-
karyotes is orchestrated by the SMC (structural mainte-

nance of chromosomes) family of protein complexes. Cohesin,
one evolutionarily conserved member of this family, mediates
sister chromatid cohesion and is a key contributor to condensa-
tion, DNA-damage repair, and regulation of gene expression (1–
4). Cohesin performs these biological functions, at least in part,
by tethering together two regions of DNA, either within a single
DNA molecule or between two DNA molecules (3).
The complexity of cohesin’s DNA binding and tethering ac-

tivities is inferred from its unusual architecture (5). The core of
the cohesin complex from Schizosaccharomyces pombe is com-
posed of Psm1 (Smc1) and Psm3 (Smc3). Each contains a globular
hinge and head domain that lie at opposite ends of a long 40-nm
coiled coil. The two Psm subunits dimerize via both head–head
and hinge–hinge interactions. The interaction between the head
domains is additionally bridged by Rad21 (Mcd1/Scc1) and Psc3
(Scc3) subunits (6). Dimerization of the head domains generates
two composite ATPase active sites resembling those of ABC
ATPases (7) (Fig. 1A). The composite Psm3 ATPase active site
contains Walker A (ATP binding) and Walker B (ATP hydrolysis)
motifs encoded by the Psm3 subunit, while the Psm1 subunit
contributes the D loop and signature motifs (Fig. 1A). Conversely,
the composite Psm1 ATPase active site contains Walker A and
Walker B motifs from Psm1 while Psm3 encodes the D loop and
signature motifs (8–10). Here, we investigate the molecular func-
tion of these ATPases in DNA binding.
A few important clues to cohesin’s ATPase molecular function

have come from in vivo and in vitro experiments. Cohesin-
harboring mutations in the Walker A or B sites of either cohesin

ATPase active site are extremely compromised in their ability to
bind chromosomes in vivo (9, 11). Consistent with these observa-
tions, neither ADP nor the nonhydrolyzable analog, ATPγS, can
substitute for ATP in stimulating cohesin binding to DNA in vitro
(12, 13). These results suggested that ATP binding and hydrolysis
by both active sites were required for DNA binding in vivo and
in vitro. An apparent exception to this conclusion was the obser-
vation that cohesin with Walker B mutations were found to bind
DNA in vitro and to be bound to chromosomes immediately prox-
imal to the centromeres in vivo (14, 15). However, recent in vitro
experiments suggest that the Walker B mutations have residual
ATPase activity (15). Thus, a requirement for cohesin ATPase
activity in its DNA binding remains valid.
An explanation for the requirement of both ATP binding and

hydrolysis came from the discovery that at least one of cohesin’s
DNA binding activities involves topological entrapment of DNA
within a lumen of a ring formed by cohesin subunits (16). Topo-
logical entrapment requires entry into the lumen by opening of at
least one of the cohesin subunit interfaces, followed by closing the
interface. A simple idea was that a nucleotide state (e.g., cohesinADP

or the apo form) is open while another is closed (e.g., cohesinATP).
ATP hydrolysis would serve to convert cohesin from the closed to
open conformation (9, 11). Thus, interconversion of different nu-
cleotide states of cohesin is thought to be required for loading onto
DNA and stable binding. An auxiliary loader complex is required for
cohesin’s DNA binding in vivo and enhances binding/ATPase ac-
tivity in vitro (12, 17–19). Loader may facilitate DNA binding by
modulating cohesin’s ATPase function (15).

Significance

Cohesin is an ATPase that organizes chromosome structure for
chromosome segregation, gene expression, and DNA repair. Its
function has been implicated in the prevention of cancer, birth
defects, and several human disorders. Cohesin uses its ATPase,
through elusive mechanisms, to tether DNA molecules and
possibly translocate along them. Our analysis of cohesin with an
active site mutation and an ATP analog suggest that a function
of the ATPase is to generate an intermediate nucleotide state of
cohesin ATPase, likely cohesinADP-Pi, that is competent to stably
tether two DNA molecules. This state is potentially a trapped
intermediate derived from a DNA translocation activity. These
results suggest how the regulation of cohesin ATPase may in-
terconvert its tethering and putative motor activity.
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This simple view of ATPase function was challenged first by the
properties of a novel allele of the budding yeast Smc1 (13, 20, 21).
This allele substitutes a glutamate (E) for the invariant aspartate
(D) in the D loop of the Smc3 ATPase active site in all species.
Cohesin with this mutation is referred henceforth as DE-cohesin.
In vitro, purified DE-cohesin from S. pombe exhibits almost no
ATPase activity, similar to that for cohesin with Walker A mu-
tations (13). However, cells expressing only DE-cohesin are viable
and have near normal cohesion (13). These results suggested that,
in vivo, DE-cohesin entrapped DNA and tethered sister chro-
matids without continuous cycles of ATP hydrolysis, contradicting
the apparent requirement for ATP hydrolysis deduced from
studies of Walker A and B mutants (9, 22). These apparently
contradictory results opened up the possibility that the role of
cohesin’s ATPase in its DNA binding must be more complicated
than simply interconverting cohesin between open (ADP bound or
apo) and closed (ATP bound) states.
A more complex mechanism of DNA binding by cohesin has

received further support by recent discoveries that other SMC
complexes translocate along DNA in vivo and in vitro (23, 24).
Translocation requires multiple independent DNA binding activ-
ities (23, 24). Furthermore, translocation requires a tight in-
teraction between SMC complexes and DNA, very different from
DNA simply floating within a lumen. Finally, to translocate, one
DNA binding activity must persist while the other is transient,
presumably driven by the ATPase. While motor activity for
cohesin has yet to be demonstrated, several properties of cohesin
required for translocation-associated activities have been reported.
Once bound to DNA, wild-type (WT) cohesin can go through

additional rounds of ATP hydrolysis without losing DNA binding
(13). Also, tethering two DNA molecules by cohesin requires two
independent DNA binding activities (25, 26). If these cohesin
activities reflect a translocation function, then it raises the ques-
tion: How could cohesin’s ATPase activity drive both the forma-
tion of stable tethers and translocation along DNA?
Here, we examine in vitro WT and DE-cohesin bound with an

ATP transition analog, ADP aluminum fluoride (cohesinADP/AlFx).
Our results suggest that an intermediate nucleotide state of cohesin,
likely cohesinADP-Pi, allows DNA to enter the open cohesin lumen,
then interact with the entrapped DNA to induce stable closure of
the cohesin ring. These results support a model to reconcile
cohesin’s ability to be both a tether and motor. Our results also
suggest that loader (Mis4/Ssl3) promotes cohesin’s DNA binding
beyond loader’s putative stimulation of cohesin’s ATPase to fa-
cilitate a cohesin function distinct from initial DNA binding.

Results
DE-Cohesin Bound with ATP Forms a Salt-Stable Complex with DNA in
the Absence of ATP Hydrolysis. Our previous study showed that
DE-cohesin lacked ATPase activity in the absence of DNA (13).
The DE mutation might have reduced DNA-independent ATPase
activity of cohesin while retaining DNA-dependent ATPase
activity. To test the potential impact of DNA on DE-cohesin
ATPase activity, we first needed to reconstitute DE-cohesin
binding to DNA in vitro. Two in vitro cohesin-DNA binding as-
says have been reported (12, 27). The first we referred to as the
DNA-bead assay in which we monitored the formation of salt-
resistant cohesin–DNA complexes on DNA coupled to beads by
Western blotting (27) (Fig. 1B and SI Appendix, Fig. S1A). Salt-
resistant DNA binding is a hallmark of topological entrapment
(12, 27, 28).
In the presence of ATP, about 25% of WT cohesin was bound

to DNA, which was about twofold greater than seen without the
addition of nucleotide and three- to fivefold greater than with
the addition of EDTA (SI Appendix, Fig. S1B). The difference
between the binding of cohesin without exogenous nucleotide
and EDTA could reflect ATP-independent DNA binding or
cohesin that retained its ATP during purification. To distinguish
between these two possibilities, we examined the level of DNA
binding of cohesin with Psm3-KI, a Walker A mutation in the
Psm3 ATPase that blocks ATP binding and DNA binding in vivo
and in vitro (9, 11, 22). In the presence of ATP, no exogenous
nucleotide, or EDTA the level of DNA binding of Psm3-KI
cohesin, was similar to the very low level of DNA binding of
WT cohesin in the presence of EDTA, suggesting that only this
very low level of DNA binding was nucleotide independent. DE-
cohesin–bound DNA on the beads at levels close to the WT
protein (Fig. 1C). Like WT cohesin, the binding of the DE-
cohesin to DNA in the presence of ATP was threefold higher
than DE-cohesin in the presence of EDTA or cohesin with
Psm3-KI in the presence of ATP (Fig. 1C). These results suggest
that ATP promotes efficient binding of DE-cohesin to DNA.
Having established DE-cohesin binding to DNA in vitro, we

assessed the impact of DNA binding on the ATPase activity. We
followed ATP hydrolysis in assays containing DNA, loader, and
equal amounts of either WT cohesin or DE-cohesin (Fig. 1D). As
a negative control, we tested Psm3-KI cohesin. As expected from
previous studies, the Psm3-KI cohesin shows dramatically reduced
ATPase activity (20-fold) (Fig. 1D) (12, 13). We observed a similar
reduction in ATPase activity for the DE-cohesin (Fig. 1D). Thus,
neither the presence of loader nor the DNA binding can stimulate
ATPase activity in DE-cohesin. Furthermore, the DE mutation in
the Psm3 active site must, like the KI mutation, compromise the
ATPase activity of the Psm1 active site. Together, these results
suggest that DE-cohesin must bind ATP but does not need to
hydrolyze it to form salt-stable cohesin–DNA complexes in vitro.
We suggest that the combination of ATP binding and the DE
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Fig. 1. DE-cohesin bound with ATP forms a salt-stable complex with DNA in
absence of ATP hydrolysis. (A) Illustration of cohesin and its head domain
(Inset) showing the two ATPase active sites. Psm1 ATPase Walker A mutant
[Psm1-K38I abbreviated (abbr.) Psm1-KI] in red, Psm3 ATPase Walker A
mutant (Psm3-K38I abbr. Psm3-KI) in red and Psm1 D-loop motif (Psm1-
D1167E abbr. Psm1-DE) in orange are highlighted. As reference, Psm1/
Psm3 Walker B (black) and signature (blue) motifs are shown. (B) Cartoon of
the DNA-bead assay. Biotinylated DNA bearing CARC1 sequences was cou-
pled to streptavidin-coated magnetic beads. Cohesin, loader, and depicted
nucleotides were then added. Assembled cohesin–DNA complexes were
washed in high salt (0.5 M KCl) to remove unstable cohesin–DNA complexes.
(C) Effect of ATP on DNA binding of WT, Psm1 DE-, and Psm3 KI-cohesin.
(Upper) Cohesin bound to DNA beads detected by Western Blot using anti-
V5 antibodies (Psm3-3V5). (Lower) Quantitation of cohesin bound to DNA
from Western blots in Upper. (D) Quantitation of ATPase activity of WT
cohesin and Psm3 ATPase mutants (Psm1-DE and Psm3-KI) in the presence of
loader and CARC1-containing plasmid DNA. (E) Coomassie-stained gel
showing proteins present in ATPase experiments. Dotted lines represent
where irrelevant lanes were removed.
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mutation is sufficient to mimic a hydrolysis-induced transition
state, bypassing the need for hydrolysis.

ADP/AlFx Promotes Stable Cohesin Binding to DNA. Our results with
the DE-cohesin suggested that binding of an appropriate ATP
analog to WT cohesin might allow loading and stable binding of
DNA without ATP hydrolysis. Previously, a number of non-
hydrolysable ATP analogs had been tested in cohesin-DNA
binding assays and failed to promote the formation of cohesin–
DNA complexes. However, one hydrolysis transition state analog
that was not tried was ADP/AlFx.
Due to the similarity in the structure of ADP-Pi and ADP/

AlFx, complexes with ADP/AlFx have been used successfully to
study transition states in phosphoryl transfer reactions (29, 30).
To test the ability of ADP/AlFx to promote the formation of
cohesin–DNA complexes, we substituted it for ATP in our DNA-
bead assay (Fig. 2). The binding of cohesinADP/AlFx to the beads
was dependent upon the presence of DNA (Fig. 2A and SI Ap-
pendix, Fig. S2). The level of binding of cohesinADP/AlFx to DNA
was not only six- to sevenfold better than cohesin with EDTA
but also better than cohesinATP (Fig. 2A). Therefore, ADP/AlFx
induced the formation of salt-resistant, stable cohesin–DNA
complexes. This conclusion was supported further by the fact
that cohesinADP/AlFx

–DNA complexes were stable for an hour in
the presence of excess competitor DNA similar to that seen for
WT cohesin in the presence of ATP (Fig. 2B).
We noted that the binding of cohesin to DNA in the presence

of ADP (Fig. 2A) was better than that reported previously using a
second cohesin–DNA binding assay, henceforth referred to as the
protein-bead assay (12) (Fig. 2C). In this assay, plasmid DNA,
purified cohesin, and loader were incubated in solution with dif-
ferent nucleotides. Beads coupled with anti-cohesin antibodies
were added to these reactions and incubated for 15 h in the
presence of high salt to purify salt-stable cohesin–DNA com-
plexes. The amount of plasmid DNA that coimmunoprecipitated
with cohesin was quantified to assess the assembly of cohesin–
DNA complexes. A possible explanation for the difference in the
stringency for the added nucleotide in the two assays was that
some aspect of the conditions of the DNA-bead assay make the
subset of cohesin copurifying with ATP less effective in binding
before ATP hydrolysis and/or exchange with the added nucleotide.
Consistent with this hypothesis in the protein-bead assay, the
cohesin binding to DNA without a nucleotide was similar to
binding in the presence of EDTA (SI Appendix, Fig. S1C).
With this caveat in mind, we investigated the impact of ADP/

AlFx on cohesin binding to DNA in the more stringent protein-
bead assay. We observed that ATP or ADP/AlFx increased the
assembly of salt-stable cohesin–DNA complexes 15- to 20-fold
more than in the presence of EDTA (Fig. 2D). The amount of
DNA bound by cohesin with ADP or nonhydrolyzable ATPγS
was near background levels, similar to that reported previously
(12) (Fig. 2D). Importantly, even with this more-stringent protein-
bead assay, ADP/AlFx triggered the assembly of cohesin–DNA
complexes as efficiently as ATP, if not better.
Cohesin ATPase activity is very slow (31). If ADP/AlFx allows

cohesin to bypass the cohesin ATPase, the formation of salt-
resistant cohesin–DNA complexes should occur more rapidly
with cohesinADP/AlFx than with cohesinATP. To test this pre-
diction, we performed a time-course experiment to estimate the
kinetics of DNA binding by cohesin incubated with ATP and
ADP/AlFx. CohesinADP/AlFx was able to form stable complexes
approximately threefold faster than cohesinATP

–DNA (Fig. 2E).
The faster kinetics of cohesinADP/AlFx in DNA binding is con-
sistent with it bypassing the need for a slow ATPase activity.
Both DE-cohesin and WT cohesin with ADP/AlFx allow DNA

binding without ATP hydrolysis. To test whether they bypass
hydrolysis through similar mechanisms, we asked whether the
binding of DE-cohesin to DNA was further enhanced by

substituting ADP/AlFx for ATP in the DNA-bead assay. The
binding of DE-cohesin to DNA was similar with either ATP or
ADP/AlFx (SI Appendix, Fig. S1D). This result is consistent
with the DE mutation and ADP/AlFx trapping a similar in-
termediate of cohesin in its ATP hydrolysis cycle.

Efficient Assembly of CohesinADP/AlFx–DNA Complexes Is Enhanced by
the Cohesin Loader and Shows Properties of Topologically Entrapped
DNA. The salt stability of the cohesinATP

–DNA complexes is one
of several unique features that indicates the topological entrap-
ment of DNA by cohesin. Efficient formation of topological
cohesin–DNA complexes requires the cohesin loader complex
(12, 13). We previously showed that loader increases cohesinATP–
DNA binding using the DNA-bead assay (13). Assembly of
cohesin–DNA complexes under both ATP and ADP/AlFx condi-
tions was stimulated twofold by the presence of loader (Fig. 3A).
These results suggest that at least one mechanism by which loader
promotes cohesin binding to DNA is independent of stimulating
the cohesin ATPase. Another indicator of topological entrapment
is that cohesin remains stably bound to DNA unless the DNA is

-DNA

E
D

TA
A

D
P

A
D

P
/A

lF
x

+DNA

AT
P

E
D

TA
A

D
P

A
D

P
/A

lF
x

AT
P

20
%

 in
p.

aV5 (Psm3)

C IP cohesin

EtBr

30

10
0 P

sm
3 

bo
un

d 
to

 
D

N
A 

(%
 in

pu
t) 40

20

E
D

TA

AT
P

A
D

P

0

12

A

D
N

A 
bo

un
d 

to
 

P
sm

3 
(%

 in
pu

t)

8

4

A
D

P
/A

lF
x

0.75M  
salt wash

+

elute and 
analyze DNA

D

10
%

 in
p.

E
D

TA
AT

P
A

D
P

A
D

P
/A

lF
x

AT
P
γS

E
D

TA AT
P

A
D

P
A

D
P

/A
lF

x
AT

P
γ S

Protein-bead assay

cohesin plasmid DNA
anti-cohesinloader dynabead

mix cohesin,
loader, DNA 
& nucleotides

add dynabeads

           -       +
p  s  p  s   

pr
ot

ei
ns

 o
n 

D
N

A
-b

ea
ds

competitor 
DNA

silver

DNA-cohesinADP/AlFxB
E

20
%

 in
p.

0.
5 

m
in

1.
5 

m
in

5 
m

in
15

 m
in

WT+ATP

60
 m

in
20

%
 in

p.

WT+ADP/AlFx

10

0P
sm

3 
bo

un
d 

to
 

D
N

A 
(%

 in
pu

t)

20

30

ATP
ADP/AlFx

0.
5 

m
in

1.
5 

m
in

5 
m

in
15

 m
in

60
 m

in

5 15 60 min

aV5 
(Psm3)

Mis4
Psm3
Psm1
Rad21
/Psc3

Fig. 2. ADP/AlFx promotes stable cohesin binding to DNA. (A) Effect of
nucleotides on DNA binding of cohesin using DNA-bead assay. WT cohesin
complexes incubated with EDTA, ADP, ATP, or ADP/AlFx and loader in the
absence or presence of DNA on beads as described in Fig. 1B. (Upper)
Cohesin bound to DNA beads detected by Western blot using anti-V5 anti-
bodies (Psm3-3V5). (Lower) Quantitation of Western blots. (B) Effect of
competitor DNA on the stability of cohesin–DNA complexes. WT cohesin was
assembled on DNA coupled to beads with ADP/AlFx. Competitor DNA was
added and the amount of cohesin bound [pellet (p)] and eluted [supernatant (s)]
were visualized by silver staining. (C) Schematic illustration of the protein-
bead assay. Plasmid DNA bearing CARC1 sequences was incubated with
cohesin and loader in the presence of EDTA or nucleotides depicted. Cohesin
was immunoprecipitated at a high-salt concentration (0.5 M NaCl) and fur-
ther washed in a high-salt buffer (0.75 M NaCl) to eliminate unstably bound
DNA. Coimmunoprecipitated plasmid DNA was eluted and analyzed by
agarose gel electrophoresis. (D) Effect of nucleotides on DNA binding of
cohesin using the protein-bead assay. WT cohesin complexes incubated with
EDTA, ATP, ADP, ADP/AlFx, or ATPγS nucleotides as described in Fig. 2C.
(Upper) DNA bound to immunoprecipitated cohesin complexes detected
using ethidium bromide-stained agarose gels. (Lower) Quantitation of DNA.
(E) Time-course showing the kinetics of DNA binding by WT cohesin as-
sembled with ATP or ADP/AlFx using DNA-bead assay. (Upper) Cohesin
bound to DNA beads detected by Western blot using anti-V5 antibodies
(Psm3-3V5). (Lower) Quantitation of Western blots. Dotted line represents
where irrelevant lanes were removed.
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linearized (12, 13). CohesinADP/AlFx binding to DNA was greatly
reduced by linearizing the plasmid DNA in the protein-bead assay
or treatment with DNase in the DNA-bead assay (Fig. 3 B and C).
Taken together, these results support a model where the opening
and closing of cohesin to topologically entrap DNA can be pro-
moted by an intermediate nucleotide state of cohesin.

Efficient Assembly of CohesinADP/AlFx–DNA Complexes Requires
Binding of ADP-AlFx in both Active Sites. Cohesin’s binding to
chromosomes in vivo and its ATPase activity in vitro can be
inhibited by a KI substitution in either the Psm1 or Psm3 Walker
A motif. This observation suggests potential cross-talk between
the two ATPase active sites or that one functional site is not
enough for proper ATPase function. With this in mind, we asked
whether ADP/AlFx promotion of DNA binding requires binding
to both ATPase active sites in vitro. To test this, we purified
cohesin containing either the Psm1-KI or Psm3-KI subunit and
assayed their ability to bind DNA. These mutant cohesins could
presumably bind ADP/AlFx in the Psm3 ATPase or Psm1
ATPase active sites, respectively. We then compared their
binding to DNA with the WT complex, using either DNA-bead
or protein-bead assay (Fig. 4).
Overall, both assays showed that ADP/AlFx bound to only one

of the two ATPase active sites was not sufficient to ensure effi-
cient formation of stable cohesin–DNA complexes. In the DNA-
bead assay, both KI-cohesin mutants exhibit greatly reduced
DNA binding compared with WT cohesin when incubated in the
presence of either ATP or ADP/AlFx (Fig. 4A). However, ADP/
AlFx increased mutant cohesin binding to DNA about twofold
compared with ATP, but this DNA binding level was still below
WT cohesin with ADP/AlFx (Fig. 4A). These results suggest that
in the DNA-bead assay, efficient binding of cohesin to DNA

requires ADP/AlFx bound in both ATPase active sites, but some
binding is supported by ADP/AlFx bound only to one site. In the
protein-bead assay, the amount of KI-cohesin bound to DNA
was reduced to background levels with either ADP/AlFx or ATP
(Fig. 4B). Thus, as we observed before, binding using the protein-
bead assay has more stringent nucleotide requirement than the
DNA-bead assay. Our results suggest that both active sites must
be capable of nucleotide binding and that at least one must also
be trapped in an intermediate state of ATP hydrolysis to pro-
mote efficient cohesin binding to DNA.

Loader Remains Bound Stably and Stoichiometrically to CohesinADP/AlFx–DNA
Complexes. Protein staining and immunoblotting using the DNA-bead
assay allowed us to assess the loader (Mis4/Ssl3) and cohesin binding
to DNA. When we subjected cohesinATP–DNA complexes on the
beads to a wash of 500 mM salt, very little loader was associated with
cohesin–DNA complexes (Fig. 5A and SI Appendix, Fig. S3A). In
contrast, the loader remained bound to cohesinADP/AlFx

–DNA com-
plexes in a one-to-one stoichiometry in 500 mM salt. No loader
was detected on the DNA beads in the absence of cohesin or
DNA, indicating that loader binding to beads was specific to the
presence of cohesin–DNA complexes. Thus, cohesinADP/AlFx

–DNA
but not cohesinATP

–DNA complexes form salt-stable complexes
with loader.
To further characterize this loader–cohesin interaction, we

repeated the DNA-bead assay but subjected the beads to in-
creasing salt concentrations at the wash stage (after complex
assembly was allowed to take place for 1 h at low salt) (Fig. 5B).
At 50 mM salt wash, loader remained bound to both cohesinATP

–

and cohesinADP-AlFx
–DNA complexes on the beads. Upon in-

creasing the salt concentration in the wash to 500 mM or 1 M,
cohesinATP and cohesinADP-AlFx remained bound to DNA (SI
Appendix, Fig. S3B). However, loader behaved differently
depending on the nucleotide bound to cohesin–DNA complex.
For cohesinATP

–DNA complexes, loader was no longer bound
in the 500 mM wash, whereas loader remained bound to
cohesinADP-AlFx

–DNA (Fig. 5C). These results indicate that
loader binds equally well to cohesinATP– and cohesinADP-AlFx

–DNA
complexes but dissociates more readily from the cohesinATP–DNA
than cohesinADP-AlFx

–DNA complexes.
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Discussion
In this study, we interrogate how ATP binding and the ATPase
cycle of cohesin influence its topological binding to DNA. We
show that cohesin bearing a D-loop mutation in the Psm3
ATPase active site (DE-cohesin) requires ATP but not ATP
hydrolysis to form stable complexes with DNA. Similarly, we
show that WT cohesin with ADP aluminum fluoride (cohesi-
nADP/AlFx), a transition analog for ATP hydrolysis, can also stably
entrap DNA. These results suggest that an intermediate of the
cohesin ATPase cycle can stably entrap DNA in vitro. DE-
cohesin binds in vivo and the binding of cohesinADP/AlFx to
DNA shares all of the characteristics of WT cohesin–DNA
complexes assembled in vitro and in vivo (salt stability, loader
dependence, and topological binding). Therefore, an in-
termediate in the cohesin ATPase cycle of cohesin can also likely
stably entrap DNA in vivo. DNA tethering by cohesin (the
capture of the second DNA strand) is also likely driven by this
intermediate state since DE-cohesin is also competent to gen-
erate the tethering necessary for cohesion in vivo (13).
In the absence of bound DNA, one of the interfaces within

cohesin, most likely the hinge dimerization interface (32), must
be dissociated (at least transiently) to allow passage of DNA into
the lumen of a ring. The binding of cohesinADP/AlFx or DE-
cohesinATP to DNA could occur because the intermediate state
is an equilibrium with hinge opening and closing. Alternatively,
the nucleotide-bound forms of cohesin may be in equilibrium
with apo cohesin that promotes hinge opening. Once DNA is
bound, it must induce cohesin to undergo a conformation change
that prevents subsequent release of the DNA, thereby generating
its remarkable stable DNA binding. This conformation change
either prevents the hinge from subsequent dissociation or traps
the DNA in a subdomain of the lumen such that it cannot be
released even if hinge dissociation occurs.
In order for DNA to induce a change in cohesin conformation

and function, it must interact intimately with cohesin rather than
simply float inside a lumen of a large ring as suggested by the
original embrace model (5). Indeed, under physiological salt
conditions, cohesin exhibits limited diffusion on DNA in vitro,
consistent with intimate cohesin–DNA interactions beyond topo-
logical entrapment (28). Moreover, even under high-salt condi-
tions when DNA-bound cohesin is more mobile, the DNA appears
sequestered in a lumen far smaller than in the 40-nm one of an
open ring conformation (28). Furthermore, a recent study reported

nontopological interactions of cohesin with DNA in vivo, con-
sistent with a number of studies of other SMC complexes that
revealed direct interactions between SMC subunits and DNA
(33–38).
This DNA-responsive form of cohesin likely is unique to an

intermediate in the ATPase cycle (possibly ADP-Pi) since it can
be mimicked only by ADP/AlFx and the DE mutation, but not by
other ATP analogs nor Walker A mutations (this study). Thus,
one function of cohesin ATPase is to generate a nucleotide state
of cohesin that is competent to bind DNA, responsive to DNA to
induce its stable binding, and capable of binding of a second
DNA molecule. The subsequent completion of the ATPase cycle
(ADP) may allow release of DNA from cohesin, first undoing
tethering (release of the one DNA molecule) and then undoing
DNA binding (release of the second DNA molecule). A two-step
ATPase-dependent mechanism for the dissolution of tethering
and DNA binding is supported from in vivo studies and its
in vitro reconstitution, which is dependent on ATPase activity
(12, 25, 26).
In this light, other biological motors like kinesin and myosin

provide insight into the potential relationship of cohesin DNA
tethering activity and the established DNA translocation activi-
ties of other SMC complexes. Kinesin has multiple microtubule
binding activities. It translocates along microtubules by using
ATP to change conformations and sequentially release micro-
tubule binding (39). Furthermore, rigor binding of myosin to
actin can be achieved by blocking myosin’s ATPase cycle (40).
Thus, the inherent activities of a motor (ATP-dependent control
of multiple interactions with its substrate) can be converted to
generate a tether by controlling the ATPase cycle. Cohesin may
be a specialized SMC complex in which the ATPase-dependent
activities that are needed for translocation along DNA have been
modified and regulated to make it a particularly good tether. A
potential candidate for the regulation of cohesin ATPase is
cohesin acetylation (13).
Our study also provides several interesting insights into the

cohesin loader. We show that loader enhances binding of
cohesinADP/AlFx to DNA. This result suggests that loader has a
function in assembling cohesin–DNA complexes independent of
ATPase activity. One possible model for loader is that it binds to
the hinge domain promoting its dissociation, thereby enhancing
DNA entry into the lumen. Indeed, while in vitro studies showed
that loader stimulates cohesin ATPase activity in the presence of
DNA, this stimulation could be a consequence of DNA binding
rather than a prerequisite for destabilization of an interface
to allow DNA binding. Interestingly, the association of loader
with cohesinADP/AlFx

–DNA complex is very salt stable while its
binding to cohesinATP

–DNA complex is not. An intriguing in-
terpretation is that the stable complex of loader, DNA, and
cohesinADP/AlFx is an intermediate trapped in the tethering
conformation, with loader poised to help capture of the second
DNA molecule. Indeed, the colocalization of the loader with
cohesin on DNA was first reported in yeast by ChIP and more
recently has been observed in vivo with single-molecule imaging
(41, 42). In addition, Murayama et al. (43) recently reported that
in an in vitro reconstitution assay, the capture of a second DNA
molecule by the cohesin–DNA complex is loader dependent. In
summary, the DE mutation or ADP/AlFx provide a means to
trap cohesin in an active state that is competent for the capture
of both DNA molecules. This tool likely will prove useful in
elucidating the molecular basis for cohesin–DNA interactions
that underlie its tethering activity and its remarkable biological
functions.

Materials and Methods
Protein Expression and Purification. S. pombe cohesin complex was overex-
pressed and purified from Saccharomyces cerevisiae as described (12). Minor
modifications to the purifcation process were applied as described (13).
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Mutants of cohesin were generated by site-directed mutagenesis, and
overexpression strains were generated as described (12). The loader complex
from S. pombe was expressed and purified as described (12).

ATPase Assays. For loader- and DNA-stimulated ATPase activity of cohesin,
80 nM cohesin, 80 nM loader, and 2.5 μg of plasmid DNA containing the
sequence for CARC1 (pIO2) were incubated to measure loader-stimulated
activity in solution as described (13).

DNA-Bead Assay. CARC1 DNA substrates were prepared as described (27).
For each binding reaction, 100 ng of biotin-labeled DNA was assembled on
20 μL of streptavidin-conjugated dynabeads (Invitrogen). Eighty nanomolar
cohesin complex and 80 nM loader, with 1 mM ATP (Sigma) or other nu-
cleotide analogs were added to beads. For ADP/AlFx complexes, 72 μM AlCl3
(Boston Bioproducts) and 12 mM NaF (Sigma) were mixed with cohesin-
loader-DNA mixture, and 1 mM ADP (Sigma) was added to start the DNA
binding reaction. Samples were analyzed by SDS/PAGE followed by Coomassie
staining, silver staining, or Western blotting against Psm3-3V5-tag (Life Tech-
nologies) and Mis4-HA-tag (Roche).

Protein-Bead Assay. Briefly, for each binding reaction, 700 ng of plasmid DNA
bearing CARC1 sequences (pIO2) was mixed with 100 nM loader, 1 mM ATP
(or depicted nucleotide analog), and 150 nM cohesin in 15 μL of CL1 buffer.
For ADP/AlFx complexes, 1 mM ADP, 72 μM AlCl3, and 12 mM NaF was
added. Mix was prepared and incubated on ice for 5 min and then shifted to
30 °C for 60 min. Binding to beads, washing steps, and elution were per-
formed as described (12).

Elution of Cohesin from DNA Beads with PstI Digestion. For restriction enzyme
treatment, DNA–cohesin complexes were prepared as described above

(protein-bead assay) in buffers lacking EDTA. Beads were resuspended in
RE buffer (12) in the presence of 5U PstI (NEB) and incubated at 30 °C for
30 min. Supernatant was collected and remaining beads were boiled; both
fractions were visualized by SDS/PAGE and silver staining.

Elution of Cohesin from DNA Beads with Competitor DNA. DNA–cohesin
complexes assembled in presence of ADP/AlFx as described above (DNA-
bead assay) were resuspended in 20 μL of CL1 buffer, in the presence or
absence of ADP/AlFx and plasmid DNA (5× excess in mass compared with
DNA on beads). Supernatant and pellets were separated at the end of a
30-min incubation at 30 °C. Cohesin in supernatant and pellet fractions were
subjected to SDS/PAGE and visualized by silver stain.

Quantitations. Western blots and ethidium bromide-stained gels were
quantified using Image Lab version 5.2 build 14 (BioRad). Provided numbers
are the quantitated averages, and error bars represent SD of data from at
least two independent experiments.

Kinetics Experiments. DNA–cohesin complexes were assembled with ATP or
ADP/AlFx as described above. Samples were incubated at 30 °C and then
washed once in CL1 buffer, twice in CL1 with 500 mM KCl, and then once
more in CL1 at indicated timepoints. Cohesin was then eluted and analyzed
as described in the DNA-bead assay methods.
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