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Abstract

Each of our cells inherit their genetic information in the form of chromosomes from a mother cell. In order that we obtain the full genetic
complement, cells need to ensure that replicated chromosomes are accurately split and distributed during cell division. Mistakes in this
process lead to aneuploidies, cells with supernumerous or missing chromosomes. Most aneuploid human embryos are not viable, and if they
are, they develop severe birth defects. Aneuploidies later in human life are frequently found associated with the development of malignant
cancer. DNA replication during S-phase is linked to segregation of the sister copies in mitosis by sister chromatid cohesion. A chromosomal
protein complex, cohesin, holds replicated sister DNA strands together after their synthesis. This allows pairs of replication products to be
recognised by the spindle apparatus in mitosis for segregation into opposite direction. At anaphase onset, cohesin is destroyed by a site-
specific protease, separase. Here I review what we have learned about the molecular mechanism of sister chromatid cohesion. Cohesin forms
a large proteinaceous ring that may hold sister chromatids by encircling and topological trapping. To understand how cohesin links newly

synthesised replication products, biochemical assays to study the enzymology of cohesin will be required.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

Cell division is the basis for growth and proliferation of
all living organisms. The cell’s genome contains the blue-
print for growth, as well as the many other molecular tasks
that cells have to fulfil to form a functional, healthy
organism. A fundamental aspect of cell division is therefore
the accurate transmission of the genome to daughter cells.

The DNA that contains the genomic information comes
in several large pieces, the chromosomes. These are faith-
fully replicated once every cell generation, a sophisticated
process that takes place during S-phase. The resulting
copies, the sister chromatids, then have to be correctly
distributed to two daughter cells during mitosis. To prevent
any confusion as to which chromatids have to reach each
daughter, the sister chromatids of each chromosome are tied
together as pairs during the process of their synthesis. This
tie, called sister chromatid cohesion, allows pairs of chro-
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matids to be recognised in mitosis for alignment on the
bipolar metaphase spindle. Each sister pair is oriented such
that tension of the spindle anticipates the anaphase move-
ment into opposite direction. Only when all chromosomes
have reached such bioriented alignment, sister chromatid
cohesion is destroyed by separase to trigger the final
segregation into daughter cells (for reviews, see Refs. [1,2]).

Sister chromatid cohesion, mediated by the cohesin ring

The molecular basis for sister chromatid cohesion is a
chromosomal protein complex, called cohesin [3—5]. The
cohesin complex consists of at least four subunits that
together form a large proteinaceous ring (Fig. 1) [6—8].
To understand how cohesin holds together replicated sister
chromatids and provides the strength to counteract the
spindle force in mitosis, yet is swiftly released form chro-
matin after cleavage by separase, it is important to under-
stand cohesin’s mode of DNA binding. The ring shape of
the cohesin complex has prompted the hypothesis that
cohesin might bind by encircling and thereby topologically
trapping DNA [2,7]. The diameter of the ring of close to 50
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Fig. 1. A model for ATP hydrolysis-dependent binding of cohesin to DNA. The Smc1 and Smc3 subunits of cohesin form a proteinaceous ring in early G1, each
consisting of a 50-nm-long stretch of coiled coil, held together at a hinge and at ATPase heads that dimerise upon ATP binding. In late G1, the Sccl subunit is

synthesised that binds to the Smc heads and recruits Sce3. Scel and Sce3 may

make contact mainly with one of the Smc1 heads. This leaves a path open for DNA

to reach the ATPase heads and stimulate hydrolysis of ATP. ATP hydrolysis in turn leads to separation of the Smc heads, thereby opening a gap in the Smc ring
through which DNA may enter. ATP hydrolysis also changes the interaction of Sccl with the Smc heads such that now Sccl bridges the gap between Smcl and
Smc3. During DNA replication in S-phase, the replication fork may travel along DNA and through the cohesin ring, leaving the replication products (the sister
chromatids) trapped inside. Once all pairs of sister chromatids are aligned in bioriented fashion in mitosis, separase is activated to cleave Sccl and open the ring.
The C-terminal Sccl cleavage product keeps the cohesin ring open until it is degraded. ADP may dissociate from cohesin only after degradation of the Sccl
fragment. Then ATP can rebind and the Smc ring closes again in preparation for the following cell cycle.

nm would be sufficiently large to hold two sister DNA
strands even when wrapped around histones. The circum-
ference of the cohesin ring consists largely of flexible coiled
coil of the subunits Smc1 and Smc3, and these two subunits
bind each other in a head to head and tail to tail orientation
(Fig. 1). The tails are linked with high affinity at a
dimerisation interface, known as the hinge [7]. The Smcl
and Smc3 heads are ABC type ATPases that dimerise with
each other after binding ATP [9,10]. Two further essential
cohesin subunits, Sccl and Scc3, associate with the Smc
heads. Sccl in particular shows interesting features, its N
terminus binds to Smc3 while its C terminus binds Smcl

[7]. Thus, Sccl could stabilise the interaction between the
Smc heads. Sccl associates with Smc heads that have bound
either ATP or ADP [10,11]. This could be important because
after ATP hydrolysis, the direct interaction between Smcl
and Smc3 heads is probably weakened, and any remaining
link between the heads may depend on Sccl. At anaphase
onset, it is the Sccl subunit that is cleaved by separase to
destroy sister chromatid cohesion [12—15].

Evidence has been accumulating that cohesin binds DNA
by encircling and topological trapping. Cohesin is tightly
bound to budding yeast chromatin from where it cannot be
extracted by high salt treatment, under conditions that strip
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off most DNA binding proteins. In contrast, when the DNA
is restricted by nuclease treatment, cohesin is efficiently
released from chromatin, as if it could now slip off the
DNA ends [16]. As mentioned, Scel is cleaved in anaphase,
and this in turn disrupts the interaction between the Smc
heads in cohesin, thus opening the ring [10]. Importantly, not
only cleavage of Sccl, also engineered cleavage of the coiled
coil arm of Smc3 will release cohesin from DNA [8]. Thus,
cleavage anywhere in the proposed topological surface
between cohesin and DNA will destroy the cohesin DNA
interaction, consistent with the idea that topological trapping
is an essential aspect of cohesin’s chromosome binding.

Loading DNA into the cohesin ring

If cohesin indeed traps DNA within the ring, how does the
DNA get inside? The similarity of the Smc heads to the ATPase
domains of ABC transporters suggested that ATP hydrolysis
by cohesin might be coupled to active transport of DNA into
the ring [17]. In the case of ABC transporters, two ATPase
domains are bound to a transmembrane channel, and the ATP
hydrolysis-driven change in ATPase domain dimerisation is
thought to drive the flow of solutes through the channel
[18,19]. The cohesin ATPase domains are linked to the two
stretches of Smc coiled coil, and the question therefore is
whether an ATP hydrolysis-driven change in Smc head inter-
actions, and possibly accompanying conformational changes,
might be coupled to the transport of DNA into the ring.

Mutations in the Smc head domains that allow ATP
binding but are predicted to prevent ATP hydrolysis have
been constructed [10,11]. These mutant Smc subunits as-
semble with the other subunits into seemingly intact cohesin
complexes, but such complexes do not bind chromatin in
vivo. This finding is consistent with the idea that ATP
hydrolysis is indeed required for DNA binding by cohesin.
It fits well with the idea that ATP hydrolysis transports the
DNA into the cohesin ring. It does of course not exclude
that the Smc heads could use ATP hydrolysis not to pump
the DNA into the ring, but to grab DNA and hold on to it in
a different way, maybe by trapping it in a grove between the
heads and Sccl [20]. To better understand how cohesin
binds DNA, it was therefore important to know which parts
of cohesin are required for DNA binding.

A cohesin complex was constructed in budding yeast
cells that included wild-type Smc heads but lacked the
hinge, thereby producing an open gap in the ring [10]. Such
a complex was not able to bind to chromatin despite the
presence of intact Smc heads. This suggests that the Smc
ATPase heads by themselves cannot bind to DNA, but that
they only promote DNA binding when connected to a
closed Smc ring. DNA transport by the ATPase heads into
the ring would explain both the requirement of ATP hydro-
lysis as well as an intact cohesin ring for DNA binding.

Mutant analysis in vivo, as described, can provide
important hints for possible scenarios of cohesin binding

to DNA. However, the behaviour of mutant proteins is
difficult to fully interpret. For example, the Smc subunits
that were designed to be defective in ATP hydrolysis, did
they differ from wild-type proteins solely in their inability to
hydrolyse ATP? Furthermore, the Smc subunits with intact
ATPase heads but without hinge, was the ATPase activity
really unaffected by the hinge truncation? These and many
similar caveats to the analysis of mutant proteins in vivo call
for the reconstitution of the binding reaction of cohesin to
DNA in vitro, using purified components. Only this will
allow important open questions to be addressed: When is
ATP bound, hydrolysed, and when is the hydrolysed nucle-
otide released during the binding reaction? When and where
does DNA contact cohesin? Can intermediates of the
binding reaction be trapped? And maybe most importantly,
can cohesin be observed bound to DNA by a microscopic
technique that visualises whether DNA really is inside the
cohesin ring after binding?

In vitro studies on cohesin and related complexes

The purification of the necessary amounts of cohesin for
biochemical studies is still a considerable challenge. Never-
theless, first experiments to investigate in vitro binding of
purified human and budding yeast cohesin to DNA have
been published [21,22]. In both sets of experiments, cohesin
clearly showed a tendency to associate with DNA. However,
the affinity to DNA was modest, no defined products of
cohesin on DNA could be identified, and the binding that
was observed occurred independently of the availability of
hydrolysable ATP. This suggests that these in vitro reactions
of cohesin with DNA did not fully recapitulate what happens
when cohesin binds to DNA in vivo. Instead, the results so
far might demonstrate an association of cohesin with DNA
that normally precedes the ATP hydrolysis-dependent load-
ing reaction of cohesin onto DNA. Why ATP hydrolysis-
dependent DNA binding of cohesin could not be observed in
vitro is difficult to know. The ATP-dependent activities of
cohesin may be difficult to preserve during the purification
procedure, or the correct DNA substrate for cohesin loading
may not yet have been found. In addition, chromatin binding
of cohesin in vivo requires the proteins Scc2 and Scc4, as
well as a chromatin remodelling complex [16,23]. While the
function of these accessory factors in vivo is not fully
understood, it remains a possibility that DNA binding by
cohesin in vitro also depends on some of them.

The mechanism of cohesin binding to DNA may share
similarities with DNA binding of condensin, a chromosomal
protein complex related to cohesin [24]. Condensin, like
cohesin, consists of two Smc proteins, Smc2 and Smc4.
The Smc2 and Smc4 ATPase heads dimerise with each other,
and they bind three additional subunits, one of which shows
homology to Sccl [6,25]. Thus, just like with cohesin, Smc2
and Smc4 form a topological condensin ring. Condensin
associates with DNA independently of ATP, but ATP hydro-
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lysis is required for the actual binding reaction [26,27]. ATP-
dependent condensin binding to DNA has been easier to
reconstitute in vitro and has been studied in some detail. An
interesting feature is that depending on ATP hydrolysis, DNA
appears to be wrapped around condensin [27]. This wrapping
generates torsion which introduces two positive supercoils
into DNA per molecule of bound condensin. Whether DNA
enters the condensin ring during the binding reaction has not
yet been possible to determine. To address this, it would be
interesting to compare the strength of the ATP-dependent and
-independent modes of condensin binding to DNA.

When condensin was visualised bound to DNA by atomic
force microscopy, it was seen touching the DNA via the Smc
hinge [28]. This is exactly opposite from where the ATPase
heads are thought to act in DNA binding. Notably, however,
this mode of DNA binding was independent of ATP hydro-
lysis. It could therefore indicate that the first, ATP-indepen-
dent contact of condensin, and maybe also of cohesin, with
DNA is made at the Smc hinge. Intriguingly, a significant
fraction of the condensin molecules were found bent back on
themselves, the heads touching the hinge. Is this an indication
that the heads pick up DNA from the hinge for transport, or
does it mean that a more sophisticated collaboration of heads
and hinge accomplishes eventual uptake of DNA into the
ring? Further functional analysis in vitro coupled with visual-
isation of intermediates and products of the DNA binding
reaction promise to hold crucial information.

Bacteria also contain chromatin-associated protein com-
plexes based on Smc subunits. There is typically only one
Smc subunit encoded by bacterial genomes, and this Smc
subunit forms homodimeric protein rings [29]. Additional
subunits, one of which again an Sccl-related subunit,
associate with the Smc ring (the conserved Sccl-related
subunits in all organisms have been given the generic name
‘kleisins’) [25,30]. These Smc complexes are required for
bacterial chromatin compaction and chromosome segrega-
tion, and they probably function according to similar prin-
ciples as cohesin and condensin [31-33]. Biochemical
analysis of the bacterial Smc complexes has so far been
largely restricted to studies of the Smc subunits only. This
has shown that the ATPase activity within the Smc heads is
significantly stimulated by the presence of DNA [34]. The
ATPase activity of condensin is also stimulated by DNA
[26]. These findings suggest that DNA directly or indirectly
interacts with the Smc ATPase and induces it to hydrolyse
ATP. If the bacterial Smc complex binds DNA according to
a similar mechanism as its eukaryotic descendants, and there
is no reason why this should not be so, they may provide a
favourable model system to study this process.

A model for ATP hydrolysis-dependent transport of
DNA into the cohesin ring

Although important pieces of biochemical information
are still missing from our understanding how cohesin binds

to DNA, the available evidence can be used to develop a
model how it might work (Fig. 1). A model will only then
be useful if it makes predictions that can be tested by further
experimentation, so the consequences of the model will also
be discussed.

The sequence of events in the budding yeast cell cycle
starts in early G1 when Sccl is absent from cells as it has
been cleaved and degraded in the preceding mitosis [3,12].
In the absence of Sccl, Smcl forms a dimer with Smc3. The
Smc dimer is a closed ring by itself, as hydrodynamic
analyses have revealed [10]. The ATPase heads tightly
associate with each other, probably via bound ATP. Scc3
is not part of this complex because its association with the
Smc proteins depends on Sccl [7].

In late G1, Sccl is synthesised and associates with the Smc
ring. Sccl also recruits Scc3, thus fully assembling the
cohesin complex. The details of cohesin subunit interactions
within the newly formed complex, before its binding to DNA,
are important to know as they will have crucial implications
for any mechanism of DNA transport into the ring. It is
currently unclear whether Sccl already bridges Smcl and
Smc3 heads before DNA binding. It is conceivable that Sccl
initially binds only one of the Smc heads, leaving the cleft
between the heads accessible to DNA. One set of experiments
to test this question came to the opposite conclusion, that
Scel bridges Smcl and Sme3 as soon as it is synthesised [11].
However, those experiments required that Sccl be cleaved
into two halves for analysis, and that may have had unwanted
consequences on the interactions (see below). Clarification of
the exact architecture of cohesin before it binds to DNA will
clearly be important. It might become possible using more
sophisticated biochemical experimentation. This could in-
clude site-specific cross-linking or fluorescence resonance
energy transfer experiments to map distances of the individ-
ual parts of the complex.

As mentioned, binding of the cohesin complex to DNA
will most likely require the hydrolysis of bound ATP, and
DNA itself has the potential to stimulate ATP hydrolysis. A
consequence of ATP hydrolysis is expected to be the
weakening of the direct interaction between the Smcl and
Smc3 heads [9]. This would open a gap in the Smc ring
through which the DNA can enter (Fig. 1). The requirement
to separate the Smc heads to allow entry of DNA into the
ring would be a gratifying explanation why ATP hydrolysis
is required for DNA binding by cohesin. Once the Smc
heads separate, the bridging role of Sccl may become
important to ensure that the cohesin ring stays topologically
closed. ATP hydrolysis may not only lead to separation of
the Smc heads, it may also induce conformational changes.
Such changes may lead to stronger Sccl binding to both
Smcl and Smc3, so that Sccl now stably bridges the heads.
It has been observed that an amino acid motif in the Smc
heads that is required for their ATP-dependent dimerisation
is also important for tight binding to Sccl [10,11]. One
possible interpretation of this finding is that direct ATP-
dependent Smc head dimerisation and Sccl-mediated head
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bridging after ATP hydrolysis are alternative and mutually
exclusive forms of closing the cohesin ring. The transition
between these states could be triggered when DNA contacts
the Smc heads and induces ATP hydrolysis. The conforma-
tional changes during this transition may also constitute the
transport reaction that forces the DNA into the ring (Fig. 1).

How can this model be tested? The model predicts that
the Smc heads can be found in two modes of interaction,
either direct and bound to ATP, or indirectly via the Sccl
bridge after ATP hydrolysis. EM pictures of human cohesin
rings have been obtained that are consistent with both, Smc
heads in direct contact or in some distance but bridged by
the non-Smc components of the ring [6]. It would be
interesting to correlate the state of ATP in the heads to
the appearance of the ring. Furthermore, X-ray crystallog-
raphy and high-resolution structure determination of the
Smc heads in complex with Sccl and bound to either ATP
or ADP will be very revealing to describe any structural
changes during ATP hydrolysis and how they might con-
tribute to possible DNA transport.

Another important question to be addressed is how many
molecules of ATP are hydrolysed for each DNA binding
event. Purified cohesin is a very poor ATPase, suggesting that
ATP turnover may be slow if cohesin is not engaged in an
active DNA-binding reaction. One cycle of ATP binding and
hydrolysis may indeed be sufficient to regulate DNA binding
and dissociation of cohesin each cell generation. Cohesin
could transport DNA into the ring in late G1 and remain DNA
bound until in mitosis. Only after cleavage of Sccl in
anaphase might ADP be released from the Smc heads leading
to disassembly of the cohesin complex. This scenario would
be well adapted to the requirement for very stable association
of cohesin with DNA. Alternatively, cycles of ATP binding
and hydrolysis might occur more often, regulated by acces-
sory factors. This might be of particular importance in higher
eukaryotes when a portion of cohesin is released from
chromosome arms without Sccl cleavage in prophase.

DNA replication and the establishment of sister
chromatid cohesion

We would now like to know how cohesin cannot only
bind one strand of DNA, but hold together two replicated
sister chromatids. Are two rings required, each holding one
sister chromatid, or one ring embracing both? No evidence
could thus far be obtained for interactions between more
than one cohesin ring on chromosomes [8,10], suggesting
that both sister strands are trapped inside one ring. If this is
true, the question becomes how a second strand of DNA
enters the cohesin ring during DNA replication. As dis-
cussed above, it is unclear whether it is at all possible to
transport DNA into the cohesin ring more than once per cell
cycle. A second cycle of transport would require complete
disassembly of the cohesin complex to release ADP and
rebind ATP, and this might not be compatible with mainte-

nance of stable DNA binding. The problem of binding both
replication products would be solved if the DNA replication
fork simply sled through the cohesin rings that were put
around DNA before S-phase. This would leave two repli-
cation products trapped inside the same ring without requir-
ing any further DNA transport. It would at the same time
provide an intrinsic solution to the crucial requirement to
only ever establish sister chromatid cohesion between
authentic replication products and never between any other
two sequences of DNA.

A number of proteins in addition to cohesin are
required for efficient cohesion establishment during S-
phase [35—-37], and it will be interesting to see whether
they help the replication fork slide through cohesin rings.
Alternatively, such protein factors could be regulators of a
more sophisticated reaction in which cohesin is put around
both sister chromatids subsequently as they emerge from
the replication fork.

Opening the ring in anaphase

Sister chromatid segregation at anaphase onset is trig-
gered when separase is activated to cleave the Sccl subunit
in cohesin. If sister chromatids are indeed trapped inside the
cohesin ring, how are they released after Sccl cleavage?
Because in the above model Sccl is essential for bridging
the two Smc heads after DNA has been transported, Sccl
cleavage might simply open up the ring [7]. On the other
hand, in the absence of Sccl, the two Smc heads can interact
directly by binding ATP [10]. Therefore, simply destroying
Sccl may not be good enough to ensure that the cohesin
ring stays open long enough to release DNA. Sccl is
cleaved by separase at two specific sites [12], and the C-
terminal cleavage product of Sccl plays a critical role in
preventing the Smc heads from interacting [10]. Thus, not
cleavage alone, but production of a specific cleavage
fragment helps to open the ring. Only after the Sccl
fragment is then removed can the Smc heads interact again.
Removal of the Sccl fragment might be required to release
ADP and allow rebinding of ATP to the Smcl head. The
stability of the C-terminal Sccl fragment is tightly con-
trolled. After a short delay, it is quickly destroyed by
targeted proteolysis [38]. If the fragment becomes too
long-lived, the cohesin rings cannot close before cohesin
needs to bind DNA again in the following cell cycle. This
leads to defects in sister chromatid cohesion and conse-
quently to severe chromosomal instability [38,39].
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