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Liberating cohesin from cohesion
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Cohesin was identified through its major role in holding
sister chromatids together. We are learning through anal-
ysis of cohesin and other members of the protein family
(SMC [structural maintenance of chromosomes]) and
their regulators that these ring complexes contribute to
chromosome organization and dynamics throughout the
cell cycle. We need to consider not only how ring com-
plexes are regulated but how they interact with their fluc-
tuating chromatin substrate.

Cohesin is a ring complex comprised of coiled-coil pro-
teins SMC1 (structural maintenance of chromosomes 1)
and SMC3, kleisin (Scc1/Mcd1), and HEAT repeat protein
Scc3. The original phenotype and nom de plume is its
function in promoting sister chromatin cohesion. SMCs
are part of a larger family of ring complexes, including
condensin (SMC2,4) and the SMC5,6 complex that partic-
ipates in a number of DNA transactions, including
replication, repair, chromosome condensation, and segre-
gation. The binding and release of the SMC1,3 cohesin
complex is performed by a number of factors that promote
either cohesion (including ECO1 [ESCO1/2], an acetyl-
transferase functioning through ring closure, and sororin)
or cohesion destabilizers (such as WAPL via ring opening
and the release factor PDS5 [PDS5A/B]). As we explore the
genome in time and space, we are coming to appreciate
that these ring complexes exhibit a diverse array of func-
tions and significantly more functional overlap than their
names imply.
Kawasumi et al. (2017) explore ESCO1/2 function

through targeted mutations in chicken DT40 cells, where
they discovered roles for these acetyltransferases in estab-
lishing chromosome territories during interphase and
centromere organization in metaphase. These functions
do not rely on cohesin acetylation (K105, K106) and force
us to broaden our thinking of how protein ring complexes
and their regulation might function in higher-order chro-
mosome organization.
The first step in building intuition is to consider how

the behavior of the substrate (i.e. DNA) affects the func-
tion of these ring complexes. Chromosomes (∼50:50 pro-

tein:DNA) are long chain polymers comprising ∼10%
the mass of the nucleus. They are floppy, defined by the
very short length scale over which they tend to be straight
(50-nm Lp [persistence length] vs. 6-mm Lp for microtu-
bules). Depictions of DNA as linear fibers for didactic pur-
poses are not useful for mechanistic studies. The physics
of long chain polymers in a highly viscous confined envi-
ronment reveal that interchromosomal interactions are
thermodynamically disfavored, biasing each chain to
adopt individual random coils. The interaction with self
can be observed in experimentally obtained contact prob-
ability maps from genome-wide chromosome conforma-
tion studies (Fudenberg and Mirny 2012; Dekker et al.
2013). A secondary organizing principle is the formation
of intrachromosomal loops, such as the large enhancer-
mediated loops stabilized by CTCF and cohesin. Loops
are a natural consequence of the entropic fluctuations of
long chains (Vasquez et al. 2016). Thinking of the genome
as a ball of yarn, loops will form as the result of random
motions of the polymer chain. As one adds energy-fueled
machines such as condensin and cohesin, loops can be ex-
truded, tuned, and stabilized for specific metabolic
functions.
The cohesin ring must be considered in the context of

its substrate. In the case of a DNA translocase ring com-
plex such as condensin (Terakawa et al. 2017), walking
along a floppy substrate results in extrusion of DNA loops
(Lawrimore et al. 2017). In the case of diffusible rings such
as cohesin, the rings can tether two strands. This is the ca-
nonical cohesion function between sister chromatids but
can just as well be tethers within a single strand (i.e., loop)
or a single diffusible ring. Such tethers also promote cen-
tromere clustering between chromosomes (Rabl organiza-
tion). Less intuitive is the behavior of slip link rings in a
network. Polymer networks (i.e., the genome) can be
cross-linked via fixed connectors through which the
DNA chain cannot slide or slip links that allow chain slip-
page. Slip link gels, known as polyrotaxane gels (Okumura
and Ito 2001), undergo changes in volume over orders of
magnitude while maintaining morphology. As the state
of the polymer changes (e.g., hydration shell or phase
state), slip links accommodate changes in the material
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property of the chain, for instance, to equilibrate tension
throughout the network. Thermodynamic simulations
of a chromatin loop with and without cohesin rings illus-
tratemechanisms bywhich diffusible rings restrict fluctu-
ation of the chromatin backbone as well as the area that
the chromatin chain occupies (Lawrimore et al. 2016).

What the Kawasumi et al. (2017) study shows is that
cohesin rings and their regulation participate in genome
organization as cells cycle through division. In interphase,
ESCO1/2 together with Wapl work to reduce the amount
of cohesin (more cohesin in the mutants). In simulation,
rings that link nonadjacent genomic sites are a way to
compact and partition regions such as the nucleolus
(Hult et al. 2017). Thus, ESCO1/2,Wapl modifications
function to expand the genome, likely increasing explora-
tion, loop size, and number/frequency of interactions via
reduction in cohesin/substrate cross-links.

Inmetaphase, cohesin plays a central role in centromere
organization. The centromere is the region of the chromo-
some that dictates kinetochore assembly andmicrotubule
attachment for chromosome segregation. An outstanding
question in the field is how tension is generated between
sister kinetochores that can be on the order of 1 µm apart.
Kawasumi et al. (2017) show that the distance between
sister centromeres is increased in esco2 mutants. Thus,
cohesin is required for centromere integrity. In budding
yeast, where the centromere is defined at the DNA se-
quence level, cohesin together with condensin provide a
mechanism to increase the density of loops (Lawrimore
et al. 2015, 2016). Upon biorientation, the loops adopt a
bottle brush configuration surrounding a DNA axial
core. The bottle brush is stiff due to side loops restricting
the number of thermodynamic states that the axial core
can adopt. In this way, sister centromeres are “pushed”
apart, biasing kinetochores to the surface of the chromo-
some. Kawasumi et al. (2017) show that ESCO1/2 modifi-
cation of cohesin plays a role in regulating this function in
mammalian cells as well.

Mutations in ring complexes (cohesin and condensin)
have been identified in a number of developmental disor-
ders and disease states (Zakari et al. 2015). Considering
the diversity of their function, it is a major challenge to

identify specific protein deficiencies that map to specific
disorders. Targeted mutations with critical quantitative
analysis as performed in Kawasumi et al. (2017) exemplify
how we make progress in this exciting yet nonintuitive
field.
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