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Orderly execution of two critical events during the cell cycle—DNA replication and chromosome segregation—ensures the
stable transmission of genetic materials. The cohesin complex physically connects sister chromatids during DNA replication in
a process termed sister chromatid cohesion. Timely establishment and dissolution of sister chromatid cohesion is a prerequisite
for accurate chromosome segregation, and is tight regulated by the cell cycle machinery and cohesin-associated proteins. In
this review, we discuss recent progress in the molecular understanding of sister chromatid cohesion during the mitotic cell cy-
cle.
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During the cell cycle, DNA undergoes replication during S
phase to generate two identical copies of each chromosome,
called sister chromatids. During mitosis, sister chromatids
are separated and partitioned evenly to the two daughter
cells to maintain genomic stability. Cells receive too many
or too few chromosomes become aneuploid. Aneuploidy
can drive tumorigenesis in a context-dependent manner [1,2].
To prevent premature sister chromatid separation and en-
sure accurate chromosome segregation, sister chromatids
are physically tethered to each other through the process of
sister chromatid cohesion, as well as DNA catenation, from
S phase till metaphase. Sister chromatid cohesion is medi-
ated by the highly conserved ring-shaped cohesin complex,
which topologically entraps chromosomes [3,4].

Cohesion establishment, maintenance, and removal at
different cell cycle phases require a series of coordinated
interactions between cohesin and its regulators (Figure 1).
Cohesin is loaded onto DNA by the cohesin loader complex
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Scc2-Scc4 in telophase and early G1 [5-7]. At this stage,
the chromatin-bound cohesin is highly dynamic, and can be
released from chromosomes by the cohesin releasing factor
Wapl, with the help of the scaffold protein Pds5 [8—11].
During S phase, the replicated sister chromatids are tethered
by cohesin to establish sister chromatid cohesion. Cohesion
establishment requires the acetylation of two adjacent, evo-
lutionarily conserved lysines on Smc3 by the acetyltrans-
ferase Ecol (Escol/2 in vertebrates) [12—17], and in meta-
zoans, the subsequent recruitment of sororin to cohesin
through Pds5 [18-21]. Smc3 acetylation and sororin antag-
onize the cohesin-releasing activity of Wapl-Pds5, thereby
stabilizing cohesin on chromosomes [17,21]. Finally, in
mitosis, cohesin is released from chromosomes in a step-
wise manner in vertebrates [22]. In early mitosis,
Pds5-bound sororin is phosphorylated by mitotic kinases
and dissociates from cohesin [21,23—25]. Sororin dissocia-
tion allows Wapl to gain access to Pds5 and cohesin, re-
leasing cohesin from chromosome arms. At centromeres,
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Figure 1 The cohesin cycle in human cells. The Scc2—Scc4 complex promotes cohesin loading onto chromosomes in telophase and early G1. During DNA
replication in S phase, Escol/2 and sororin are required to stabilize cohesin on chromosomes and help to establish sister chromatid cohesion. In prophase,
cohesin on chromosome arms are released by mitotic kinases and the Wapl-Pds5 complex, whereas cohesin at centromeres is protected by Sgo1-PP2A until
the metaphase—anaphase transition. After kinetochores attach to microtubules from opposite spindle poles and the spindle checkpoint is silenced, active
separase cleaves centromeric cohesin and enables sister chromatid separation in anaphase.

however, a pool of cohesin is shielded from Wapl by
the Sgol-PP2A complex through multiple mechan-
isms [26-32]. After all sister kinetochores properly attach to
microtubules from the opposite spindle poles, Sgol redis-
tributes from centromeres to kinetochores [33,34], leaving
centromeric cohesin unprotected. The unprotected cohesin
is cleaved and removed by the protease separase, which
becomes active when its inhibitory chaperone securin and
cyclin B1 are degraded at the metaphase—anaphase transi-
tion [35,36]. The two separated sets of sister chromatids are
equally partitioned to produce two genetically identical
daughter cells.

In addition to sister chromatid cohesion, cohesin per-
forms critical functions in other fundamental chroma-
tin-based processes, including transcription, chromatin
compaction, and DNA repair [37,38]. Mutations in cohesin
and its regulators lead to human diseases termed cohesinop-
athies, which are characterized by a wide range of
developmental defects, including growth defects, mental
retardation, facial anomalies, and other systemic abnormali-
ties [6,39—41]. The pathogenesis of such developmental
diseases has been linked to the altered functions of cohesin
in transcription regulation during embryogenesis.

In this review, we discuss the recent discoveries about
the structure and function of cohesin and its associated reg-
ulators. Many of the same proteins or their close homologs
also regulate sister chromatid cohesion during meiosis [42].
Here, we mainly focus on the regulation of sister chromatid
cohesion during the mitotic cell cycle.

1 Architecture of the cohesin core complex

Originally discovered through genetic screens in
yeast [43,44], cohesin components were later found to be
highly conserved in all eukaryotes [45—47]. In human so-

matic cells, the cohesin complex consists of four core subu-
nits: Smcl, Smc3, Sccl, and either SA1 or SA2. Smcl and
Smc3 are ATPases related to ABC transporters, and belong
to the structural maintenance of chromosomes (Smc) pro-
tein family. The ATPase domain of Smcl or Smc3 is split
into two halves by a long coiled coil domain (Figure 2). A
hinge domain is located at the middle of the coiled coil. The
coiled coil folds back intramolecularly, allowing the two
ATPase halves to form a single globular ATPase head.
The hinge domains of Smcl and Smc3 mediate their heter-
odimerization. All members in the Smc protein family con-
tribute to the maintenance of genome integrity. In addition
to the Smc1-Smc3 heterodimer in cohesin, the Smc2—-Smc4
heterodimer is a part of the condensin complex that medi-
ates chromosome condensation while the Smc5-Smc6
complex has multiple functions in DNA damage repair
[38,48].

The ATPase heads of Smcl and Smc3 are connected by
sister chromatid cohesion protein 1 (Sccl), a member of the
kleisin protein family, forming a tripartite ring. Recent
structural and biochemical studies have revealed that
this Smc1-Smc3-Sccl tripartite ring is asymmetric (Figure
2) [49,50]. The C-terminal region of Sccl had been shown
previously to form a winged-helix domain (WHD) that in-
teracts directly with the Smcl ATPase head [51]. By con-
trast, the N-terminal region of Sccl folds into two helices,
which form a four-helix bundle with the coiled-coil region
adjacent to the Smc3 ATPase head [49].

The central region of Sccl associates with either SA1 or
SA2 in vertebrates, two homologues of yeast Scc3.
Recently, the crystal structures of human SA2 bound to
the central region of Sccl and free yeast Scc3 were deter-
mined [32,52]. These structures showed that SA2/Scc3 is a
HEAT repeat-containing protein shaped like a dragon (Fig-
ure 2). The central region of Sccl folds into several short
helices and binds to SA2 through an extensive binding in-
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Figure 2 The architecture of the cohesin complex. Smcl, Smc3, Sccl, and SA1 or SA2 are core subunits of cohesin in human cells. They form a
ring-shaped structure to topologically entrap sister chromatids. Crystal structures of all three potential gates of the cohesin ring (from different species) and
the structure of SA2 bound to the central region of Sccl have been determined, and are shown in ribbon diagrams.

terface, with many residues at the interface being highly
conserved [32]. In addition to strengthening the tripartite
ring of cohesin, SA2 serves as a binding platform for multi-
ple cohesin regulators, including Wapl and Sgol.

Cohesin can topologically entrap DNA inside its ring
structure [53,54]. Both the loading of cohesin onto DNA
and its release from DNA thus require the opening of the
ring. There are three possible gates in the entire ring: the
Smcl-Smc3 hinge, the Smcl-Sccl gate, and the
Smc3-Sccl gate (Figure 2). The crystal structures of all
three gates have been determined. Evidence in both yeast
and human cells suggests that cohesin loading onto chroma-
tin involves the opening of the Smcl1-Smc3 hinge [55,56].
Thus, the Smcl-Smc3 hinge has been proposed to be the
DNA entry gate of cohesin.

Several lines of recent evidence suggest that the
Smc3-Sccl gate is the DNA exit gate of cohesin. In yeast,
fusion of Smc3 to the N-terminal region of Sccl protects
cohesin from its releasing activity in interphase [11]. In
human cells, artificially tethering Smc3 to Sccl results in
persisting cohesin on chromosome arms in prophase and
prometaphase [56], suggesting that the Smc3—-Sccl fusion
blocks the action of Wapl-dependent cohesin release in the
prophase pathway. Furthermore, mutations that destabilize
the Smc3-Sccl interface abolish the stable interaction be-
tween cohesin and chromatin, and disrupt sister chromatid

cohesion in human cells [50]. Therefore, the Smc3-Sccl
interface is likely the conserved DNA exit gate of cohesin.
Why DNA enters and exits cohesin through two different
gates remains a mystery.

2 Cohesin-associated regulators

Being the core subunits of the cohesin complex, Smcl,
Smc3, Sccl, and SA1/2 are essential for sister chromatid
cohesion. Apart from the four core subunits, several addi-
tional proteins are identified as cohesin-associated regula-
tors that interact with cohesin transiently and often in a cell
cycle-regulated manner. These regulators include Pds3,
Wapl, Sgol, and in metazoans, sororin, many of which in-
teract with the Scc1-SA1/2 heterodimer in cohesin. These
regulatory proteins determine the mode and dynamics of
cohesin association with chromosomes.

The precocious dissociation of sisters protein 5 (PdsS5)
is a highly conserved, large HEAT repeat-containing pro-
tein [57,58]. In vertebrates, there are two Pds5 homologues,
Pds5A and Pds5B [59]. Pds5 performs both positive and
negative functions in sister chromatid cohesion in multiple
organisms, possibly through recruiting both positive regu-
lators (such as Ecol and sororin) and negative regulators
(such as Wapl) to cohesin. In the budding yeast, Pds5 is
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essential for cell viability and for cohesion establishment
and maintenance [57,58,60]. In both budding and fission
yeast, Pds5 also interacts with Wapl to mediate cohesin re-
lease from chromosomes, and as such, suppressor mutations
in Pds5 bypass the requirement for Ecol-mediated Smc3
acetylation during cohesion establishment [10,17,61]. In
Xenopus egg extracts, Pds5 collaborates with Wapl to facil-
itate the release of cohesin from chromatin and promotes
sister chromatid resolution during early mitosis [62].
Pds5A- and Pds5B-deficient mice have developmental ab-
normalities [63,64], and both Pds5A and Pds5B are shown
to contribute to sister chromatid cohesion in mouse
cells [63]. In human cells, Pds5 is required for Smc3 acety-
lation [65], suggesting that it should be required for cohe-
sion establishment. However, only mild or no cohesion de-
fects were observed in Pds5SA and Pds5B-depleted human
cells [59,65], possibly due to incomplete depletion and the
dual roles of Pds5 in both cohesion establishment and reso-
lution. Further studies, such as in vitro biochemical recon-
stitution and structural analysis, are required to more clearly
define the functions of Pds5 in sister chromatid cohesion.

The wings apart-like protein (Wapl) protein was initially
identified as an important regulator of heterochromatin or-
ganization and chromosome segregation in Drosophila [66],
and was subsequently shown to be conserved from yeast to
man, with high homology in the C-terminal domain [8].
Crystal structures of human and fungal Wapl proteins reveal
that the C-terminal domain of Wapl consists of HEAT re-
peats, which form functionally important surfaces for cohe-
sin binding [67,68]. The N-terminal region of Wapl appears
to be flexible and provides additional interactions with both
cohesin and Pds5 [68]. Wapl is a key negative regulator of
cohesin, and promotes cohesin release from chromatin,
presumably through opening the DNA exit gate at the
Smc3-Sccl interface [50]. In all organisms, Wapl inactiva-
tion largely bypasses the requirement for positive cohesion
factors, including Ecol, sororin, and Sgol [8,9,17,21]. In
interphase cells, Wapl is associated with cohesin through
the scaffold protein Pds5, and mediates the dynamic associ-
ation of cohesin with chromatin [8,11]. Ablation of Wapl
in mouse cells leads to the clustering of cohesin and
causes improper chromatin compaction that impedes tran-
scription [69]. In early mitosis, Wapl triggers cohesin re-
lease from chromosome arms. This activity of Wapl pro-
motes sister chromatid decatenation, spares cohesin from
further cleavage by separase, and preserves intact cohesin
for the next cell cycle [69,70].

Sororin was initially discovered as a substrate of the an-
aphase-promoting complex or cyclosome (APC/C), a mul-
ti-subunit ubiquitin ligase complex [18]. As a positive regu-
lator of cohesin, sororin is required for the establishment
and maintenance of sister chromatid cohesion [18,19]. Dur-
ing DNA replication, sororin is recruited to cohesin through
Pds5 in a process that requires Smc3 acetylation, and an-
tagonizes the function of Wapl to stabilize cohesin on
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chromosomes [21]. So far, sororin homologues have
only been found in metazoans, not in yeast. The N-
terminal flexible region of Wapl proteins in metazoans is
much longer than that in yeast, and is known to interact with
Pds5 [11,50,68]. It is possible that sororin competes with
metazoan-specific N-terminal elements of Wapl for binding
to Pds5. The co-emergence of sororin and the longer N-
terminal region of Wapl during evolution might offer an
additional layer of regulation in sister chromatid cohesion in
higher eukaryotes.

3 Cohesin loading onto DNA

Cohesin is loaded onto DNA soon after chromosome seg-
regation and prior to DNA replication. This process is me-
diated by the cohesin loading complex Scc2-Scc4 [5-7].
Mutations in Scc2 (also known as NIPBL) in humans cause
a severe developmental disorder called Cornelia de Lange
Syndrome (CdLS), which is a form of cohesinopathy [6,71].
Scc2 is a large protein that is predicted to have an unstruc-
tured N-terminal region and a C-terminal domain consisting
of HEAT repeats [72]. Recently, two research groups de-
termined the crystal structure of yeast Scc4 bound to the
N-terminal region of Scc2 [73,74]. The TPR repeats of Scc4
adopts a barrel shape and encapsulates the N-terminal re-
gion of Scc2 inside the barrel, thus protecting this flexible
region of Scc2.

Using purified fission yeast cohesin and the Scc2-Scc4
loader complex, Murayama and Uhlmann reconstituted top-
ological cohesin loading onto DNA in vitro [75]. They
showed that cohesin loading required ATP hydrolysis, and
that Scc2 stimulated the ATPase activity of Smcl-Smc3.
As mentioned above, the Smc1-Smc3 hinge is the proposed
DNA entry gate and has to be opened during cohesin load-
ing by Scc2-Scc4. The ATPase heads of Smcl and Smc3
are located at the opposite end of the ring structure (Figure
2). An interesting question is how ATP hydrolysis at one
end of the ring opens the hinge region at the other end.

In addition to simply depositing cohesin onto DNA,
the Scc2-Scc4 complex ensures that cohesin is loaded at
the proper chromosomal location. In mammalian cells,
Scc2 (NIPBL) has been shown to form a complex with co-
hesin and the mediator complex to load cohesin at gene
promoters [76]. In budding yeast, the chromatin-remodeling
complex at promoters of actively transcribing genes recruits
the Scc2-Scc4 complex to the nucleosome-free regions,
which loads cohesin to maintain proper DNA morphology
in these regions [77]. Furthermore, a conserved patch on the
surface of yeast Scc4 is critical for the recruitment of the
Scc2-Scc4 complex to centromeres to build cohesion [73],
although the centromere receptor of Scc4 has not been iden-
tified. In Xenopus egg extracts, the pre-replication complex
(pre-RC) and the Cdc7-Drfl kinase (DDK) recruit
Scc2-Scc4 to origins of replication to promote cohesin
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loading [78—80].

Instead of staying at sites where they are originally
loaded by the loader complex, cohesin rings are ultimately
positioned to sites of convergent transcription in yeast
and at CCCTC-binding factor (CTCF) sites in mammalian
cells [81-84]. CTCF recognizes DNA sequences containing
CCCTC repeats with its zinc finger domains, and plays im-
portant roles in the regulation of chromatin architecture and
gene transcription [84]. CTCF has been proposed to coop-
erate with cohesin to induce the formation of chromatin
loops, thus separating enhancers from promoters of genes.
The accumulation of cohesin at CTCEF sites is not required
for sister chromatid cohesion, as depletion of CTCF does
not cause cohesion defects [82]. Thus, CTCF-dependent
enrichment of cohesin at defined genomic loci has a specific
role in transcription. The mechanism underlying cohesin
enrichment at CTCEF sites is unclear, but may be a result of
a direct interaction between CTCF and the cohesin core
subunit SA1/2 [85]. How cohesin is translocated from the
original Scc2—Scc4 loading sites to CTCEF sites also remains
to be addressed. A strong possibility is that the transcrip-
tional machinery actively pushes cohesin rings along chro-
mosomes, as has been postulated in the budding yeast [81],
until cohesin encounters CTCF.

4 Establishment of sister chromatid cohesion

Fluorescent recovery after photobleaching (FRAP) experi-
ments have shown that cohesin loaded onto DNA in telo-
phase and early Gl turns over rapidly on chromatin in a
Wapl-Pds5-dependent manner [8,11]. At least a pool of
cohesin interacts with chromatin much more stably after
DNA replication [86]. This stably bound cohesin pool is
believed to be cohesive and to generate sister chromatid
cohesion.

A critical factor required for cohesion establish-
ment is the acetyltransferase Ecol/Ctf7 that acetylates
Smc3 [12,14-16,87,88]. In vertebrates, there are two Ecol
orthologs, Escol and Esco2, both of which are capable of
acetylating Smc3 and contribute to sister chromatid cohe-
sion [13,16]. Smc3 acetylation at two conserved lysines is
required for cohesion establishment in yeast and in verte-
brates, because acetylation mimicking Smc3 mutations by-
pass the requirement of Ecol in cohesion [14,16,89].
In yeast, mutations in Wapl, Pds5, and Scc3 bypass the
requirement for Ecol and rescue the lethality of ecol mu-
tants [14,17]. Thus, acetylation of Smc3 likely counteracts
the cohesin-releasing activities of Wapl, Pds5, and Scc3,
thereby stabilizing cohesin on chromosomes to establish
cohesion. In human cells, sororin is additionally recruited to
the acetylated cohesin and further shields cohesin from
Wapl [21]. Sororin-bound cohesin is more stably associated
with chromatin, and is believed to mediate sister chromatid
cohesion. As mentioned previously, sororin homologues
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have so far only been found in vertebrates and in Drosophi-
la, but not in yeast.

Because the two acetylated lysine residues are located
close to the active site of the Smc3 ATPase domain, it has
been proposed that Smc3 acetylation blocks the releasing
activities by regulating the ATPase activity of cohesin [49].
On the other hand, Escol-dependent acetylation or the acet-
ylation mimicking mutation of purified recombinant human
cohesin does not reduce its ATPase activity [90]. Instead,
Smc3 acetylation is strictly dependent on the ATPase activ-
ity of cohesin, and is coupled to the loading of cohesin onto
DNA by the Scc2-Scc4 complex [90]. Thus, we propose
that ATP hydrolysis exposes the two lysines on Smc3 for
acetylation by Escol/2. Smc3 acetylation directly interferes
with the productive interaction between cohesin and
Wapl-Pds3, thus stabilizing cohesin on chromatin.

The finding that cohesin acetylation is coupled to its
loading suggests that this modification is unlikely to be the
sole regulated step in cohesion establishment during
S phase. Indeed, cohesin acetylation can occur efficiently
before and after DNA replication in Xenopus egg
extracts [91]. In human cells, Escol has been shown to con-
stitutively co-localize with and mediate the acetylation of
cohesin at CTCF sites throughout the cell cycle [65,92].
This replication-independent cohesin acetylation mediates
gene silencing [92]. Thus, Smc3 acetylation is necessary but
not sufficient for cohesion establishment.

It is possible that only Smec3 acetylation coupled to DNA
replication can establish sister chromatid cohesion (Figure
3). Consistent with this hypothesis, Ecol is recruited to the
replication fork through an interaction with PCNA in yeast,
and the Ecol-PCNA interaction is critical for sister chro-
matid cohesion [93]. Similarly, the interaction between Es-
co2 and PCNA is essential for cohesion establishment in
Xenopus egg extracts [91]. In addition to PCNA, a large
number of proteins with known roles in DNA replication
are required for sister chromatid cohesion [94,95]. It re-
mains unclear, however, how cohesion establishment is
coupled to DNA replication.

5 Cohesin release from chromosomes

Timely dissolution of sister chromatid cohesion in mitosis is
critical for accurate chromosome segregation. If cohesion
dissolution occurs too early, sister chromatids separate
prematurely, and cells undergo spindle check-
point-dependent arrest in mitosis [27]. If cohesion removal
happens too late, incomplete sister chromatid separation
leads to lagging chromosomes and aneuploidy in daughter
cells. Therefore, cohesive cohesin stably bound to chroma-
tin has to be released in a highly regulated manner. As men-
tioned previously, cohesin is released from chromosomes in
two steps during mitosis in vertebrates (Figure 1). In the
first step, Wapl removes the majority of cohesin from
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Figure 3 Critical steps involved in cohesion establishment. Cohesin is deposited onto DNA by the Scc2-Scc4 complex and acetylated by Ecol in yeast and
Escol/2 in human cells. The ATPase activity of cohesin is required in both steps. Cohesin acetylation can occur independently of DNA replication, but only
acetylation in association with the replication machinery enables the establishment of sister chromatid cohesion. In metazoans, cohesion establishment also

requires the binding of sororin to acetylated cohesin.

chromosome arms in the prophase pathway, but spares a
small pool of cohesin at centromeres. In the second step, the
centromeric cohesin is cleaved by the protease separase.

When cells entering mitosis, mitotic kinases are acti-
vated, and phosphorylate cohesin and its associated regula-
tors [96]. Phosphorylation of SA2 by Plk1 and phosphoryla-
tion of sororin by Cdkl and Aurora B have been shown
to be required for efficient cohesin release by
Wapl [21,23,24,31,97]. While it is unclear how SA2 phos-
phorylation stimulates Wapl-dependent release, phosphory-
lation of sororin disrupts its interaction with Pds5 and cohe-
sin [21]. Sororin dissociation allows Wapl to gain access to
Pds5 and to remove cohesin from chromosomes presumably
through opening the Smc3—Sccl interface. The mechanism
by which Wapl-Pds5 opens this DNA exit gate of cohesin
still remains elusive. It is possible that Wapl-Pds5 stimu-
lates the ATPase activity of cohesin and triggers the open-
ing of the DNA exit gate in a process that requires ATP
hydrolysis. Cohesin released in the prophase pathway can
be deacetylated by HDACS in mammalian cells [98], and
deposited onto DNA in the next cell cycle.

By metaphase, only cohesin at centromeres is preserved
by the Sgol-PP2A complex [28,30]. Sgol is initially
recruited to kinetochores through directly binding to
the H2A-pT120 histone mark added by the mitotic kinase
Bubl [34,99,100]. RNA Polymerase II-dependent transcrip-
tion then drives Sgol from kinetochores to centromeres,
where it directly binds to cohesin [100]. The Sgol—cohesin
interaction also requires Cdkl-dependent phosphorylation
of Sgol and specifically occurs during mitosis [31]. Sgol
competes with Wapl for binding to a conserved site on
SA2-Sccl and directly shields cohesin from Wapl [32]. In
addition, Sgol also bridges an interaction between cohesin
and PP2A and protects sororin from hyperphosphorylation

by mitotic kinase [31]. This preserves the binding of sororin
to cohesin and Pds5, which also antagonizes
Wapl-dependent cohesin release.

After all sister kinetochores are properly attached to mi-
crotubules emanating from the opposite spindle poles and
are under tension, the spindle checkpoint is silenced, and
the checkpoint target, APC/C bound to its mitotic activator
Cdc20 (APC/C*?°), becomes active [101,102]. APC/CE**
mediates the ubiquitination of two key separase inhibitors,
securin and cyclin B1, resulting in their degradation by the
proteasome and leading to separase activation [103,104].
Concurrently, Pol II localization at metaphase kinetochores
is also diminished [100]. As a result, Sgol redistributes
from centromeres to kinetochores, leaving cohesin at cen-
tromeres unprotected. Active separase then cleaves Sccl at
two different sites and releases centromeric cohesin from
chromatin, triggering anaphase onset [36]. In yeast, the
prophase pathway is not prominent, and most cohesin is
cleaved by separase at the metaphase—anaphase transition to
enable chromosome segregation [105].

How does separase specifically recognize and cleave
chromatin-bound centromeric cohesin while sparing soluble
cohesin released in the prophase pathway? Biochemical
analysis in vitro showed that separase binds to DNA direct-
ly, and cohesin cleavage by separase is stimulated by
DNA [106]. This finding provides a possible explanation
for why only chromatin-bound cohesin is cleaved by
separase, allowing the bulk of cohesin released by Wapl in
prophase to remain intact and to be recycled in the next cell
cycle. Moreover, a recent study showed that the phosphory-
lation-dependent peptidyl-prolyl cis/trans isomerase Pinl
catalyzes a conformational change of separase, presumably
involving a proline cis/trans isomerization event [107]. In
early mitosis, Pinl is required for cyclin B1-Cdkl-
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dependent inhibition of separase. Pinl-mediated isomeriza-
tion also limits the half-life of active separase following
chromosome segregation in late mitosis. Finally, separase is
excluded from the nucleus by nuclear export [108]. In con-
junction with securin-dependent inhibition, these regulatory
mechanisms fine-tune the proteolytic activity of separase
and ensure that active separase cleaves and only cleaves the
residual amount of cohesin at centromeres during the meta-
phase—anaphase transition, but not at other stages of the cell
cycle.

6 Concluding remarks

Since its discovery two decades ago, much progress has
been made toward a molecular understanding of the cohesin
complex and its roles in chromosome biology. It has be-
come increasingly clear that intricate spatiotemporal regula-
tion of the establishment and dissolution of sister chromatid
cohesion is essential for accurate chromosome segregation.
The maintenance of sister chromatid cohesion at centro-
meres is now well established. On the other hand, many
outstanding questions in this field remain to be answered. In
particular, the actual mechanics of ATPase-driven loading
and release of cohesin to and from chromatin remains to be
defined. Reconstitution of these processes with purified
components in vitro, coupled with structural and biophysi-
cal analysis, will be absolutely necessary for future in-depth
mechanistic studies of cohesin.
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