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Chapter 1
Cohesion and condensation by SMC complexes 

General Introduction

Ahmed M.O. Elbatsh and Benjamin D. Rowland

Division of Cell Biology, The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX 
Amsterdam, The Netherlands
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Abstract

Cell division is a tightly regulated process that is crucial for all living organisms. It is neces-
sary that each of the newly produced daughter cells acquires an exact copy of its mother’s 
genetic material. Cancer and several genetic disorders are thought to emerge from errors 
occurring during cell division. To prevent such errors, cells harbour advanced safeguard 
mechanisms to preserve their genomic integrity. Two of these safeguards are sister chro-
matid cohesion by the cohesin complex and chromosome condensation by the condensin 
complex. Both complexes belong to the Structural Maintenance of Chromosomes (SMC) 
family of proteins. SMC proteins are known to be important for DNA organization from bac-
teria to humans.
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The cell cycle

The human body originates from two gametes that fuse together to form one cell. This single 
cell, the ‘zygote’, ultimately becomes more than 37 trillion cells when the body reaches the 
size of a standard adult (Bianconi et al., 2013). This massive transformation is the outcome of 
countless rounds of cell divisions, starting from the zygote. Cell division therefore forms the 
basis of life and it is fundamental for the development and functioning of all living organisms. 
In an adult body, most cells are non-dividing and only about 300 billion cells continue to 
divide to allow for the maintenance and regeneration of tissues and organs (Morgan, 2007).

Two major events take place during the cell division cycle, or in short the cell cycle. One is 
the synthesis (S) phase, in which the whole genome is replicated. At the end of this phase, 
each chromosome consists of two identical chromatids that are tightly connected. The sec-
ond major event is mitosis (M) phase when the two sister chromatids of each chromosome 
are separated and each chromatid moves to an opposite pole of the cell. Then the cell finally 
splits into two identical daughter cells. Two gap phases, G1 and G2, separate the S and M 
phases. G1 and G2 phases are important to provide the time needed for the cells to prepare 
for replication and division, respectively. Collectively, G1, S and G2 phases are called the 
‘Interphase’ stage of the cell cycle. When the cell is exposed to conditions of limited nutrients 
or undergoes a differentiation program, it exits the cell cycle and enters into a non-dividing 
state known as G0 (Figure 1) (Morgan, 2007).

Mitosis is the shortest phase of the cell cycle, yet it is a complex and dynamic process. It 
is divided into 5 stages, namely prophase, prometaphase, metaphase, anaphase and telo-
phase (Figure 2). During prophase, the long thread-like chromosomes start to compact and 
transform into short rod-shaped structures in a process known as chromosome condensa-
tion (discussed below in detail). In addition, each of the centrosomes migrates to an opposite 
side of the cell and hereby defines the poles. In prometaphase, the nuclear envelope breaks 
down and microtubules emanating from the centrosomes start to attach to the chromosomes. 
When all chromosomes are correctly attached to the mitotic spindle, they line up in the mid-
dle of the cell at the metaphase plate. The correct bi-orientation of chromosomes allows for 
the destruction of sister chromatid cohesion (discussed below in detail), which triggers the 
separation of the sister chromatids to the opposite poles of the cell in anaphase. Finally, in 
telophase the chromosomes decondense and the nuclear envelope reforms around the two 
DNA packs forming two nuclei. After the completion of mitosis, the cell membrane ingresses 
and abscission occurs during cytokinesis, resulting in the formation of two new daughter 
cells.

M

G2

S

G1

G0
Figure 1. The cell cycle.
Schematic representation of the different phases of 
the cell cycle of eukaryotic cells. The main events of 
the cell cycle are DNA replication that takes place 
in S (Synthesis) phase and the segregation of the 
two sister chromatids of each chromosome into the 
opposite poles of the cell in M (Mitosis) phase. Cells 
are prepared for S phase during G1 (Gap1) phase 
and for M phase in G2 (Gap2) phase. The newly for-
med daughter cells either continue cycling or enter 
the G0 phase to exit the cell cycle.
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The segregation of replicated genomes is essential for the propagation of life, from bac-
teria to humans. During each cycle of cell division, the DNA has to be shaped in a way 
that is compatible with its faithful partitioning into the newly formed cells. As their name 
suggests, Structural Maintenance of Chromosomes (SMC) complexes constitute a family of 
protein complexes that shapes chromosomes, and these complexes allow for chromosome 
segregation with ultimate fidelity (T. Hirano, 2016; T. Hirano et al., 1995; Jans et al., 2009; 
Jeppsson et al., 2014; Nasmyth, 2011; Uhlmann, 2016). SMC proteins are found in all three 
domains of life and hence they are one of the most conserved classes of chromosomal pro-
teins (Cobbe and Heck, 2004). The SMC family comprises three different complexes, namely 
cohesin, condensin, and the SMC5/SMC6 complex. Cohesin and condensin are the focus of 
this thesis and they are discussed below in detail. 

Structure of the cohesin and condensin complexes 

Cohesin and condensin are ring-shaped multi-protein complexes with a heterodimer of two 
Smc subunits at their basis (Figure 3 and Table 1). The cohesin ring contains a dimer of 
Smc1 and Smc3 while condensin contains Smc2 and Smc4 (Haering et al., 2002; T. Hirano 
and Mitchison, 1994). Condensin is a pentameric complex with three non-Smc subunits in 
addition to the Smc dimer (T. Hirano et al., 1997; T. Hirano and Mitchison, 1994). Whether 
the canonical cohesin ring is composed of four or five subunits is debatable. This is mainly 
because one of the non-Smc proteins associates less tightly with the ring (Ladurner et al., 
2016; Sumara et al., 2000). Structurally, each Smc protein folds back on itself at its ‘hinge’ 
domain, allowing the N- and C-termini to come together to form a globular ATPase ‘head’ 
domain. The hinge and head domains are separated by 50 nm long coiled coils. The Smc 
subunits contact each other directly through their hinge domains while their ATPase head 
domains are bridged by a third subunit that belongs to the Kleisin family of proteins (Figure 
4). (Gligoris and Löwe, 2016; Haering et al., 2002; Melby et al., 1998; Schleiffer et al., 2003; 
Stray and Lindsley, 2003). 

PrometaphaseProphaseG2 phase Metaphase Anaphase Telophase

Figure 2. Different stages of mitosis.
Cells enter mitosis from G2 phase with each chromosome consisting of two sister chromatids that are 
held together along their entire length by cohesin (blue rings). Mitosis is subdivided into 5 main phases. 
In prophase, the thread-like chromosomes start to compact and centrosomes (red dots) migrate to the 
opposite sides of the cell. In prometaphase, the nuclear envelope breaks down and cohesin rings dis-
sociate from chromosome arms but not from centromeres, resulting in the well-known X shape of mitotic 
chromosomes. When all chromosomes are properly attached to microtubules in metaphase, Separase 
cleaves the centromeric rings and thereby triggers the separation of sister chromatids to the opposite 
poles in anaphase. In telophase, the DNA starts to decondense, the nuclear envelope reforms and co-
hesin reloads onto chromatin.
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Studies on cohesin and bacterial SMC complexes have shown that Kleisin subunits associate 
with Smc heterodimers in an asymmetric fashion (Bürmann et al., 2013; Gligoris et al., 2014; 
Huis in ‘t Veld et al., 2014). The N-terminus of Scc1 (the kleisin subunit of cohesin) binds to 
Smc3’s coiled coils just above its head domain whereas its C-terminus directly contacts the 
bottom of the head domain of Smc1 (Haering et al., 2004). Whether a similar asymmetric in-
teraction occurs in condensin is unknown, although it is inferred from sequence conservation 
that it is likely to occur (Gligoris et al., 2014; Huis in ‘t Veld et al., 2014).  

Within each SMC complex, the head domains of the two Smc subunits together sandwich 
two ATP molecules to form a composite ABC-like ATPase (M. Hirano, 2001; Nasmyth and 
Haering, 2009; Peters et al., 2008). The ATPase cycle, which involves ATP binding and its 
subsequent hydrolysis, is integral to the function of both cohesin and condensin. Despite 
the structural similarities of the Smc proteins, the Smc dimers of cohesin and condensin dis-
play different conformations when visualized by electron microscopy (Anderson et al., 2002; 
Huis in ‘t Veld et al., 2014). The arms of cohesin’s Smc dimer adopt an open (O-shaped) 
conformation while those of condensin show a closed (V-shaped) architecture. Likewise, the 
V-shaped conformation was reported in a prokaryotic SMC complex (Fuentes-Perez et al., 
2012; Soh et al., 2014). Recent work shows that yeast condensin’s Smc2-Smc4 dimer can 
adopt various inter-changeable conformations, including the open O-shaped structure when 
visualized using high-speed liquid AFM (Eeftens et al., 2016). Whether there actually is a 
difference in arm conformation between cohesin and condensin in physiological conditions 
remains an open question.

Topological entrapment of DNA by cohesin and condensin

The ring shape of cohesin and condensin is fundamental to the function of these complexes, 
as it allows them to act as topological devices that entrap DNA inside their lumens. Cohesin 
is thought to confer sister chromatid cohesion by co-entrapping the replicated sister chroma-
tids inside its ring-shaped structure. This entrapped state is stably maintained until mitosis, 
and it is the destruction of the ring’s integrity that ultimately triggers chromosome segregation 
(Gligoris et al., 2014; Haering et al., 2008; Nasmyth and Haering, 2009; Peters et al., 2008). 

Cohesin

Smc3Smc1

Scc1

Scc3 Pds5

ATPase ATPase

Condensin I

Smc2Smc4

Cap-H

Cap-G Cap-D2

ATPase ATPase

Condensin II

Cap-G2 Cap-D3

Smc2Smc4

Cap-H2ATPase ATPase

Figure 3. Schematic representation of cohesin and condensin rings
Cohesin and condensin are ring-shaped complexes that entrap DNA inside their lumens. The rings are 
formed of two Smc proteins that together can hydrolyse ATP through their composite ATPase domains. 
The Smc heterodimer is bound to one kleisin subunit and two HEAT-repeat proteins. Most eukaryotes 
harbour two different condensin complexes, condensin I and II, which share the same Smc proteins but 
have different non-Smc subunits. 
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Regarding condensin, we know that this complex can topologically entrap DNA, 
and also that the ring integrity is essential to its function (Cuylen et al., 2011; 2013). 
For example, artificial cleavage of condensin abolishes its association with yeast 
minichromosomes (Cuylen et al., 2011), and severing condensin causes the unrav-
eling of pre-assembled bivalent chromosomes in mouse oocytes (Houlard et al., 
2015). Whether or not condensin can co-entrap two DNA strands inside its ring is 
currently unknown. 

Loading of cohesin and condensin onto chromatin

Loading of the cohesin rings onto DNA is mediated by its loader complex, which is com-
posed of two subunits, Scc2 and Scc4 (Table 1) (Ciosk et al., 2000). The molecular mech-
anism through which the loader complex confers its activity is still unclear, but it is known 
to involve ATP hydrolysis (Hu et al., 2011; Murayama and Uhlmann, 2014). Recent in vitro 
single-molecule imaging of fission yeast cohesin shows that the loader complex extends 
the lifetime of cohesin’s association with DNA and that it may thereby increase the chance 
of its topological entrapment (Stigler et al., 2016). The fission yeast loader also contacts the 
cohesin ring at multiple spots throughout its circumference (Murayama and Uhlmann, 2014), 
suggesting that the loader complex might facilitate a conformational change that promotes 

Hinge

ATPase
heads

Pds5

Scc3

Smc1

Scc1-C

N-Scc1

Smc3

Figure 4. Model of the structure of the cohesin ring.
Cohesin at its heart has three proteins that together form a gigantic tri-partite ring. Smc1 (red) and Smc3 
(blue) directly bind each other at the dimerization (hinge) domain and sandwich two ATP molecules (yellow, 
see dashed box) between their ATPase head domains to form a composite ABC-like ATPase. Both Smc1 
and Smc3 have 50 nm long coiled coils that connect the hinge and ATPase heads. The N-terminus of Scc1 
(N-Scc1, green) binds to the coiled coils of Smc3, and its C-terminus (Scc1-C, green) binds to the bottom of 
Smc1’s ATPase head. Pds5 (orange) and Scc3 (grey) bind the ring at different spots to regulate its function. 
Their locations in this model are largely tentative. Smc3 is acetylated by Eco1 at two conserved lysines (light 
green sticks) at its ATPase head domain to lock cohesin rings on DNA. The model was assembled with PyMOL 
using the available crystal structures; Smc1 (PDB: 1W1W), Smc3 (PDB: 4UX3), hinge (PDB: 1GXL), Scc3 
(PDB: 4PK7) and Pds5 (PDB: 5FRP).
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the opening of the ring. Scc2 alone, but not Scc4, significantly stimulates cohesin loading 
in vitro, but in the absence of the loader complex there is still a basal level of spontaneous 
DNA entrapment (Murayama and Uhlmann, 2014). Recent structural work shows that Scc4 
binds to the N-terminus of Scc2 and suggests that Scc4 targets cohesin to chromatin in vivo 
whereas it is dispensable for cohesin’s binding to circular DNAs in vitro (Chao et al., 2015; 
Hinshaw et al., 2015; Lopez-Serra et al., 2014). 

How condensin is loaded onto DNA is still an open question. Interestingly, the loading sites of 
budding yeast condensin coincide with Scc2/Scc4 sites and the loader complex promotes, 
but is not essential for, condensin’s loading onto chromatin (D’Ambrosio et al., 2008). Unlike 
cohesin, there is no evidence of an interaction between condensin and the loader complex. 
In addition, it is still controversial whether depletion of the latter affects condensation (D’Am-
brosio et al., 2008; Furuya et al., 1998).

How does condensin confer condensation? 

It is easy to understand that cohesin can confer cohesion by the co-entrapment of the two 
sister chromatids inside its ring, but how can the entrapment of DNA inside the condensin 
ring lead to condensation? Even though the condensin complex was discovered more than 
two decades ago, the molecular mechanism by which it compacts and resolves mitotic chro-
mosomes is still largely a mystery. 

Several models regarding the molecular basis of condensation have been proposed (Figure 
5) (Cuylen and Haering, 2011; T. Hirano, 2016; 2012; Nasmyth, 2001; Uhlmann, 2016). One 
simple model suggests that condensin functions as a DNA-crosslinker that stochastically 
tethers distant chromatin regions together (Figure 5A) (Cheng et al., 2015; Thadani et al., 
2012). However, this model does not explain how condensin ends up lined along the entire 
axis of mitotic chromosomes, nor how the rings avoid inter-chromosomal linkages and favor 
intra-chromosomal ones. But most importantly, this model does not explain how the complex 
actually promotes chromosome compaction. An alternative model was proposed based on 
perhaps one of the best-characterized properties of condensin, namely its ability to introduce 
positive supercoils onto circular DNA in vitro (Bazett-Jones et al., 2002; T. Hirano, 2014; Stray 
et al., 2005; Stray and Lindsley, 2003). This ‘chiral looping’ model suggests that condensin 
shapes chromosomes by creating, and possibly stabilizing, DNA writhes that ultimately lead 
to compaction of chromatin (Figure 5B) (Swedlow and T. Hirano, 2003).

Another, rather attractive, model that has recently gained more attention is the ‘loop extru-
sion’ model (Nasmyth, 2001). It entails the processive enlargement of DNA loops through 
the extrusion of DNA from condensin rings. The extension of the loop can in principle bring 
together DNA sequences in cis, and when multiple condensin rings along a chromosome 
perform this function, it would automatically results in chromosome condensation and in the 
formation of an axis of condensin complexes at the core of mitotic chromosomes (Figure 
5C). This model also explains why condensin only links DNA loops in cis (Alipour and Marko, 
2012; Goloborodko et al., 2016; Nasmyth, 2001; Sanborn et al., 2015). 

Something that is not specified in this model is whether condensin itself drives the extrusion 
of DNA from its lumen, or if condensin merely acts as a topological anchor. In the latter case, 
another factor would push or pull DNA through the ring. Condensin does of course have en-
zymatic activity, and it is an exciting possibility that it actually is condensin’s ATPase activity 
that drives the DNA extrusion. 
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Cohesin plays multiple roles besides sister chromatid cohesion, including transcription regu-
lation (Kagey et al., 2010; Parelho et al., 2008; Wendt et al., 2008). It has been proposed that 
cohesin creates chromosomal cis interactions via DNA looping to mediate these functions 
(Hadjur et al., 2009; Wendt et al., 2008). In fact, it is likely that cohesin in this interphase 
setting also structures chromosomes through loop extrusion. If so, this activity could reflect 
the unified principle by which SMC complexes like cohesin and condensin execute their 
functions.

Locking together the sister chromatids

Cohesin’s default behaviour is that it associates with chromatin in a very dynamic manner, 
which is the outcome of a continuous cycle of entrapment and release of DNA (Chan et al., 
2012; Eichinger et al., 2013; Gerlich et al., 2006b). Scc2/Scc4 promotes the DNA entrap-
ment reaction, while DNA release is dependent on cohesin’s antagonist Wapl. Cohesin’s 
release from chromatin involves the opening up of a distinct DNA exit gate in cohesin rings 
at the interface connecting the Scc1 and Smc3 subunits. How then does cohesin stably hold 
together the sister DNAs, if it only transiently binds DNA? This is achieved by the Eco1 acet-
yltransferase that through the acetylation of cohesin’s Smc3 subunit locks closed cohesin’s 
exit gate. Smc3 acetylation renders cohesin rings resistant to Wapl-mediated DNA release, 

Figure 5. Models of mitotic chromosome condensation
(A) The ‘stochastic cross-linker’ model. Condensin randomly entraps colliding DNA fibers inside its ring 
to confer condensation. (B) The ‘chiral loop’ model. Condensin creates and stabilizes DNA writhes. The 
DNA twists might be folded into high-ordered structures to give condensation. (C) The ‘loop extrusion’ 
model. Condensin extrudes DNA though its lumen to form a loop. The processive enlargement of these 
loops with time results in DNA compaction.
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which allows cohesin to hold together the sister DNAs from S phase until mitosis. Human 
cells have two homologues for the yeast Eco1 protein, named ESCO1 and ESCO2 (J. Zhang 
et al., 2008). Although both homologues are to some degree required for Smc3 acetylation, 
they appear to have partly non-overlapping functions (Hou and Zou, 2005; Ladurner et al., 
2016). 

Most of cohesin’s subunits are conserved to a considerable degree through all eukaryotes. 
There is one notable exception though, which is Sororin. This protein appears to be unique 
to animal cells, where it is recruited to acetylated Smc3 and is required to protect cohesin 
vagainst Wapl. Remarkably though, its interaction with cohesin is dynamic. How it then man-
ages to stabilize cohesin on DNA remains unknown (Ladurner et al., 2016). Another import-
ant open question in the field is how cohesin knows precisely which bits of DNA it should 
co-entrap. We discuss a number of possible scenarios in chapter 5.

How does cohesin release DNA?

It is clear that a major factor that determines which cohesin rings stably entrap DNA is the 
protection against Wapl-mediated DNA release. But what actually is this DNA release reac-
tion? In chapter 2 we gain fundamental insight into the mechanism by which cohesin releas-
es DNA. We discover a functional asymmetry within the ATPase machinery of the cohesin 
complex. We show that while DNA entrapment involves both ATPase sites, that DNA release 
is specifically driven by one of cohesin’s ATPase sites. Importantly, this ‘release ATPase 
site’ lies proximal to the acetylation marks on Smc3. We suggest that Eco1-mediated Smc3 
acetylation locks together the sister chromatids by counteracting the activity of specifically 
this ATPase site.

How does condensin’s ATPase machinery control chromosome condensa-
tion?

Whatever the mechanism is through which condensin confers condensation, it almost 
certainly involves its ATPase activity. Comparable to cohesin, previous experiments have 
demonstrated the essential requirement for ATP binding to load condensin onto chromatin 
and for ATP hydrolysis in the initiation or maintenance of condensation (Arumugam et al., 
2003; Hudson et al., 2008; Kinoshita et al., 2015; Murayama and Uhlmann, 2014). In chap-
ter 3 we make use of our findings on cohesin to test the role of condensin’s ATPase sites in 
regulating its association with DNA. We discover an asymmetric contribution of condensin’s 
ATPase sites to the condensation process. Unexpectedly, one site turns out to promote con-
densation, and the second site rather antagonises chromosome condensation. 

Differences between condensin I and II complexes

The majority of higher eukaryotes have two distinct condensin complexes: condensin I, 
which is the conserved complex from yeast to humans, and condensin II (Figure 3 and Table 
1) (Freeman et al., 2000; Kimura et al., 2001; Schmiesing et al., 2000; Strunnikov et al., 1995; 
Sutani et al., 1999). Both condensin I and II share the same Smc dimer but comprise different 
non-Smc subunits. The non-Smc proteins include one kleisin subunit, which is either Cap-H 
for condensin I, or Cap-H2 for condensin II. Both Cap-H and H2 consist of two winged-he-
lix domains (WHD) located at either terminus of the protein and a flexible middle region 
(Palecek and Gruber, 2015; Schleiffer et al., 2003). Functionally, they bridge the ATPase 
head domains of Smc2 and Smc4. The kleisin subunit in turn binds two large HEAT-repeat 
proteins: Cap-G and Cap-D2 in condensin I and Cap-G2 and Cap-D3 in condensin II.
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The two condensin complexes have different properties. Condensin I is cytoplasmic and 
only contacts DNA upon nuclear envelope breakdown. Condensin II on the other hand, is 
nuclear throughout the cell cycle (Ono, 2004; T. Zhang et al., 2016). Accordingly, the tem-
poral control of each complex in the condensation process is in essence determined by its 
localization. Condensin II already initiates the resolution of sister chromatids in S phase and 
starts to condense them during prophase, while condensin I only acts from nuclear envelope 
breakdown onwards (Gerlich et al., 2006a; Nagasaka et al., 2016; Ono et al., 2003; 2013).

Another distinction between the two complexes lies in their unique arrangement along the 
axis of mitotic chromosomes (Ono, 2004; Ono et al., 2003). They exhibit an alternating dis-
tribution, with a unique enrichment of condensin II at centromeric regions. The stability of 
binding to DNA in mitosis is another fundamental difference between the two complexes. 
Condensin II is very stably DNA-bound during metaphase and anaphase while condensin I 
is more dynamic (Gerlich et al., 2006a). And finally, condensin II mainly shortens the length 
of chromosomes (axial shortening), while condensin I has been suggested to decrease the 
width of chromosomes (lateral compaction) (Green et al., 2012; Shintomi and T. Hirano, 
2011). 

Modeling Hi-C data from human cells indicates that mitotic chromosomes may be assembled 
through a two-step process. The first step would involve the formation of linear consecutive 
DNA loops along the entire length of chromosomes, resulting in compacted structures that 
resemble prophase chromosomes. The second step then entails the further axial shortening 
of chromosomes (Naumova et al., 2013). 

Cohesin and condensin’s HEAT-repeat subunits

Both cohesin and condensin have subunits that are HEAT-repeat proteins (Figure 3 and 
Table 1). Generally, HEAT-repeat proteins, in short HEAT proteins, are highly flexible scaf-
folding proteins that act as a hub for the binding of different components (Neuwald and T. 
Hirano, 2000). In addition, they have the ability to undergo significant conformational chang-
es upon binding to other molecules (T. Hirano, 2016).

S. cerevisiae S. pombe H. sapiens

Smc1 Psm1 SMC1A Smc2 Cut14 SMC2 - - SMC2

Smc3 Psm3 SMC3 Smc4 Cut3 SMC4 - - SMC4

Kleisin Scc1 (Mcd1) Rad21 SCC1 (RAD21) Brn1 Cnd2 CAP-H - - CAP-H2

Scc3 Psc3 SA1/SA2 Ycs4 Cnd1 CAP-D2 - - CAP-D3

Pds5 Pds5 PDS5A/PDS5B Ycg1 Cnd3 CAP-G - - CAP-G2

Wapl (Rad61) Wapl WAPL

- - Sororin

Loader complex

Acetyl-
transferase

Scc2-Scc4 Mis4-Ssl3 SCC2 (NIPBL)/
SCC4 (MAU2)

Eco1 (Ctf7) Eso1 ESCO1/ESCO2

Cohesin Condensin I Condensin II
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S. cerevisiae S. pombe H. sapiens S. cerevisiae S. pombe H. sapiens

Table 1. Cohesin and condensin subunits.
The different subunits and regulators of cohesin, condensin I and condensin II in budding yeast (S. 
cerevisiae), fission yeast (S. pombe) and humans (H. sapiens).  
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Cohesin has two HEAT proteins, Pds5 and Scc3, which are important for the function of the 
ring. The overall architecture of Pds5 and Scc3 is very comparable. Both are large HEAT 
proteins that bind to the N- and C- termini of Scc1, respectively (Hara et al., 2014; B.-G. Lee 
et al., 2016; Muir et al., 2016; Ouyang et al., 2016; Roig et al., 2014). The literature on these 
proteins sometimes appears confusing, as each protein affect cohesin in both positive and 
negative ways.

For instance, Pds5 (Pds5A and Pds5B in human cells) is known to support cohesion but also 
to antagonise it. It doesn’t contribute to it’s loading, but it does play a central role in cohesion 
establishment and maintenance (Chan et al., 2013; D’Ambrosio and Lavoie, 2014; Hu et al., 
2011; Minamino et al., 2015; Stead et al., 2003; Vaur et al., 2012). Pds5 also has a prominent 
role in cohesin release from chromatin via a number of mechanisms, including acting as a 
recruitment factor for Wapl (Chan et al., 2012; B.-G. Lee et al., 2016; Muir et al., 2016; Ouy-
ang et al., 2016; Rowland et al., 2009; Shintomi and T. Hirano, 2009). Recent structural work 
on human PDS5B shows that together with its structural cofactor (IP6), it can stabilize the 
opened conformation of cohesin’s exit gate in vitro (Ouyang et al., 2016). Taken together, it 
seems that Pds5 exerts its release activity either directly or through Wapl binding. Likewise, 
Scc3 (SA1 and SA2 in human cells) exhibits both cohesion supportive and antagonistic 
functions. Scc3 promotes cohesin loading and maintains cohesion in yeast (Hu et al., 2011; 
Murayama and Uhlmann, 2014; Roig et al., 2014), and Scc3 also plays a key role in cohesin’s 
DNA release reaction (Beckouët et al., 2016; Hara et al., 2014; Rowland et al., 2009). 

The roles played by condensin’s HEAT proteins are even less well understood. Both are 
required for the proper recruitment of condensin to DNA in yeast and human cells, and 
they somehow stimulate the ATPase activity of the Smc dimer, especially in the presence of 
DNA (Piazza et al., 2014). Recent work demonstrates that the yeast Cap-G subunit, known 
as Ycg1, is degraded in interphase and thereby limits the activity of condensin to mitosis 
(Doughty et al., 2016). Interestingly, work in Xenopus egg extracts suggests that the two 
HEAT proteins of condensin I function to balance each other’s activity (Kinoshita et al., 2015). 
Apparently Cap-D2 has a positive role in the assembly of the axis of condensed chromo-
somes, while Cap-G antagonises this activity. 

Cohesin removal from chromosome arms in mitosis

Cohesin holds together the sister chromatids from S phase until mitosis. In animal cells, there 
are two distinct pathways that mediate cohesin removal from chromatin in mitosis (Losada et 
al., 1998; Waizenegger et al., 2000). During prophase and prometaphase, the majority of arm 
cohesin is removed by Wapl in a process known as the prophase pathway. This process is 
enabled through the action of mitotic kinases that phosphorylate cohesin’s SA2 and Sororin 
subunits. This phosphorylation neutralizes the protection against Wapl, which then opens 
up cohesin’s DNA exit gate. At centromeres, Shugoshin (SGO1) protects cohesin rings from 
the prophase pathway in two different ways. Its best-known role is that it recruits the PP2A 
phosphatase and thereby keeps Sororin and SA2 in a hypo-phosphorylated state. Another 
role is that it occupies a Wapl binding site on SA2 (Hara et al., 2014; Kitajima et al., 2006; 
Riedel et al., 2006). 

The iconic X shape of mitotic chromosomes actually is the consequence of the arm-specific 
cohesin removal in early mitosis. The second pathway of cohesin removal only becomes 
active when all chromosomes are attached to microtubules originating from the opposite 
poles. Then Separase is activated and cleaves the remaining, mostly centromeric, cohesin 
and thereby triggers chromosome segregation (Uhlmann et al., 1999; 2000).
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What is the purpose of having two cohesin-removal steps in animal cells?

The prophase pathway is a unique feature of animal cells. Yeast for instance don’t possess 
this feature. Here, Separase cleaves all cohesin rings at the metaphase to anaphase transi-
tion. But what is the whole purpose of the prophase pathway, given that chromosome seg-
regation can in principle occur without it (Gandhi et al., 2006; Kueng et al., 2006)? Why did 
animal cells evolve to acquire two distinct waves of cohesin removal? 

In chapter 4 we study the effect of inhibiting the prophase pathway in cultured human cells. 
We find that this process is important for two key mitotic events.  First, it is important to allow 
the timely decatenation, or disentanglement, of sister chromatids. In addition it is required 
to allow the efficient correction of erroneous microtubule/kinetochore attachments. As such, 
the prophase pathway is essential for faithful chromosome segregation, and it protects the 
genomic integrity of cells. In chapter 5 we extensively discuss the implications of these 
findings.

Can promoting cohesion correct chromosomal instability?

It is clear that sister chromatid cohesion is an integral facet of controlled chromosome segre-
gation. Errors in the segregation process are drivers of chromosomal instability (CIN), which 
is a hallmark of cancer cells (Lengauer et al., 1998). CIN is the continuous gain and loss of 
whole or parts of chromosomes. As a consequence of these missegregations, CIN tumours 
are very heterogeneous. These tumours are generally associated with poor patient progno-
sis and drug resistance (Bakhoum and Compton, 2012; McGranahan et al., 2012). Due to 
the accelerated evolution of these tumours, they are very difficult to target with anti-cancer 
drugs, and the outgrowth of resistant clones poses a major problem for treatment of these 
patients. Sister chromatid cohesion defects are a common cause of CIN (Thompson et al., 
2010). It is therefore no surprise that cohesin and its regulators are found mutated in cancer 
(Barber et al., 2008; Hill et al., 2016; Solomon et al., 2011).  

In chapter 6 we shed the light on an interesting study that examines the effect of boosting 
cohesion in CIN cells (Manning et al., 2014). Hitherto, it was known that the loss of pRB or 
p16ink4a, or the overexpression of CDK4 somehow causes cohesion defects (Manning et 
al., 2010; van Harn et al., 2010). More recently, one study reported that many CIN+ cell 
lines, including those that are deficient for pRB and BRCA1, are defective in the inner-cen-
tromere-Shugoshin (ICS) network (Tanno et al., 2015). The ICS network acts in coordinating 
centromeric cohesion with microtubule/kinetochore attachments to allow proper chromo-
some separation. Importantly, both the Manning study and this recent paper support the no-
tion that boosting cohesion corrects the CIN in cell lines that suffer poor cohesion. Promoting 
cohesion therefore may be a valuable tool to reduce CIN-induced intra-tumour heterogeneity 
and subsequently drug resistance in cancer cells with cohesion defects. How to achieve 
this promotion of cohesion, and what are the obstacles in using this theoretically promising 
strategy in the clinic is discussed in chapters 6 and 7. 

Together, cohesin and condensin control multiple vital chromosomal processes. It is crucial 
to understand the molecular basis of the regulation of these complexes in order to explain 
how they can perform their diverse tasks with such precision. Furthermore, we can use our 
current knowledge on cohesin’s regulation as a valuable basis to investigate the underling 
mechanisms of the other, less well understood, members of the SMC family.
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Thesis outline

Cohesin and condensin are SMC complexes that play fundamental roles in chromosome 
organization. They topologically entrap DNA inside their ring-shaped structures to carry out 
their multiple functions. Tight regulation of DNA entrapment and release by cohesin and 
condensin is therefore critical to allow these complexes to perform their tasks with the utmost 
accuracy. 

In chapter 2, we provide key insight into the molecular mechanism of DNA release by the 
cohesin complex. We identify an unexpected functional asymmetry within the heart of the 
ATPase machinery of cohesin that controls DNA release. In chapter 3, we use our find-
ings on cohesin to gain insight on the role of condensin’s ATPase machinery in the cycle of 
DNA entrapment and release. We identify an asymmetric role of condensin’s ATPase sites in 
chromosome condensation. In chapter 4, we explore the relevance of the two-step cohesin 
removal pattern from chromosomes during mitosis that is unique to animal cells. We discover 
that the first step, which is known as the prophase pathway of cohesin removal, is required 
for faithful chromosome segregation and the preservation of genomic integrity. In chapter 5, 
we discuss the significance of the prophase pathway and the recent findings on the regula-
tion of DNA entrapment and release by cohesin. In chapter 6, we highlight a crucial discov-
ery regarding the effect of boosting cohesion in chromosomally instable pRB-deficient cells, 
and we discuss how these findings provide a lead to prevent drug resistance in the clinic. 
Finally, in chapter 7 we discuss the relevance of our work in relation to the current literature 
on the mode of action of these fascinating complexes.
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Abstract

Cohesin stably holds together the sister chromatids from S phase until mitosis. To do so, 
cohesin must be protected against its cellular antagonist Wapl. Eco1 acetylates cohesin’s 
Smc3 subunit, which locks together the sister DNAs. We used yeast genetics to dissect how 
Wapl drives cohesin from chromatin and identified mutants of cohesin that are impaired in 
ATPase activity but remarkably confer robust cohesion that bypasses the need for the cohes-
in protectors Eco1 in yeast and Sororin in human cells. We uncover a functional asymmetry 
within the heart of cohesin’s highly conserved ABC-like ATPase machinery, and find that both 
ATPase sites contribute to DNA loading, whereas DNA release is controlled specifically by 
one site. We propose that Smc3 acetylation locks cohesin rings around the sister chromatids 
by counteracting an activity associated with one of cohesin’s two ATPase sites
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Introduction

Faithful chromosome segregation in mitosis is essential for genomic stability. This process 
is highly dependent on the cohesin complex, which holds together the sister chromatids of 
each chromosome. By resisting the pulling forces of microtubules up to the moment that all 
chromosomes are correctly attached, cohesin ensures that the sister chromatids separate to 
the opposite poles of the cell, and that each of the daughter cells receives an equal karyo-
type (Nasmyth and Haering, 2009; Peters et al., 2008).

The cohesin complex consists of three core components (Smc1, Smc3 and Scc1) that to-
gether constitute a huge tri-partite ring. Smc1 and Smc3 each have head domains, which 
together form a composite ABC-like ATPase, and have a second shared interface at the 
other end of their 50 nm long coiled coils that is referred to as the hinge. Scc1 in turn bridges 
the head domains of both Smc proteins (Gruber et al., 2003; Haering et al., 2002). The com-
plex also has two additional subunits Scc3 and Pds5 with regulatory functions (Haarhuis et 
al., 2014). Cohesin is thought to hold together the sister chromatids by co-entrapping them 
inside its ring-shaped structure (Haering et al., 2008).

Cohesin stably holds together the sister chromatids from DNA replication until anaphase on-
set. When cohesin rings are not in their cohesive state, they have a transient association with 
chromatin that appears to be the consequence of a continuous cycle of DNA entrapment and 
release (Eichinger et al., 2013; Gerlich et al., 2006b). DNA entrapment by cohesin is depen-
dent on the Scc2/Scc4 loader complex (Ciosk et al., 2000; Murayama and Uhlmann, 2013), 
while release involves cohesin’s antagonist Wapl (Gandhi et al., 2006; Kueng et al., 2006). 

Scc2/Scc4 stimulates ATP hydrolysis by cohesin’s ATPase domain, but how this may regu-
late the entrapment of DNA is unknown (Murayama and Uhlmann, 2013). Cohesin’s ATPase 
domain is its best-conserved domain, but our molecular understanding of its role is limited. 
This region sandwiches two ATPs between the head domains of Smc1 and Smc3, and ATP 
hydrolysis is necessary for the stable association of cohesin with chromatin (Arumugam et 
al., 2003; 2006; Hu et al., 2011; Ladurner et al., 2014a; Murayama and Uhlmann, 2013; 
Weitzer et al., 2003). 

Cohesin’s removal factor Wapl binds to Pds5 and Scc3 (Gandhi et al., 2006; Hara et al., 
2014; Kueng et al., 2006; Rowland et al., 2009; Shintomi and T. Hirano, 2009), and can 
bind to Smc3’s ATPase domain (Chatterjee et al., 2013), but how these interactions affect 
cohesin’s release from DNA is unknown. Cohesin has a distinct DNA exit gate that lies at 
the interface connecting Smc3’s ATPase domain and the N-terminus of Scc1 (Buheitel and 
Stemmann, 2013; Chan et al., 2012; Eichinger et al., 2013). Recent work shows that the N-ter-
minus of Scc1 binds to the coiled coil just above the ATPase domain of Smc3 (Gligoris et al., 
2014; Huis in ‘t Veld et al., 2014). The C-terminus of Scc1 however binds in a very different 
manner to the bottom of Smc1’s ATPase domain (Haering et al., 2004).

From S phase onwards, cohesin stably holds together the sister chromatids. To achieve 
this, cohesin must be protected against Wapl-mediated removal activity. This protection is 
provided by the essential acetyltransferase Eco1, which acetylates cohesin’s Smc3 subunit 
at two highly conserved lysines that are located on the outside part of its ATPase domain 
(Ben-Shahar et al., 2008; Rowland et al., 2009; Unal et al., 2008; J. Zhang et al., 2008). This 
acetylation in essence acts as a lock, as it renders cohesin resistant to Wapl (Chan et al., 
2012; Lopez-Serra et al., 2013) (Figure 1A). 
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Cohesin and virtually all of its regulators are conserved from yeast to humans. The notable 
exception is Sororin, which only appears to exist in animal cells. Sororin is recruited to acetyl-
ated cohesin complexes, and is essential for the protection against Wapl (Lafont et al., 2010; 
Nishiyama et al., 2010). How Smc3 acetylation and Sororin render cohesin resistant against 
Wapl is largely unknown. And how Wapl in fact drives cohesin from chromatin remains a 
mystery. We performed an unbiased genetic screen in budding yeast to learn about the 
mechanism of Wapl-mediated cohesin removal. Hereby we identified an unexpected asym-
metric activity within the heart of cohesin’s ATPase machinery that drives DNA release from 
cohesin rings. We find that this key mechanism is conserved from yeast to humans.

Results

A crucial role for Smc1’s ATPase domain in cohesin’s release from DNA
From S phase until mitosis, cohesin rings are protected against Wapl. A key regulator of this 
protection is the Eco1 acetyltransferase that through the acetylation of Smc3 renders cohes-
in refractory to Wapl. In order to learn about the mechanism by which Wapl drives cohesin 
from chromatin, we performed a genetic screen in budding yeast for mutants that bypass 
the need for Eco1. We chose this system, as we and others previously showed that Wapl 
deletion supports viability in the absence of Eco1 (Ben-Shahar et al., 2008; Rowland et al., 
2009; Sutani et al., 2009; Unal et al., 2008). This screening method allows for the unbiased 
identification, with amino acid resolution, of protein domains that are essential for Wapl-me-
diated cohesin removal (Ben-Shahar et al., 2008; Rowland et al., 2009; Sutani et al., 2009). 

This system entails the large-scale screening for spontaneous suppressors using a tempera-
ture-sensitive eco1-1 yeast strain. In order to find mutant alleles of genes that were not pre-
viously implicated in Wapl-mediated cohesin release, we scaled up our screening to include 
500 independent parental eco1-1 strains. We isolated no more than one suppressor at the 
non-permissive temperature of each parental strain, which we followed up with complemen-
tation-group analysis. Using this method, we isolated a complementation group that had 
no mutations in WAPL, SMC3, SCC3 or PDS5. We identified the mutations that apparently 
bypassed the need for Eco1 by full-genome sequencing (Figures 1B and 1C). Intriguingly 
these mutations clustered in a small patch at the heart of the ABC-like ATPase domain of 
Smc1. Two of the mutations (L1129V and G1132S) affect the Signature motif (LSGGE) and 
two (D1164E and D1164G) alter the same key amino acid in the so-called D-loop (Figures 
1E and S1).

These mutations are exciting for a number of reasons. First, they pinpoint a crucial role of 
cohesin’s ATPase domain. The current understanding is that ATP hydrolysis is somehow 
required for the stable association of cohesin with chromatin (Arumugam et al., 2006; 2003; 
Hu et al., 2011; Ladurner et al., 2014a; Murayama and Uhlmann, 2013; Weitzer et al., 2003). 
Our results indicate that this ATPase domain is actually required for cohesin’s removal from 
DNA. In addition, the mutated amino acids are conserved through all eukaryotes analysed, 
suggesting that they are important for a highly conserved function of the cohesin complex 
(Figure 1D).
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Smc1 ATPase mutants allow viability of budding yeast in the total absence of Eco1
Smc3 acetylation was recently shown to be dependent on cohesin-mediated ATP hydrolysis 
(Ladurner et al., 2014b). As these mutations are located in Smc1’s ATPase domain, we test-
ed whether they affected Smc3 acetylation using an acetyl-Smc3 specific antibody. Interest-
ingly, the Smc1 mutations all partially impaired Smc3 acetylation (Figure 2A). This indicates 
that these mutants survive with reduced Smc3 acetylation. 

We went on to test whether the Smc1 mutants can even support viability of budding yeast in 
the total absence of Eco1. To this end we crossed representative strains that harboured an 
Smc1 mutant from either domain (the Signature motif mutant L1129V and the D-loop mutant 
D1164E) with a wild type strain. In each of the resulting diploid strains we deleted one of 
the two ECO1 alleles and then triggered the strains to go through meiosis. The four haploid 
spores were separated by tetrad dissection. As ECO1 is an essential gene, control strains 
never had more than two viable spores. Importantly, when the diploids harboured either the 
L1129V or the D1164E mutation, we frequently found three or four viable spores. Subsequent 
genotyping of these spores showed that each of these mutants indeed allowed spore viabil-
ity in the total absence of Eco1 (Figure 2B). 
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Figure 1. Mutations in Smc1’s ATPase domain bypass the need for budding yeast Eco1.
(A) Cohesin transiently associates with DNA due to Wapl-mediated cohesin removal activity. In S pha-
se, Eco1-dependent Smc3 acetylation locks cohesin rings and renders them resistant to Wapl. These 
cohesin rings stably hold together the sister DNAs until mitosis. (B) Schematic representation of eco1 
ts suppressor screen. (C) Mutations in Smc1’s ATPase domain rescue the lethality of eco1 ts at the 
non-permissive temperature (streaks clockwise, from top: K16297: eco1-1; BR348: SMC1 L1129V, eco1-
1; BR448: SMC1 G1132S, eco1-1; BR355: SMC1 D1164E, eco1-1; BR363: SMC1 D1164G, eco1-1). (D) 
Mutated residues in Smc1’s ATPase domain are conserved from yeast to humans. The mutated residues 
are indicated in red. Amino acid numbers correspond to the S. cerevisiae protein. (E) Mutated residues 
are located in the signature motif (LSGGE) and D-loop of Smc1’s ATPase domain. Structure of the AT-
Pase domain of Smc1 (PDB 1W1W) visualised from the angle of Smc3’s ATPase domain (see inset). The 
mutated residues are shown in green. See also Figure S1.
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Smc1 ATPase mutants allow cohesion and stable DNA binding in the absence of Eco1
We then tested whether the mutants allowed cohesion in the absence of Eco1. For this we 
used a so-called GFP dot assay (Michaelis et al., 1997). We used haploid yeast strains in 
which the URA3 locus is marked by a GFP dot. Upon DNA replication this sequence is repli-
cated and the sister chromatids are held together in an Eco1-dependent manner. Eco1 inac-
tivation prior to S phase, using a temperature-sensitive allele, indeed displayed loss of cohe-
sion in metaphase-arrested cells. Both representative Smc1 mutations L1129V and D1164E 
however partially rescued this cohesion defect (Figures 2C and S2). Notably, neither Smc1 
mutant displayed an overt cohesion defect in a wild type Eco1 background in this assay.

Next, we tested whether the Smc1 mutants allowed stable binding of cohesin to DNA without 
Eco1. We made use of a recently developed system (Lopez-Serra et al., 2013) that is based 
upon the Anchor Away technique (Haruki et al., 2008). The strains harbour Scc1 with a FRB-
GFP tag. Upon the addition of Rapamycin, Scc1-FRB-GFP is shuttled out of the nucleus by 
the RPL13A-FKBP12 fusion, unless it is stably bound to DNA. Eco1, through acetylation of 
Smc3, locks cohesin rings on the DNA and renders them resistant to Wapl. The inactivation 
of Eco1 before S phase entry (using an Auxin-inducible degron) prevented stable DNA bind-
ing, and allowed the shuttling of Scc1-FRB-GFP to the cytoplasm in a manner that was large-
ly Wapl-dependent. We found that both Smc1 ATPase mutants allowed stable DNA binding 
in the absence of Eco1 to a degree that was similar to inactivation of Wapl (Figure 2D). We 
then ensured that none of the Smc1 ATPase mutants affected Wapl expression levels (Figure 
2E). Together, these results indicate that these key amino acids in Smc1’s ATPase domain 
are required for cohesin’s release from DNA.

Smc1 ATPase mutants are severely impaired in ATP hydrolysis
The Smc1 mutations L1129V and G1132S both affect the Signature motif, which is an integral 
part of the ATP binding pocket and is important for ATPase head engagement. The D1164E 
and D1164G mutants both affect the D-loop. This loop is thought to be important for the 
correct alignment of the water molecule required for the hydrolysis reaction (Procko et al., 
2009). In order to dissect which part of the ATPase cycle is affected by these mutations we 
performed a set of biochemical assays. 

As the mutations are likely to affect ATP hydrolysis, we wished to first perform in vitro AT-
Pase assays. To this end, we expressed recombinant full-length Smc1 and Smc3, and the 
C-terminus of Scc1 in insect cells and purified these proteins to homogeneity (Figure 3A). 
This combination of proteins was previously used to successfully measure ATPase activity of 
the budding yeast cohesin complex (Arumugam et al., 2006). We performed ATPase assays 
using thin-layer chromatography and radiolabeled ATP. Importantly, our ATPase assays fully 
recapitulated the previously published ATPase activity for these proteins (Figure 3B) (Aru-
mugam et al., 2006). As controls we used the classical Walker B mutants Smc1 E1158Q and 
Smc3 E1155Q. Each of these single mutations significantly inhibited ATP hydrolysis, while 
the combination further reduced hydrolysis. We should note that neither of these mutants 
supports either viability or cohesion (Arumugam et al., 2003; Hu et al., 2011). 

Then we measured the ATPase activity of the Smc1 mutants L1129V and D1164E. Both 
proteins were expressed to the same level, and were equally well purified as the wild type 
protein (Figure 3C). To our major surprise however, these proteins had severely reduced 
ATPase activity (Figure 3D). Both mutants in fact reduced ATP hydrolysis as much as, if 
not more than, the Smc1 E1158Q Walker B mutant. This result is highly unexpected. As de-
scribed above, our L1129V and D1164E Smc1 mutants very well support both cohesion and 
viability, and they yield complexes that are very stably associated with DNA.
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Figure 2. Mutations in Smc1’s ATPase domain allow cohesion and stable chromatin association 
without Eco1
(A) Western blot analysis of Smc3 acetylation comparing Smc1 ATPase mutants to wild type (K16297: 
eco1-1; BR645: SMC1 Wild type; BR625: SMC1 L1129V; BR643: SMC1 G1132S; BR627: SMC1 D1164E; 
BR629: SMC1 D1164G). Cells were grown at 37°C prior to harvesting in order to inactivate Eco1. 
(B) Representative Smc1 mutations allow viability of yeast in the total absence of Eco1. Tetrad dissection 
of heterozygous ECO1/eco1∆ strains in either a wild type background or in a background heterozygous 
for mutants Smc1 L1129V (BR463) or Smc1 D1164E (BR464). The spores that harbour the eco1 dele-
tion marker are encircled. Three representative dissections are shown out of at least 40 per genotype. 
(C) Representative mutations in the Smc1 ATPase domain support good cohesion and partially rescue 
the cohesion defect of a temperature sensitive eco1-1 strain at the non-permissive temperature. Percent-
age of cells with cohesed or separated GFP dots marking the URA3 locus in wild type Smc1 (BR455: 
ECO1 and BR426: eco1-1) or mutant Smc1 L1129V (BR459: ECO1 and BR428: eco1-1) and Smc1 
D1164E (BR461: ECO1 and BR429: eco1-1) yeast. Cells were synchronized in G1, and released at the 
non-permissive temperature. Cohesion was scored in metaphase-arrested cells. Images depict exam-
ples of cells with cohesion (above) and loss of cohesion (below). (D) Representative mutations in the 
Smc1 ATPase domain allow stable chromatin association in the absence of Eco1. Yeast were synchro-
nized in G1, and released in the presence of synthetic auxin to inactivate Eco1-aid. Cells were arrested 
in Nocodazole and Scc1-FRB-GFP was anchored away upon addition of Rapamycin (BR439: Wild Type; 
BR431: ECO1-AID, BR433: WPL1∆, ECO1-AID, BR445: SMC1 D1164E, ECO1-AID and BR572: SMC1 
L1129V, ECO1-AID). Images depict examples of cells with nuclear retention of Scc1-FRB-GFP (above) 
or with loss of nuclear retention (below). (E) Wapl levels are unaffected in Smc1 ATPase mutant cells. 
Asynchronously growing cells expressing Myc-tagged Wapl were analysed by western blot (K699: Wild 
Type No tag; K15721: SMC1 WT, BR651: SMC1 L1129V, BR653: SMC1 G1132S, BR655: SMC1 D1164E 
and BR657: SMC1 D1164G). Pgk1 acts as a loading control. 
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Next, we assessed the binding affinities of the mutants to ATP and ADP using Microscale 
Thermophoresis (MST) assays. We included Walker A mutants of Smc1 (K39I) and Smc3 
(K38I) that are predicted to be defective in nucleotide binding (Arumugam et al., 2003). 
Whereas each of the Walker A mutations efficiently abrogated binding to ATP and ADP, we 
found that the Smc1 L1129V, D1164E and E1158Q mutants all had wild type-like affinity to 
both ATP and ADP (Figures 3E, 3F, S3 and Table S1).

Our finding that each of the individual mutants Smc1 K39I and Smc3 K38I prevents ATP 
binding by an otherwise wild type Smc heterodimer, shows that nucleotide binding by co-
hesin is a cooperative event. Apparently neither Smc1 nor Smc3 can stably bind to ATP by 
itself. The simplest explanation for this result is that Smc1 and Smc3 together stably sand-
wich both ATPs between their ATPase heads, and that binding to both ATPs is required for 
this head engagement. Because ATP is much smaller than the Smc proteins, it seems likely 
that the detected changes in thermophoresis of the fluorescently labelled proteins are due to 
a conformational change induced by the engagement of the Smc heads upon ATP binding.

We should note that both wild type and mutant cohesin complexes appear to have similar 
affinities to ADP that all are well beyond physiological concentrations (>1 mM). This indi-
cates that product inhibition due to slow ADP release is unlikely to be a rate-limiting step for 
cohesin’s ATP hydrolysis in vivo. 

As the Smc1 mutants L1129V, D1164E and E1158Q efficiently bind ATP, this implies that 
they are presumably all proficient in some form of ATPase head engagement. We further as-
sessed ATPase head engagement using Scanning Force Microscopy (SFM). We co-incubat-
ed full-length Smc1 with full-length Smc3 in the presence of ATP, and seeded the samples 
on Mica surface for SFM analysis. We detected two types of structures (V shapes and ring 
shapes) that were absent from samples with just separate Smc subunits, which indicates 
that these structures reflect Smc1/Smc3 heterodimers (Figure 3G). Smc1 and Smc3 tightly 
bind to each other through their hinge interface. We therefore assume that the V shapes 
reflect Smc1 and Smc3 heterodimerized at this interface, and that the ring shapes depict 
Smc1 and Smc3 that are simultaneously engaged through their ATPase head domains. As 
expected, the ring shapes were less abundant in dimers harbouring the ATP binding mutant 
Smc1 K39I. Importantly, we detected a similar ratio of ring structures for the wild type dimers 
as for dimers harbouring the Smc1 mutants L1129V and D1164E (Figure 3G), again indicat-
ing that these mutations do not abrogate head engagement. 

Together these results show that the Smc1 mutants L1129V and D1164E can bind normally 
to both ATP and ADP, that they apparently can engage their ATPase heads, but that they are 
impaired in their ability to hydrolyse ATP. The mutations therefore affect either the hydrolysis 
reaction itself, or they may affect a conformational change that might take place between 
ATP-dependent head engagement and hydrolysis. This conformational change could then 
for example entail the transition to a certain type of ATPase head engagement that is required 
for hydrolysis. In both of these scenarios however, the net result is reduced ATP hydrolysis.

Cohesin’s distribution along chromosomes is not affected by Smc1 ATPase mutations
Hydrolysis of each of cohesin’s associated ATPs is generally considered to be equally im-
portant for cohesion. This assumption is based upon the finding that Walker B mutations in 
Smc1 (E1158Q) and Smc3 (E1155Q) in essence yield the same result, namely no stable 
DNA association, no cohesion, and no viability (Arumugam et al., 2003; Hu et al., 2011). 
This defect is mirrored by a typical distribution of these Walker B mutants on chromosomes. 
They are found highly enriched at centromeres and to a lesser extent also at other cohesin 
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Figure 3. Smc1 ATPase mutants are se-
verely impaired in ATP hydrolysis
(A) Recombinant expression of cohesin sub-
units. Coomassie brilliant blue staining (CBB) 
and western blots of full-length HIS6-Smc1 
and the co-expressed C-terminus of Scc1 
(StrepII-Scc1-C). Full-length StrepII-Smc3 
was expressed alone. Cartoons depict the 
cohesin subunits. (B) Time-course analysis of
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loading sites, but they are otherwise virtually absent. These Walker B mutants apparently are 
recruited to the loading sites, but as they can’t entrap DNA, they are thought to be unable 
to slide along DNA to the surrounding regions (Hu et al., 2011; 2015). Above, we describe 
Smc1 mutants that are as hydrolysis-deficient as the Walker B mutants, but support viability. 
We therefore tested the effect of the representative Smc1 mutations. L1129V and D1164E on 
cohesin’s binding to chromosomes. We used a recently developed technique called calibrat-
ed ChIP-seq (Hu et al., 2015). This method allows the accurate genome-wide comparison of 
both the abundance and the distribution of cohesin on chromosomes between different yeast 
strains. We performed calibrated ChIP-seq on Scc1-PK expressed in yeast that harboured 
wild type Smc1 or either of the Smc1 ATPase mutants L1129V and D1164E. 

Remarkably, the Smc1 L1129V and D1164E mutants did not evidently affect cohesin’s dis-
tribution along chromosomes (Figure 4A). While the overall distribution of cohesin remained 
very similar to wild type, the amount was reduced by about 30%. At centromeric regions, the 
decrease was approximately 40% (Figures 4B and S4A), while along arms the decrease was 
roughly 20% (Figures 4C and S4B). Our results indicate that robust hydrolysis is actually not 
required to obtain wild type-like cohesin distribution patterns along chromosomes. This result 
is in correspondence with our finding that the Smc1 L1129V and D1164E mutants confer 
good cohesion, as determined by GFP dot assays (Figure 2C), and support viability in the 
absence of Eco1 (Figures 1C and 2B). 

DNA release is controlled by one of cohesin’s ATPase sites
The ATPase domains of Smc1 and Smc3 are structurally very similar. Together, Smc1 and 
Smc3 sandwich two ATPs between the respective Signature motif and D-loop of one subunit 
and the Walker A and Walker B motifs of the other (Figure 5A). However, there is also a cer-
tain degree of asymmetry between Smc1 and Smc3’s ATPase domains. For example, only 
Smc3 is acetylated by Eco1, and structural work shows that Smc3 and Smc1 have different 
binding modes to the respective N- and C- termini of Scc1 (Gligoris et al., 2014; Haering et 
al., 2004; Huis in ‘t Veld et al., 2014). How and whether this asymmetry is related to ATPase 
activity is unknown.

◄ Figure 4. Cohesin’s distribution along chromosomes is not affected by Smc1 ATPase mutations
(A) Calibrated ChIP-seq profiles show similar Scc1-PK distribution along chromosome VI. Extracts pre-
pared from a mixture of exponentially grown C. glabrata (K23308) and S. cerevisiae cells harbouring 
wild type (BR645), mutant Smc1 L1129V (BR625) or D1164E (BR627) were processed for calibrated 
ChIP-seq. The Y-axis indicates the number of reads covering every base pair and the X-axis indicates 
the position of every base pair adopted from SGD (http://www.yeastgenome.org). (B) Scc1-PK distribu-
tion at centromeric regions in cells with mutant Smc1 L1129V and D1164E is similar to wild type, but re-
duced by approximately 40%. Experiment performed as in (A). The plot depicts the average distribution 
of cohesin around the centromere (CDEIII) of all chromosomes. See also Figure S4A. (C) Scc1-PK distri-
bution at arm regions in cells with mutant Smc1 L1129V and D1164E is similar to wild type, but reduced 
by about 20%. Experiment performed as in (A). The plot depicts the average distribution of Scc1-PK 
at arm regions spanning from 60 to 50 kb from the centromere (CDEIII) of all chromosomes. See also 
Figure S4B. (D) Expression levels of Scc1-PK are similar in control and Smc1 L1129V and D1164E cells 
(K699: Wild Type No tag; BR645: SMC1 WT; BR625: SMC1 L1129V and BR627: SMC1 D1164E). (E) 
As in (B) but with Smc3 L1126V mutant cells (BR776: SMC3 WT; BR777: SMC3 L1126V). Expression of 
endogenous Smc3 under the control of a galactose-inducible promoter was suppressed on glucose. 
See also Figure S4C. (F) Scc1-PK distribution at arm regions in cells with mutant Smc3 L1126V is similar 
to wild type, but reduced by about 20%, like Smc1 mutants. Plot is as in (C). See also Figure S4D. (G) 
Expression levels of Scc1-PK are similar between control and Smc3 L1126V cells (K699: Wild Type No 
tag; BR776: SMC3 WT; BR777: SMC3 L1126V). (H) Western blot analysis of Smc3 acetylation comparing 
Smc3 L1126V to wild type (K16297: eco1-1 BR776: SMC3 WT; BR777: SMC3 L1126V). Expression of 
endogenous Smc3 under the control of a galactose-inducible promoter was suppressed on glucose in 
BR776 and BR777. Cells were grown at 37°C prior to harvesting in order to inactivate Eco1.
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Figure 5. DNA release is 
controlled by one of co-
hesin’s ATPase sites
(A) Model of the Smc1 and 
Smc3 ATPase heterodi-
mer displaying structural 
symmetry between these 
two proteins. The model 
was assembled based on 
the crystal structures of 
Smc1 (red, PDB 1W1W) 
and Smc3 (blue, PDB 
4UX3). The mutated Smc1 
amino acids and the anal-
ogous Smc3 amino acids 
are depicted in green. (B) 
The mutated amino acids 
in Smc1 are conserved in 
Smc3 from yeast to hu-
mans. The amino acid num-
bers correspond to the S. 
cerevisiae Smc1 protein. 
(C) SDS-PAGE, Coomassie 
brilliant blue-stained (CBB) 
gel depicting a representa-
tive prep of either wild type 
or mutant Smc3. (D) AT-
Pase assays (as performed 
in Figure 3B) using either 
wild type or the indicated 
mutant cohesin subunits. 
The graph depicts ATP 
hydrolysis after 60 minutes 
incubation with [γ-32P]-
ATP. Error bars show SD 
of five experiments for the 
Smc1 mutants and of two 
experiments for the Smc3 
mutants. (E) Smc3 ATPase 
mutant L1126V does sup-
port viability, while Smc3 
D1161E does not. Strains 
harbouring wild type Smc3 
under the control of a ga-
lactose-inducible promot-
er, and an ectopic copy of 
either wild type or mutant 
Smc3 were plated on glu-

cose plates at 30°C (streaks left, top to bottom: K699: Wild Type; BR420: SMC1 L1129V; BR422: SMC1 
D1164E; streaks right, top to bottom: BR712: pGAL1-10-SMC3; BR769: pGAL1-10-SMC3, SMC3 wild 
type; BR770: pGAL1-10-SMC3, SMC3 L1126V; BR772: pGAL1-10-SMC3, SMC3 D1161E). See also Fig-
ure S5. (F) Smc3 ATPase mutants L1126V and D1161E do not bypass the need for Eco1. Strains har-
bouring a temperature sensitive eco1-1 allele, wild type Smc3 under the control of a galactose-inducible 
promoter, and an ectopic copy of either wild type or mutant Smc3 were plated on glucose plates at the 
non-permissive temperature. Smc3 G110W was used as a positive control (streaks left, top to bottom: 
K16297: eco1-1; BR348: eco1-1, SMC1 L1129V; BR355: eco1-1, SMC1 D1164E; streaks right, top to 
bottom: BR788: eco1-1, pGAL1-10-SMC3, SMC3 G110W; BR787: eco1-1, pGAL1-10-SMC3, SMC3 wild 
type; BR774: eco1-1, pGAL1-10-SMC3, SMC3 L1126V; BR775: ).
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Interestingly, the amino acids that we find mutated in the Signature motif and D-loop of Smc1 
are also conserved through Smc3 (Figure 5B). We therefore tested whether introducing the 
analogous mutations into Smc3 yields the same phenotype as the Smc1 mutants. We ex-
pressed the recombinant Smc3 mutants (Figure 5C) and tested the effect of these muta-
tions by ATPase assays. We found that the analogous Smc3 mutations L1126V and D1161E 
significantly reduced cohesin’s ATPase activity in vitro. The effect of these mutations was 
roughly similar to the Smc3 E1155Q Walker B mutation, but the effect was no greater than 
the Smc1 L1129V and D1164E mutations (Figure 5D).

We then tested the effect of the Smc3 mutants on the viability of yeast. We used strains 
that harboured wild type Smc3 under the control of a galactose-inducible promoter, and 
expressed an ectopic tagless copy of either wild type or mutant Smc3. Wild type Smc3 
efficiently complemented Smc3 depletion on glucose, but the Smc3 L1126V and D1161E 
mutants displayed differential effects. Smc3 L1126V supported viability just as well as wild 
type Smc3, but Smc3 D1161E caused lethality (Figure 5E). 

Next, we studied the cellular localization of PK-tagged Smc3 mutants, and found that while 
Smc3 wild type and the L1126V mutant were clearly nuclear, the Smc3 D1161E mutant failed 
to accumulate in the nucleus, and remained largely cytoplasmic (Figure S5A). Smc3 D1161 
is predicted to be in close proximity of the Scc1 C-terminal binding interface (Figure S5C). 
We therefore performed Co-IP experiments and found that the D1161E mutant was defec-
tive in binding to Scc1 (Figure S5E). This suggests that Scc1 C-terminal binding is not only 
dependent on Smc1, but also on Smc3. Whether this defect in Scc1 binding is a cause or a 
consequence of the mislocalization is currently unknown. We should note that a number of 
other mutations in the ATPase domain have been described to prevent nuclear localization 
(Hu et al., 2011) (Beckouët et al., 2016). Due to its lack of nuclear localization, we excluded 
the Smc3 D1161E mutant from our further analyses.

We then performed calibrated ChIP-seq on Scc1-PK in yeast that expressed an ectopic tag-
less copy of either wild type Smc3 or Smc3 L1126V and had the expression of endogenous 
Smc3 switched off on glucose. Interestingly, the Smc3 L1126V mutation yielded an overall 
distribution along chromosomes that was very similar to wild type, but the amount of cohesin 
at DNA was reduced by roughly 30% (Figures 4E, 4F, S4C and S4D). We should note that 
this effect is very much like what we observe for the analogous Smc1 L1129V mutation. Ap-
parently the two ATPase sites have a similar contribution to the abundance and distribution 
of cohesin at DNA. We also assessed the effect of the Smc3 L1126V mutation on Smc3 
acetylation. This yielded a significant reduction in acetylation relative to wild type (Figure 4H). 
This effect was similar to the ATPase mutations in Smc1 (Figure 2A), indicating that the two 
ATPase sites also have similar contributions to Smc3 acetylation.

As the Smc3 L1126V mutant does support viability, this allowed us to test whether this mutant 
bypasses the need for Eco1, like the Smc1 mutants L1129V and D1164E. We included Smc3 
G110W as a positive control. This latter mutant partially mimics Smc3 acetylation, and there-
fore allows viability without Eco1 (Rowland et al., 2009). Whereas the Smc3 G110W mutant 
efficiently allowed viability of a temperature-sensitive eco1-1 strain at the non-permissive 
temperature on glucose plates, the Smc3 L1126V and D1161E mutants did not (Figure 5F). 
The absence of a rescue by the Smc3 D1161E mutant is non-informative, as this mutant is not 
nuclear. The fact that the Smc3 L1126V mutant does not bypass the need for Eco1 however 
is an important finding, as this indicates that there is a functional asymmetry within the very 
heart of cohesin’s ATPase machinery. 
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Figure 6: Cohesin’s DNA release mechanism is conserved from yeast to humans 
(A) In human cells, Sororin is recruited to acetylated cohesin complexes and protects cohesin against 
Wapl-mediated removal activity. (B) Schematic depiction of CRISPR/Cas9 mediated genome editing, 
targeting SMC1A in human p53-/- HCT116 cells. SMC1A was cleaved close to the Signature motif, and 
homology directed repair was induced by adding a 90 nucleotide donor-oligo harbouring the L1128V 
(T>G) mutation. To prevent re-cleavage of the edited DNA, an additional (silent) mutation (D1127D 
[C>T]) was introduced within the gRNA recognition site. Sanger sequencing chromatogram of SMC1A 
in wild type (left) and L1128V mutant (right) cells. (C) Chromosome arms of SMC1A L1128V cells are in 
closer proximity to each other than in wild type cells. Cells were treated for one hour with Nocodazole 
prior to harvesting. The distance between sister chromatids was measured for the five largest chromo-
somes of each spread (as depicted in the model). At least 125 spreads per genotype were analyzed. 
Images show representative chromosome spreads. (D) Sororin is depleted equally well in control and 
SMC1A L1128V cells. Total lysate was taken 48 hours after siRNA treatment and analyzed by western 
blot. (E) SMC1A L1128V mutant cells bypass the need for Sororin. Cells were seeded at equal densi-
ties and transfected with siRNAs targeting either Sororin or SMC1A. After five days the cells were fixed 
and stained with Crystal Violet. (F) SMC1A L1128V mutant cells partially rescue the cohesion defects 
observed upon Sororin depletion. Experiment as in (E). Cells were harvested two days post-transfection 
after one hour Nocodazole treatment. At least 90 chromosome spreads per genotype were scored. 
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Our observation that only Smc1 L1129V, but not Smc3 L1126V bypasses the need for Eco1 
would indicate that the DNA release reaction is only affected by former mutation, but not the 
latter. Interestingly, the accompanying paper from the Nasmyth laboratory (Beckouët et al., 
2016) confirms this finding using an assay that measures the opening of cohesin’s DNA exit 
gate. Importantly, Smc1 L1129V but not Smc3 L1126V blocked dissociation of this Smc3/
Scc1 interface.

Cohesin’s DNA release mechanism is conserved from yeast to humans 
The amino acids in Smc1’s ATPase domain that we find are key to cohesin’s release from 
DNA interestingly are conserved through all eukaryotes analysed, from yeast to humans 
(Figure 1D). Remarkably though, cohesin’s release is regulated quite differently in humans 
compared to yeast. A striking example is that in early mitosis of human cells, cohesin is 
released from chromosome arms in a Wapl-dependent manner, leading to the separation 
of chromosome arms (Gandhi et al., 2006; Kueng et al., 2006). In budding yeast however, 
this ‘prophase pathway’ cohesin removal does not exist, and all cohesin rings are cleaved 
by Separase at anaphase onset. Also cohesin’s protection against Wapl is very different. In 
human cells, Smc3 acetylation allows the recruitment of Sororin, which in turn renders co-
hesin rings resistant to Wapl (Lafont et al., 2010; Nishiyama et al., 2010) (Figure 6A). Yeast 
however have no Sororin.

We reasoned that even though cohesin release is regulated differently in human cells com-
pared to yeast, the Wapl-dependent cohesin release reaction might nevertheless be funda-
mentally the same through all eukaryotes. We therefore mutated the endogenous SMC1A 
allele in human cells using CRISPR/Cas9 technology (Figure 6B). Conveniently, SMC1A is 
located on the X chromosome, so we chose the male HCT116 cell line as we only needed to 
mutate a single allele in these cells. We then made the targeted SMC1A L1128V mutation, 
which is homologous to the yeast Smc1 L1129V.

Removal of cohesin from chromosome arms is particularly clear in cells artificially arrested 
in prometaphase with spindle poisons. We therefore arrested control and SMC1A L1128V 
mutant cells in the spindle poison Nocodazole, and analysed chromosome morphology by 
chromosome spreads. Control cells clearly displayed the classical X shape of human chro-
mosomes, with their fully separated chromosome arms. SMC1A L1128V mutant cells how-
ever rarely displayed fully separate chromosome arms (Figure 6C). We then systematically 
measured the distance between the chromosome arms of control and SMC1A L1128V chro-
mosomes. The distance between sister chromatids indeed was smaller in SMC1A L1128V 
cells than in control cells. This result indicates that the prophase pathway in human cells to 
a large degree is dependent on the same key amino acid as is cohesin release in budding 
yeast.

Sororin protects cohesin rings against Wapl from S phase till mitosis. As such, Sororin is es-
sential for viability and cohesion in human cells. Considering that the SMC1A L1128V muta-
tion apparently blocks Wapl-dependent cohesin removal in prophase, we reasoned that this 
mutation might also bypass the need for Sororin. We therefore knocked down Sororin with 
siRNAs in control and SMC1A L1128V HCT116 cells, and scored for outgrowth in a colony 
formation assay. As expected, in control cells Sororin depletion resulted in cell death (Fig-
ure 6E). Importantly, the SMC1A L1128V cells continued to propagate despite the equally 
efficient Sororin knockdown (Figures 6D and 6F). 
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In parallel we performed chromosome spreads for these cells. Correspondingly, the SMC1A 
L1128V mutation significantly reduced the amount of cells with completely separated sister 
chromatids. While in control cells Sororin depletion resulted in 66% spreads with separated 
sisters, this number was reduced to 31% in SMC1A L1128V cells (Figure 6F). We obtained 
virtually identical results using two completely independent SMC1A L1128V cell clones (Sm-
c1A L1128V-1 and Smc1A L1128V-2). Apparently, the SMC1A L1128V mutation does indeed 
partially bypass the need for Sororin in human cells. Together these results show that the 
fundamental basics of the cohesin removal reaction are conserved from yeast to humans.
 

Discussion

Locking together the sister DNAs
We here provide key insight into the cellular mechanism that must be kept in check to allow 
cohesin to stably hold together the sister chromatids. We find that cohesin’s release from 
DNA involves a highly conserved asymmetric activity associated with one of cohesin’s AT-
Pase sites. The cohesin removal process in turn is counteracted by the acetylation of two 
conserved lysines on the outer surface of Smc3 by Eco1. These lysines are in fact located 
very close to this same ATPase site (Figure 7). Considering that mutants affecting specifically 
this site bypass the need for Eco1, this allows for the model that Smc3 acetylation locks to-
gether the sister chromatids by counteracting an activity associated with this site (Figure 7). 
We also show that making a homologous SMC1A mutation in human cells bypasses the need 
for Sororin. This factor is recruited to acetylated cohesin rings in animal cells and is important 
for the protection against Wapl. Sororin may therefore act to lock cohesin rings around the 
sister chromatids by preventing this activity. These results also show that the essence of the 
Wapl-mediated cohesin release mechanism is conserved from yeast to humans.

We identify Smc1 ATPase mutants that are impaired in ATP hydrolysis, but that yield via-
ble yeast, good cohesion and stable DNA association. These mutants are distributed along 
chromosomes in a pattern that is very similar to wild type. The key difference compared to 
wild type however is that these ATPase mutants stabilize cohesin on chromatin and bypass 
the need for the cohesin protectors Eco1 and Sororin. This result is in stark contrast to previo-
usly described Walker B mutants of Smc1 and Smc3. These mutations are lethal to yeast, 
yield no cohesion or stable DNA binding, and these mutants localize solely to cohesin load-
ing sites on DNA. This difference is remarkable, as the Smc1 L1129V and D1164E mutants 
are at least as hydrolysis-deficient as the Walker B mutants in our ATPase assays. 

One possible explanation is that the biological phenotype of the Walker B mutants may not 
be the consequence of the hydrolysis deficiency, but rather of an unknown additional defect 
of these mutants. The nature of this defect is currently unknown, but it could for example be 
related to signalling within the complex. It is well possible that these key Walker B amino 
acids are also involved in relaying the hydrolysis signal to allow the formation of cohesive 
cohesin complexes. The generally accepted model that ATPase activity is essential for DNA 
entrapment by cohesin is not purely based on these Walker B mutants though. Recent in vitro 
work, using non-hydrolysable ATP, also shows that hydrolysis is required for the entrapment 
of DNA (Murayama and Uhlmann, 2013). We should note that we are merely inhibiting, but 
not completely abrogating ATPase activity with our ATPase mutants. The remaining ATPase 
activity therefore is likely to be sufficient to allow DNA entrapment. 
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Opening the cohesin ring
Genetic screens in yeast have been very valuable for the identification of the key regulators 
of cohesin’s release from DNA. These screens have led to the pinpointing of Eco1’s acetyl-
ation targets on Smc3’s ATPase domain, to the finding that this protects cohesin against 
Wapl-mediated DNA release, and to the mapping of regulatory domains within cohesin sub-
units (Ben-Shahar et al., 2008; Guacci et al., 2015; Rowland et al., 2009; Sutani et al., 2009). 
We designed our current genetic screen such that we could identify mutations in genes that 
had not hitherto been implicated in cohesin release. This has led us to the identification of 
mutations within the heart of Smc1’s ATPase domain. Earlier studies have suggested that co-
hesin’s DNA release may involve ATPase activity (Chatterjee et al., 2013; Guacci et al., 2015; 
Heidinger-Pauli et al., 2010b; Rowland et al., 2009; Unal et al., 2008; J. Zhang et al., 2008), 
but direct evidence of this was lacking. We now present Smc1 mutants that are impaired in 
ATPase activity, and indeed cannot release DNA. One of these mutants (Smc1 D1164E) was 
recently also described in a related study (Çamdere et al., 2015).

A key step in DNA release is the opening up of cohesin’s DNA exit gate, which entails the 
dissociation of the N-terminus of Scc1 (N-Scc1) from the coiled coil of Smc3 located just 
above the ATPase domain. This raises important questions regarding the chain of events 
that ultimately leads to the release of DNA from cohesin rings. Notably, neither deletion of 
N-Scc1, nor mutation of the residues important for its binding to Smc3 has any appreciable 
effect on hydrolysis (Arumugam et al., 2006; Huis in ‘t Veld et al., 2014). Interestingly, the ac-
companying paper by the Nasmyth laboratory (Beckouët et al., 2016) tested directly whether 
the Smc1 L1129V and Smc3 L1126V ATPase mutations affected N-Scc1’s association with 
Smc3. Importantly, Smc1 L1129V, but not Smc3 L1126V, prevents dissociation of N-Scc1 
from Smc3. These results raise the possibility that ATP hydrolysis driven by this ATPase site 
drives opening of cohesin’s DNA exit gate. 

ATPase ATPase

Ac

Smc3Smc1

Smc3Smc1

Scc3 Pds5

Scc1
ATPase ATPase

Ac

ATPase
ATPase

Figure 7. A model for asym-
metric ATPase-driven DNA 
release by cohesin
DNA release is dependent 
on an activity associated with 
one of cohesin’s ATPase sites. 
We suggest that this activity 
entails a specific type of AT-
Pase head engagement that 
causes the dissociation of 
N-Scc1 from Smc3’s coiled 
coil, and that this engagement 
is also required for efficient 
ATP hydrolysis, which allows 
the passage of DNA out of 
the cohesin ring. Acetylation 
of Smc3 at K112 and K113 
nearby this specific ATPase 
site blocks this release activ-
ity and thereby locks cohesin 
around the sister DNAs. Both 
ATPase sites appear to con-
trol DNA entrapment.
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Surprisingly, however, an Smc3 E1155Q mutation does not prevent N-Scc1 dissociation. 
Thus, two different mutations (Smc1 L1129V and Smc3 E1155Q) that both affect the same 
ATPase site, and also both reduce ATP hydrolysis, have very different effects on N-Scc1 re-
lease. One possible explanation is that Smc1 L1129V affects the ATPase cycle at an earlier 
step than Smc3 E1155Q. As Smc1 L1129V complexes can engage their ATPase heads, but 
are impaired in hydrolysis, this suggest that there is a previously unreported, but apparently 
very important step between ATP-dependent head engagement and ATP hydrolysis. What 
this step entails in molecular terms remains unknown, but this is likely to involve a conforma-
tional change within the head domains that results in an optimal orientation of the ATPase 
heads for hydrolysis. In this particular scenario, this conformational change would also serve 
another crucial role, namely the dissociation of N-Scc1 from Smc3’s coiled coil.

We should note that even if hydrolysis itself does not directly drive N-Scc1 dissociation, ATP 
hydrolysis is still likely to be a key event for DNA release from cohesin rings. If cohesin’s 
ATPase heads indeed engage prior to DNA release, these heads would presumably need 
to separate to allow the passage of DNA through this interface out of cohesin’s lumen. ATP 
hydrolysis would be the perfect way to achieve this separation and subsequent DNA release.

Previous work has shown that cohesin-mediated ATPase activity is required for Smc3 acetyl-
ation, which in turn is key to locking cohesin rings on the DNA, and that Smc3 acetylation 
does not affect cohesin’s ATPase activity in vitro (Ladurner et al., 2014b). This finding ap-
pears contradictory to the model that ATPase activity acts both upstream and downstream 
of DNA entrapment, and that Smc3 acetylation prevents the second hydrolysis step. In this 
setting we should note that Eco1 appears to only acetylate cohesive cohesin complexes, 
which by definition only takes place in the context of DNA. We therefore suggest that Smc3 
acetylation may only act to inhibit ATPase activity of cohesin complexes that have co-en-
trapped the sister DNAs (Figure 7). How Eco1 knows which cohesin complexes to acetylate 
remains one of the main open questions in the field.

An asymmetric activity within cohesin’s ATPase machinery
Our finding that the analogous mutants Smc1 L1129V and Smc3 L1126V both yield the same 
30% reduction in cohesin’s abundance on chromatin at first sight may be considered to in-
dicate that each of these mutations affects cohesin’s loading onto DNA to the same degree. 
We should however realise that the total abundance of cohesin at DNA is the balance of an 
on-rate in DNA loading, and an off-rate through DNA release. As the Smc1 L1129V mutation 
affects cohesin’s off-rate, and the Smc3 L1126V mutation as far as we can tell does not, this 
may indicate that the on-rates of these different mutants are in fact very different. If anything, 
this would suggest that the Smc1 L1129V mutation reduces cohesin’s on-rate to a stronger 
degree than Smc3 L1126V, and that this decrease is masked by an effect on cohesin’s 
off-rate. In that case, this particular ATPase site might actually be the main driver of both 
entrapment and release. 

If so, one would expect that this ATPase site is more important for hydrolysis than the other. 
This however does not appear to be the case for the yeast cohesin complex, as inactiva-
tion of each ATPase site merely reduces hydrolysis while this is further reduced upon the 
inactivation of both sites (Figure 3B and (Arumugam et al., 2006)). Remarkably, this may 
be different for the human cohesin complex, as mutation of one site completely abrogates 
ATPase activity, while the other site is less important (Ladurner et al., 2014b). Interestingly, 
this key ATPase site in humans appears to be the same site that we suggest could be the 
main driver of both entrapment and release. This is the site that harbours the Signature motif 
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and D-loop of Smc1 and the Walker A and Walker B motifs of Smc3. This evidently is some-
thing that needs further investigation.

Tight control of DNA entrapment and release by the cohesin complex is critical for faithful 
chromosome segregation in mitosis, but may be equally important for DNA repair and tran-
scriptional regulation. Cohesin ensures the proximity of an undamaged sister DNA template 
to allow high fidelity repair through homologous recombination, and it is also essential for 
the formation or maintenance of DNA loops that control gene expression. Cohesin could in 
essence be viewed as a ‘chromatin transporter’ that transports DNA in and out of its lumen. 
The transporter analogy stretches further, as cohesin’s ATPase domain is very similar to that 
of ABC-like transporters (Haarhuis et al., 2014). In this setting it is worth pointing out that 
ABC-like transporters can display differential roles for their two associated ATPs (Procko et 
al., 2009). It is therefore likely that an asymmetric division of tasks reflects a universal theme 
amongst ABC-like ATPases. 

Cohesin is the best-understood of three structurally similar Smc protein complexes. The con-
densin complex (with an Smc2/Smc4 heterodimer at its basis) and the Smc5/Smc6 complex 
are important for chromosome condensation and DNA repair respectively (Nasmyth and 
Haering, 2009). Notably, the amino acids that we pinpoint as being key to cohesin’s remov-
al from DNA are conserved through these three complexes. This raises crucial questions 
about the potential functional conservation of the cycle of chromatin entrapment and release 
throughout this important family of protein complexes.
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Experimental Procedures

Yeast genetics
All yeast strains are derivatives of W303 (K699). The genetic screen for suppressors of the 
eco1-1 temperature sensitive allele was in essence performed as described (Rowland et al., 
2009), with the following exceptions. 250 parental independent isolates of K9538 (MATa, 
eco1-1, TRP1, leu2, etc.) and 250 independent isolates of K9539 (MATα, eco1-1, ADE2, 
leu2, etc.) were streaked at the non-permissive temperature on YEPD plates, and no more 
than one suppressor per parental clone was isolated. Each suppressor was subsequently 
submitted to complementation group analysis by crossing the strains to strains harbouring 
recessive suppressor mutations in WAPL, PDS5, SMC3 or SCC3, and to a parental clone. 
When a suppressor failed to allow growth at the non-permissive temperature in all these 
diploid backgrounds, the suppressor was considered to belong to a novel complementation 
group, and genomic DNAs of these suppressor strains was submitted to deep sequencing. 
The sequencing reads were compared to genomic DNA of a parental clone. Only those mu-
tations that were found in all reads of a suppressor DNA, but were absent in the parental DNA 
were selected. This yielded the responsible mutations in SMC1, and no further mutations. 
Each suppressor was subsequently backcrossed and verified by linkage analysis. 

Yeast microscopy
For GFP dot assays, cells were grown in SC medium lacking methionine at 23°C and syn-
chronized in G1 with alpha-factor. Then cells were placed to 30°C to inactivate Eco1 and me-
dium was replaced by YEP supplemented with 2 mM methionine to arrest cells in metaphase 
(the CDC20 gene is under control of the MET3 promoter). 120 minutes after alpha-factor 
release, cells were harvested and fixed in ice cold 100% ethanol. For Anchor away assays, 
cells were synchronized in G1 by 5 μg/ml alpha-factor. Then Eco1-Aid was inactivated by 
addition of 500 μM of synthetic Auxin (1-Naphtaleneacetic acid). Cells were released in the 
presence of Auxin and Nocodazole (15 μg/ml). Rapamycin (1 μg/ml) was added when all 
cells were big-budded (after ± 2 hours) to ‘anchor-away’ Scc1-GFP-FRB (Lopez-Serra et al., 
2013). Cells were harvested at indicated time-points by centrifugation and fixed by addition 
of ice cold 100% ethanol. Cells were mounted on a 1% agarose pad containing 0.1 μg/ml 
4’,6-diamidino-2-phenylindole (DAPI) and imaged on a DeltaVision Elite System (Applied 
Precision) using a 100x/1.4 objective and a CoolSNAP HQ2 Camera. Indirect immunofluores-
cence was performed on formaldehyde‐fixed cells to detect PK-tagged Smc3. The following 
antibodies were used: mouse anti-PK (1:500 (Serotec, MCA1360)) and anti-mouse Alexaflu-
or488 (Invitrogen). Images were acquired on the DeltaVision Elite System.

Calibrated ChIP-seq
Experiments were performed as described (Hu et al., 2015), with the exception that experi-
mental and calibration cells were mixed before fixation. Briefly, 12 OD600 units of exponential-
ly growing S. cerevisiae were mixed with 5 OD600 units of exponentially growing C. glabrata. 
Cells were fixed with a formaldehyde solution for 30 minutes and the reaction was quenched 
by incubating with glycine for 5 minutes. Fixed cells were harvested, washed and re-sus-
pended in 300 μl of ChIP lysis buffer. Cells were mixed with glass beads and disrupted by 
FastPrep®-24 (MP Biomedicals, USA). The entire lysis was collected and sonicated for 35 
minutes. Cell debris were removed by centrifugation and supernatants were adjusted to a fi-
nal volume of 1ml with ChIP lysis buffer. Extracts were pre-cleared with 30 μl of Protein G Dy-
nabeads (Invitrogen). 80 μl of supernatant was taken as whole cell extract (W) and stored at 
-20°C. 5 μg of anti-PK antibody (Bio-Rad) and 50 μl of Protein G Dynabeads (Invitrogen) were 
used for immunoprecipitation (overnight and 2 hours, rotation at 4°C). Beads were subse-
quently washed and immunoprecipitated chromatin was eluted by incubation of beads with 
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120 μl of TES buffer at 65°C for 15 minutes. The supernatants were collected and termed the 
IP sample. The whole cell extract sample (W) was mixed with 40 μl of TES3 buffer. Both sam-
ples were decrosslinked at 65°C overnight. RNA was degraded by incubating with RNAse 
A (Roche) and protein was removed by incubation with Proteinase K (Roche). DNA was 
purified using ChIP DNA Clean & Concentrator kit (Zymo Research, USA). For each sample, 
a sequencing library was constructed using NEBNext® Fast DNA Library Prep Set for Ion 
TorrentTM Kit (NEB, USA) by following the manufacturers’ protocol. Libraries with different 
barcodes were pooled together and loaded onto the Ion PITM Chip v2 BC using the Ion ChefTM 
Instrument (Life Technologies, USA). Library sequencing was carried out on the Ion Torrent 
Proton and processed on the Galaxy platform. Occupancy ratios OR were derived from the 
formula OR = (IPsac/Wsac) / (IPcan/Wcan) where each parameter corresponds to the num-
ber of reads uniquely aligned to S. cerevisiae from IP (IPsac) or W (Wsac) samples and to C. 
glabrata from the same IP (IPcan) or W (Wcan) samples. Each data set was then normalized 
to a million of reads, calibrated with its respective OR and visualized on IGB. To generate an 
average chromosome, the chromosomes were aligned according to the CDEIII element and 
the number of reads at each base pair away from the CDEIII was then averaged.

Western blotting
Yeast strains are grown till OD600 0.8. Cells are pelleted at 4000 rpm for 10 minutes at 4°C and 
washed in 20 ml cold H2O. Cells were re-suspended in 0.5 ml of lysis buffer consisting of 25 
mM HEPES pH 8.0, 2 mM MgCl2, 100 μM EDTA, 500 μM EGTA, 1% NP-40, 150 mM KCl, 15% 
glycerol, protease inhibitor cocktail set IV (Calbiochem) and phosphatase inhibitors. Lysates 
were incubated on ice for 20 minutes. Glass beads are added to the lysates in 1:1 ratio and 
samples were shaken in a beads beater for 3 minutes. Extracts were centrifuged at 14000 
rpm at 4°C for 10 minutes and supernatant was collected and frozen at -80°C. Western Blots 
were performed using the following antibodies: HA (Covance, 16B12), Myc (Millipore, 06-
549), PK (Serotec, MCA1360), Pgk1 (Millipore, 19-101), SMC1A (Bethyl, A300-055A) Sororin 
(Abnova, B01p). All antibodies were used at 1:1000 dilution, except the antibody against 
Pgk1 was used 1:30,000). We used the following secondary antibodies: Goat anti-Rabbit-PO 
and Goat anti-Mouse-PO (DAKO), both at 1:600 dilution. 

Recombinant protein expression 
SMC1, SMC3 and the last 351 base-pairs of SCC1 DNA sequences of the S. cerevisiae 
genes were amplified by PCR and cloned using Ligation Independent Cloning (LIC) into 
the pFastBac-NKI LIC vectors (Luna-Vargas et al., 2011), resulting in constructs encoding 
N-terminal tags of HIS6-Smc1 (NKI-LIC vector 2.13), StrepII-Smc3 (NKI-LIC vector 2.9) and 
StrepII-Scc1-C (the last 115 amino-acids of Scc1) (NKI-vector 2.13). Baculoviruses were pre-
pared according to the BAC-to-BAC procedure (Invitrogen) and viruses were amplified twice 
to obtain high-titer viruses. All proteins were expressed in Sf9 insect cells (Invitrogen). HIS6-
Smc1 and StrepII-Scc1-C were co-expressed by adding equal volumes of viruses, while 
StrepII-Smc3 was expressed alone. Typically 8 flasks of 500 ml Sf9 suspension culture at 
a density of 2 x 106 cells/ml were infected with 1000 μl of P1 virus stock per flask and cells 
were harvested 72 hours after infection. Cells were harvested by centrifugation (15 minutes 
at 1200 rpm) and cell pellets were stored at -20°C.

Protein purification
Proteins in essence were purified as described (Haering et al., 2002). Briefly, frozen cell 
pellets were thawed in ice and lysed with lysis buffer consisting of 50 mM Tris pH 8.0, 10 mM 
KCl, 1.5 mM MgCl2, 200 μM PMSF, 8 mg/ml DNase I (Roche) and protease inhibitor cocktail 
EDTA-free (Roche). Lysates were sonicated with 30% output for 80 seconds. Nuclei were 
separated from the cytosolic fraction by centrifugation at 5000g for 10 minutes. Nuclei were 
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broken by re-suspending them in lysis buffer with increasing concentrations of NaCl until 500 
mM final concentration. Cytosolic and nuclear extracts were combined together and cleared 
by centrifugation at 21,000 rpm at 4°C for 1 hour. For the purification of HIS6-Smc1 and 
StrepII-Scc1-C, 5 mM imidazole was added to the soluble extracts and incubated with equil-
ibrated Ni-NTA agarose beads (Qiagen). After 2 hours, the beads were washed 3 times, 10 
column volumes, with washing buffers consisting of 50 mM Tris pH 8.0, 10 mM KCl, 1.5 mM 
MgCl2, 500 mM NaCl and 5 mM imidazole, then with the same buffer but with 250 mM NaCl 
and finally with 100 mM NaCl and 20 mM imidazole. Proteins were eluted with 50 mM Tris 
pH 8.0, 10 mM KCl, 1.5 mM MgCl2, 100 mM NaCl and 200 mM imidazole. The eluates were 
pooled and concentrated with Amicon Ultra-15 centrifugal filters (Millipore). Concentrated 
eluates were incubated with equilibrated Strep-Tactin superflow plus beads (Qiagen) for 2 
hours. Beads were washed 4 times, 3 column volumes, with 50 mM Tris pH 8.0, 10 mM KCl, 
1.5 mM MgCl2, 250 mM NaCl. Bound proteins were then eluted with the same buffer sup-
plemented with 5 mM d-Desthiobiotin (Sigma) and 10% glycerol. Eluates were combined, 
concentrated and snap-frozen in liquid nitrogen prior to storing at -80°C. For StrepII-Smc3 
purification, proteins were purified and eluted similar to the Strep purification protocol used 
for HIS6-Smc1 and StrepII-Scc1-C. After elution, eluates were concentrated and applied to 
the Enrich SEC 650 10X300 size-exclusion column (Bio Rad) using 25 mM TRIS-HCl pH 8.0, 
250 mM NaCl, 10 mM MgCl2 and 10% glycerol. Fractions containing StrepII-Smc3 were 
pooled together, concentrated and snap-frozen in liquid nitrogen prior to storing at -80°C.

ATPase assays
Co-purified HIS6-Smc1+ StrepII-Scc1-C proteins were mixed with StrepII-Smc3 at a final 
concentration of 2 μM in 20 mM TRIS-HCl pH 8.0, 150 mM NaCl and 10 mM MgCl2. Mixed 
proteins were incubated with 30 μM cold ATP spiked with 1 mCi/ml [γ-32P]-ATP (Perkin 
Elmer) at 30°C in a total volume of 10 μl. At indicated time points 1 μl of the reaction was 
spotted onto PEI-cellulose sheets (Merck). Thin-layer chromatography (TLC) was used to 
separate the reaction products using 1 M KH2PO4 pH 3.8 as running buffer. The sheets were 
dried for 30 minutes and analyzed using a phosphorimager. The quantified levels of released 
Pi were used to measure the percentages of hydrolyzed ATP.

Cohesin labelling & Microscale thermophoresis (MST)
Samples were labelled by incubating 1.5 μM of HIS6-Smc1+ StrepII-Scc1-C and StrepII-
Smc3 with freshly prepared TCEP in 50 mM TRIS-HCl pH 8.0, 150 mM NaCl and 1 mM MgCl2 
for 1 hour on ice. TCEP was removed by using a PD-10 column (GE Healthcare). The pro-
tein complex was mixed with five molar equivalents of DY-547P1 maleimide (Dyomics) and 
incubated at 4°C for 1 hour. Excess dye was removed using a PD-10 column equilibrated 
with 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM MgCl2 and 0.05% Tween-20. Labelled 
samples were checked for fluorescence and snap-frozen in liquid nitrogen prior storing at 
-80°C. Thermophoresis measurements were performed in a Monolith NT.115 (Nanotemper) 
using hydrophilic capillaries (Nanotemper). 50 nM final concentration of the labelled samples 
was used in 50 mM TRIS-HCl pH 8.0, 150 mM NaCl, 1 mM MgCl2 and 0.05% Tween-20. The 
samples were incubated with ATP or ADP nucleotides with concentrations ranging from 0.3 
mM to 10 mM, for 30 minutes at room temperature. MST measurements were performed 
using 20% LED and 40% MST power. The laser on/off times were 30 and 5 seconds respec-
tively. The fluorescence intensities for all the measurements were in the range of 600-1000 
counts. The thermophoresis plus T-jump signal was used for creating the binding curves as 
described (Seidel et al., 2013). The non-linear fitting formula for MST measurements in Prism 
6 GraphPad was used to measure the KD values.
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Scanning force microscopy
Co-purified Smc1 and Scc1-C proteins were mixed with Smc3 at a final concentration of 
2.5 μM in 20 mM TRIS-HCl pH 8.0, 150 mM NaCl, 10 mM MgCl2 and 1 mM ATP. After 10 
minutes incubation at 30°C, mixed proteins were diluted to 10 nM and 20 μl was deposited 
on freshly cleaved mica. After about one minute the mica was rinsed with milli Q water and 
dried with filtered air. Samples were scanned in air at room temperature and humidity by tap-
ping mode using a Nanoscope III or IV (Digital Instruments, CA) with a type E scanner and 
silicon probes from AppNano (Santa Clara, CA). Images were collected at 2 μm × 2 μm and 
flattened to remove background slope using Nanoscope software. Collected images from 
either wild type or mutant proteins were randomized and quantified blindly. Dimer structures 
were only quantified if the length of the arms of the V shape or the diameter of the ring was 
between 40 to 50 nm. 

Immunoprecipitation
100 ml of yeast cultures were grown till OD600 0.8. Cells are pelleted at 4000 rpm for 10 min-
utes at 4°C and washed in 20 ml cold water. Cells were re-suspended in 1 ml lysis buffer 
(25 mM HEPES pH 8.0, 2 mM MgCl2, 100 μM EDTA, 500 μM EGTA, 1% NP-40, 150 mM KCl, 
15% glycerol, protease inhibitor cocktail set IV (Calbiochem) and phosphatase inhibitors) 
and kept on ice for 30 minutes. Samples were shaken with glass beads for 3 minutes and 
lysates were centrifuges at 14,000 rpm at 4°C for 20 minutes. 40 μl of cells extract were kept 
as input sample. Then the pre-cleared extracts were incubated with 40 μl protein A Dyna 
beads (Novex, Life technologies) coupled to 2 μg PK antibody (Serotec, MCA1360) for 90 
minutes at 4°C. Beads were washed three times with wash buffer (25 mM HEPES pH 8.0 and 
150 mM KCl) and boiled with 2x sample buffer at 95°C for 5 minutes. The supernatant was 
loaded onto SDS-PAGE gels and membranes were probed against the indicated antibodies.

Cell culture & chromosome spreads
HCT116 p53-/- cells were cultured at 37°C at 5% CO2 in DMEM (Sigma), supplemented with 
6% FCS (Clontech), 1% Penicillin/Streptomycin (Invitrogen) and 0.5% UltraGlutamin (Lonza). 
For colony formation assays, cells were seeded at 30,000 cells per well on 48-wells plates, 
transfected with siRNAs, and grown for 5 days. Plates were washed with PBS, fixed for 10 
minutes using 96% methanol and stained with 0.25% crystal violet. Chromosome spreads 
were prepared 48 hours after siRNA transfection. Chromosome spreads were performed 
in essence as described (Haarhuis et al., 2013). Prior to harvesting, cells were treated with 
Nocodazole for 1 hour. Then cells were incubated in 0.075 M KCl at 37°C for 10 minutes and 
subsequently fixed with Methanol:Acetic Acid (3:1). The fixation procedure was repeated 3 
times – the third time in the presence of 1 μg/ml DAPI. Chromosome spreads were generated 
by allowing a drop containing cells to fall from 30 cm height onto glass slides, and mount-
ed using Prolong Antifade Gold (Invitrogen). Digital images of chromosome spreads were 
captured using a Metafer4/MSearch automated metaphase finder system (MetaSystems) 
equipped with an AxioImager Z2 microscope (Carl Zeiss). After scanning at 10x magnifica-
tion, high-resolution images of spreads were acquired using a ‘Plan-Apochromat’ ×63/1.40 
oil objective. Chromosome arm separation was quantified of at least 125 spreads, measuring 
the separation of the telomeres of the five longest chromosomes per spread using ImageJ 
software.

Genome editing & siRNAs
gRNAs targeting SMC1A were designed using an online CRISPR design tool (crispr.mit.edu): 
Forward: CACCGCCGCCTGACAAGTTGTCCAT Reverse: AAACATGGACAACTTGTCAGG-
CGGC. Annealed oligo’s were ligated into pX330 (Addgene plasmid #42230). To induce the 
mutation we designed a homology dircted repair oligo: CAACTGTGTGGCTCCTGGGAAAC-
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GCTTCCGGCCTATGGATAACGTGTCAGGC GGGGAGAAGACAGTGGCAGCTCTGGC-
CCTGCTCTTTGC as described (K. Li et al., 2014). The CRISPR construct and homology 
directed repair oligo were mixed in a 1:3 M ratio, and pBabePuro was added to the mix in a 
10:1 ratio. The DNA mix was transfected using X-Treme Gene Transfection reagent (Roche) 
according manufacturers protocol. After 48 hours transfected cells were selected using 1 μg/
ml puromycin, which was kept on the cells for 48 hours. Clones were picked after 10 days. 
Genomic DNA from monoclonal cell lines was sequenced using the primers: Forward: TGCT-
GGTAGAACACAGGGAG, and Reverse: GTGGCCTCAGTTCAGTCTCT. All siRNAs were 
manufactured by Dharmacon (ON-TARGETplus). For Sororin we used the SMARTpool and 
for SMC1 we used the following sequence: 5’-GCAGUAUGCUUGUGGCAAU-3’. Transfec-
tions were performed at a final concentration of 20 μM per siRNA using Invitrogen RNAiMAX 
(Life Technologies), following the manufacturer’s instructions.

Accession Numbers
The GEO accession number for the calibrated ChIP-seq data reported in this paper is 
GSE76891.

Acknowledgements

We thank all members of the Medema and van Leeuwen labs for helpful discussions, the 
Sixma and Perrakis labs for valuable input on biochemistry, Titia Sixma for discussions and 
critical reading of the manuscript, Joyce Lebbink for helpful advice, Yoshitaka Hiruma for 
assistance with MST experiments, Danny Sahtoe for help assembling PyMOL figures, Ron 
Kerkhoven and Arno Velds for deep sequencing analysis, Joyce Mulder for technical assis-
tance, and Bram van den Broek and Thomas Kuilman for advice on imaging. We are grateful 
to Christian Haering, Dmitry Ivanov and Jan-Michael Peters for constructs, Frank Uhlmann 
for Anchor-Away yeast strains, and Katsu Shirahige for the Acetyl Smc3 antibody. We thank 
the Dutch Cancer Society (KWF) for financial support. 



  45

C
ohesin releases D

N
A through asym

m
etric ATPase-driven ring opening

2

Supplementary figures
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Figure S1 - Related to Figure 1
Detailed depiction of interactions 
between mutated amino acids in 
Smc1 and ATP
Structure of the ATPase domain of 
Smc1 (PDB: 1W1W) showing the close 
proximity of mutated residues G1132 
and D1164 to the gamma phosphate 
of ATP. The mutated Smc1 L1129 is 
close to ATP’s sugar. Dashed lines 
depict polar bonds. The model depicts 
Smc3’s loop based on the Smc1 crys-
tal structure.
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Figure S2 - Related to Figure 1 and 2. Comparison 
of eco1-1 suppressors
(A) Mutations in Smc1’s ATPase domain rescue the 
lethality of eco1 ts at non-permissive temperatures 
(K699: Wild Type; K16297: eco1-1; BR348: SMC1 
L1129V, eco1-1; BR355: SMC1 D1164E, eco1-1; 
BR783: SMC3 G110W, eco1-1; BR784: SCC3 R1043L, 
eco1-1; BR785: Pds5 P89S, eco1-1; BR782: SMC3-
SCC1 fusion, eco1-1). Cells were grown at OD600 0.6, 
diluted 1:4 and subsequently spotted on YPD plates 
at indicated temperatures. Photographs were taken  

after 72 hours (23°C) or 48 hours (30°C and 35°C). (B) Percentage of cells with cohesed or separated 
GFP dots marking the URA3 locus in wild type Smc1 (BR455: ECO1 and BR426: eco1-1) or mutant Scc3 
R1043L (BR778: ECO1 and BR779: eco1-1) and Pds5 P89S (BR780: ECO1 and BR781: eco1-1) yeast. 
Cells were synchronized in G1 and released at the non-permissive temperature. Cohesion was scored in 
metaphase-arrested cells. For GFP dot assay with Smc1 ATPase mutants see Figure 2C..
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Figure S3 - Related to Figure 3. 
Expression of recombinant Smc1 
K39I and Smc3 K38I mutants used 
for MST and SFM assays in Figure 
3E, F and G 
(A) Recombinant expression of 
cohesin subunits. SDS-PAGE, 
Coomassie brilliant blue staining 
(CBB) and western blots of full-length 
HIS6-Smc1 (wild type and K39I mu-
tant) and the co-expressed C-ter-
minus of Scc1 (StrepII-Scc1-C). (B) 
SDS-PAGE, Coomassie brilliant blue 
staining of recombinant expression 
of StrepII-Smc3 (wild type and K38I 
mutant).
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Figure S4 - Related to Figure 4. Smc1 and Smc3 ATPase mutants reduce cohesin’s abundance 
on DNA
(A) Smc1 ATPase mutants show a global decrease of approximately 40% of Scc1-PK binding within cen-
tromeric and pericentromeric regions. The plot depicts the data as in (Figure 4B), but displays mutant 
binding relative to wild type. (B) Smc1 ATPase mutants show a decrease of approximately 30% of Scc1-
PK binding at arm regions. The plot depicts the data as in (Figure 4C), but displays mutant binding rel-
ative to wild type. (C) As in (A) but comparing Smc3 L1126V to Smc3 wild type cells. The Smc3 ATPase 
mutant shows a similar decrease of approximately 40% of Scc1-PK binding to centromeric and pericen-
tromeric DNA as the corresponding Smc1 ATPase mutant. (D) As in (B) but comparing Smc3 L1126V 
to Smc3 wild type cells. The Smc3 ATPase mutant shows a similar decrease of approximately 30% of 
Scc1-PK binding to the arm regions of chromosomes as the corresponding Smc1 ATPase mutant.
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Figure S5 - Related to Figure 5. Smc3 D1161E does not enter the nucleus
(A) Smc3 D1161E fails to accumulate in the nucleus, whereas Smc3 WT and L1126V do (BR733: SMC3-
WT-PK; BR735: SMC3-L1126V-PK; BR736: SMC3-D1161E-PK). Image brightness was increased for 
Smc3 D1161E-PK for visualisation purposes. (B) Expression levels of Smc3 L1126V and Smc3 D1161E 
mutants are similar compared to wild type Smc3 (K699: Wild Type No tag; BR733: SMC3-WT-PK; BR735: 
SMC3-L1126V-PK; BR736: SMC3-D1161E-PK). (C) Model depicting the interface of Scc1’s C-terminus 
with the head domains of Smc1 and Smc3. Smc3 D1161E is predicted to be at the Scc1 binding inter-
face. The model was assembled as in Figure 5A. (D) Smc3 L1126V and D1161E mutants bind to Smc1 as 
wild type (K699: Wild Type No tag; BR786: SMC1-HA; BR745: SMC1-HA, SMC3-WT-PK; BR753: SMC1-
HA, SMC3-L1126V-PK; BR761: SMC1-HA, SMC3-D1161E-PK (E) Smc3 D1161E mutant is unable to 
form a complex with Scc1, whereas Smc3 L1126V shows similar binding as wild type Smc3 (K699: Wild 
Type No tag; BR742: SCC1-HA; BR746: SCC1-HA, SMC3-WT-PK; BR754: SCC1-HA, SMC3-L1126V-PK; 
BR762: SCC1-HA, SMC3-D1161E-PK) (F) Smc3 D1161E-PK does not localise to centromeres. The plot 
depicts the average distribution of cohesin around the centromere (CDEIII) of all chromosomes (BR733: 
SMC3-WT-PK; BR736: SMC3-D11161E-PK) (G) As in (E) but at arm regions. The plot depicts the aver-
age distribution of Smc3-PK at arm regions spanning from 60 to 50 kb from the centromere (CDEIII) of 
all chromosomes.
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Smc subunit
KD for ATP binding
( M ± SEM)

KD for ADP binding
( M ± SEM)

Smc1-WT 442 ± 176 1989 ± 878

Smc1-L1129V 667 ± 211 2406 ± 958

Smc1-D1164E 542 ± 188 1716 ± 576

Smc1-E1158Q 567 ± 289 1653 ± 601

Smc1-K39I not detected not detected

Smc3-K38I not detected not detected

Table S1 - Related to Figure 3. Dissociation constant for Smc1 or Smc3 ATPase mutants
Dissociation constant (KD) values obtained from MST binding curves of titrated ATP or ADP against flu-
orescently labelled cohesin subunits as depicted in Figure 3E and F respectively. Wild type or mutants 
Smc1 were pre-incubated with Scc1-C and wild type or mutant Smc3 prior to labelling.
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Strain nr. Genotype
BR348 MATa, eco1-1, SMC1 L1129V
BR355 MATa, eco1-1, SMC1 D1164E
BR363 Mat , eco1-1, SMC1 D1164G
BR420 MATa, SMC1 L1129V
BR422 MATa, SMC1 D1164E
BR426 MATa, eco1-1, ura3::3XURA3 TetO112, his3::HIS3tetR-GFP, TRP1::MET3promoter-Cdc20
BR428 MATa, eco1-1, SMC1 L1129V, ura3::3XURA3 TetO112, his3::HIS3tetR-GFP, TRP1::MET3promoter-Cdc20
BR429 MATa, eco1-1, SMC1 D1164E, ura3::3XURA3 TetO112, his3::HIS3tetR-GFP, TRP1::MET3promoter-Cdc20
BR431 MATa, eco1-aid::KAN, RPL13A-FKBP12:TRP1, TOR1-1, fpr1 ::NatMX, SCC1-FRB-GFP::HIS3, ADH1promoter-OsTIR1myc9::URA3
BR433 MATa, eco1-aid::KAN, wpl1 ::LEU2, RPL13A-FKBP12:TRP1, TOR1-1, fpr1 ::NatMX, SCC1-FRB-GFP::HIS3, ADH1promoter-OsTIR1myc9::URA3
BR439 MATa, RPL13A-FKBP12:TRP1, TOR1-1, fpr1 ::NatMX, SCC1-FRB-GFP::HIS3, ADH1promoter-OsTIR1myc9::URA3
BR445 MATa, eco1-aid::KAN, SMC1 D1164E, RPL13A-FKBP12:TRP1, TOR1-1, fpr1 ::NatMX, SCC1-FRB-GFP::HIS3, ADH1promoter-OsTIR1myc9::URA3
BR448 MATa, eco1-1, SMC1 G1132S
BR455 MATa, ECO1 WT-NAT, ura3::3XURA3 TetO112, his3::HIS3tetR-GFP, TRP1::MET3promoter-Cdc20
BR459 MATa, SMC1 L1129V, ECO1 WT-NAT, ura3::3XURA3 TetO112, his3::HIS3tetR-GFP, TRP1::MET3promoter-Cdc20
BR461 MATa, SMC1 D1164E, ECO1 WT-NAT, ura3::3XURA3 TetO112, his3::HIS3tetR-GFP, TRP1::MET3promoter-Cdc20
BR463 Diploid, eco1 ::KanMX / ECO1 WT, SMC1 L1129V / SMC1 WT-HA3::HIS3
BR464 Diploid, eco1 ::KanMX / ECO1 WT, SMC1 D1164E / SMC1 WT-HA3::HIS3
BR572 MATa, eco1-aid::KAN, SMC1 L1129V, RPL13A-FKBP12:TRP1, TOR1-1, fpr1 ::NatMX, SCC1-FRB-GFP::HIS3, ADH1promoter-OsTIR1myc9::URA3
BR625 MATa, SMC1 L1129V, SCC1-PK9::KAN
BR627 MATa, SMC1 D1164E, SCC1-PK9::KAN
BR629 MATa, SMC1 D1164G, SCC1-PK9::KAN
BR643 MATa, SMC1 G1132S, SCC1-PK9::KAN
BR645 MATa, SCC1-PK9::KAN
BR651 MATa, SMC1 L1129V, WPL1-MYC18::URA3
BR653 MATa, SMC1 G1132S, WPL1-MYC18::URA3
BR655 MATa, SMC1 D1164E, WPL1-MYC18::URA3
BR657 MATa, SMC1 D1164G, WPL1-MYC18::URA3
BR733 MATa, trp1::SMC3-WT-PK6::TRP1
BR735 MATa, trp1::SMC3-L1126V-PK6::TRP1
BR736 MATa, trp1::SMC3-D1161E-PK6::TRP1
BR742 MATa, leu2::SCC1-HA3::LEU2
BR745 MAT , SMC1-HA6::HIS3, trp1::SMC3-WT-PK6::TRP1
BR746 MATa, leu2::SCC1-HA3::LEU2, trp1::SMC3-WT-PK6::TRP1
BR753 MAT , SMC1-HA6::HIS3, trp1::SMC3-L1126V-PK6::TRP1
BR754 MATa, leu2::SCC1-HA3::LEU2, trp1::SMC3-L1126V-PK6::TRP1
BR761 MAT , SMC1-HA6::HIS3, trp1::SMC3-D1161E-PK6::TRP1
BR762 MATa, leu2::SCC1-HA3::LEU2, trp1::SMC3-D1161E-PK6::TRP1
BR769 MATa, KAN-pGal-10-SMC3, leu2::SMC3 WT (Tagless)::LEU2
BR770 MATa, KAN-pGal1-10-SMC3, leu2::SMC3 L1126V (Tagless)::LEU2
BR772 MATa, KAN-pGal1-10-SMC3, leu2::SMC3 D1161E (Tagless)::LEU2
BR774 MATa, eco1-1, KAN-pGal1-10-SMC3, leu2::SMC3 L1126V (Tagless)::LEU2
BR775 MATa, eco1-1, KAN-pGal1-10-SMC3, leu2::SMC3 D1161E (Tagless)::LEU2
BR776 MATa, KAN-pGal-10-SMC3, leu2::SMC3 WT (Tagless)::LEU2, SCC1-PK9::KAN
BR777 MATa, KAN-pGal-10-SMC3, leu2::SMC3 L1126V (Tagless)::LEU2, SCC1-PK9::KAN
BR778 MAT , ECO1 WT-NatMX, SCC3 R1043L, ura3::3XURA3 TetO112, leu2::LEU2tetR-GFP, TRP1::MET3promoter-Cdc20
BR779 MATa, eco1-1, SCC3 R1043L, ura3::3XURA3 TetO112, his3::HIS3tetR-GFP, TRP1::MET3promoter-Cdc20
BR780 MAT , ECO1 WT-NatMX, PDS5 P89S, ura3::3XURA3 TetO112, leu2::LEU2tetR-GFP, Scc3-HA3::HIS3, ADE2, TRP1::MET3promoter-Cdc20
BR781 MATa, eco1-1, PDS5 P89S, ura3::3XURA3 TetO112, his3::HIS3tetR-GFP, TRP1::MET3promoter-Cdc20
BR782 MATa, eco1-1, smc3 ::HIS3, scc1 ::KanMx, ura3::SCC1promoter-SMC3-TEV3-SCC1::URA3
BR783 MAT , eco1-1, SMC3 G110W, ura3::3XURA3 tetO112, his3::HIS3tetR-GFP, ADE2
BR784 MATa, eco1-1, SCC3 R1043L, ura3::3XURA3 tetO112, his3::HIS3tetR-GFP, PDS1-MYC18::TRP1
BR785 MATa, eco1-1, PDS5 P89S, ura3::3XURA3 tetO112, his3::HIS3tetR-GFP, PDS1-MYC18::TRP1
BR786 MAT , SMC1-HA6::HIS3
BR787 MATa, eco1-1, KAN-pGal1-10-SMC3, leu2::SMC3 WT (Tagless)::LEU2
BR788 MATa, eco1-1, KAN-pGal1-10-SMC3, leu2::SMC3 G110W (Tagless)::LEU2
K699 MATa, ade2-1, trp1-1, can1-100, leu2-3,112, his3-11,15, ura3, GAL, psi+
K9538 MATa, eco1-1, ura3::3XURA3 tetO112, his3::HIS3tetR-GFP, PDS1-MYC18::TRP1
K9539 MAT , eco1-1, ura3::3XURA3 tetO112, his3::HIS3tetR-GFP, ADE2
K15721 MATa, WPL1-MYC18::URA3
K16297 MATa, eco1-1
K23308 C. glabrata, MATa, SCC1PK9::NatMX

Table S2 - Related to Figures 1, 2, 4, 5, S2, S4 and S5 Yeast strains used in this study
All strains are derivatives of K699.
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Abstract

Condensin is a multi-subunit protein complex that is fundamental for structuring and segre-
gating mitotic chromosomes. This ABC-like ATPase belongs to the Structural Maintenance 
of Chromosomes (SMC) family. Condensin is one of the most conserved chromosomal pro-
tein complexes and is found from bacteria to higher eukaryotes, yet the mechanistic under-
standing on how it utilizes its ATPase machinery to confer condensation is lacking. Here 
we reveal an asymmetric role for condensin’s ATPase sites in controlling condensation. We 
show that mutating a key conserved residue in the ATPase head domain of SMC2 impairs 
condensation whereas making the same mutation in SMC4’s ATPase head domain results in 
hyper-condensed chromosomes. We propose that one or both of condensin’s ATPase sites 
promote DNA entrapment, while specifically the other ATPase site drives DNA release by 
condensin.
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Introduction

Equal partitioning of chromosomes is crucial to preserve the genomic integrity of dividing 
cells. An essential prerequisite for the fidelity of this process is chromosome condensation. 
This entails the conversion of the long threads of DNA into short and compact structures 
such that they can be separated to the newly formed daughter cells. Condensin is a highly 
conserved protein complex that plays a central role in mitotic chromosome condensation (T. 
Hirano, 2016; 2012). 

Condensin is a five-subunit protein complex with two structural maintenance of chromo-
somes (SMC) proteins, SMC2 and SMC4, at its core (Figure 1A). The SMC heterodimer 
binds two ATP molecules to form a composite ABC-like ATPase. 50 nm-long coiled coil arms 
connect the ATP-binding ‘head’ domains at one end to the dimerization domain, also known 
as the hinge, at the other end. Electron microscopic pictures show a characteristic closed 
V-shaped conformation for these coiled coils (Anderson et al., 2002). However recent data 
using high-speed liquid atomic force microscopy (AFM) revealed that the yeast Smc2-Smc4 
dimer rather adopts various open conformations (Eeftens et al., 2016). 

Most eukaryotes have two types of condensin complexes, namely condensin I and con-
densin II (Ono et al., 2003). The two complexes share the same SMC dimer but they bind 
three unique non-SMC proteins (Onn et al., 2007). Both complexes bind one kleisin molecule 
(CAP-H for condensin I and CAP-H2 for condensin II) that bridges the ATPase head domains 
of SMC2 and SMC4 (Schleiffer et al., 2003). The Kleisin subunit in turn binds two HEAT-re-
peat proteins (CAP-G and CAP-D2 for condensin I and CAP-G2 and CAP-D3 for condensin 
II), which are important for DNA binding (Neuwald and T. Hirano, 2000; Piazza et al., 2014) 
(Figure1A).

The two condensin complexes not only differ in their protein composition but also in their 
localization throughout the cell cycle (Ono, 2004). Condensin II is always nuclear, whereas 
condensin I is cytoplasmic and only contacts DNA upon nuclear envelope breakdown. This 
differential localization appears to define the contribution of the two complexes in mitotic 
chromosome assembly. Condensin II initiates the condensation process during prophase 
while condensin I helps in the further condensation steps (Gerlich et al., 2006a). While con-
densin II predominantly functions in the axial shortening of chromosomes, condensin I has 
been suggested to control their lateral compaction (Green et al., 2012; Hirota, 2004; Ono et 
al., 2003; Shintomi and T. Hirano, 2011).

A plethora of studies have suggested models on how condensin may drive mitotic chromo-
some condensation (Cuylen and Haering, 2011; T. Hirano, 2016; Uhlmann, 2016). One rather 
simple model suggests that condensin acts as a tethering molecule that stochastically links 
colliding DNA threads together (Cheng et al., 2015). However, this model does not explain 
how condensin rings end up lined at the axis of mitotic chromosomes, how they establish 
only cis but not trans DNA interactions, nor how random cross-linking of DNA actually results 
in chromosome condensation.

An alternative model proposes that condensin extrudes DNA through its lumen to form 
loops (Alipour and Marko, 2012; Goloborodko et al., 2016; Nasmyth, 2001). As the loops are 
processively enlarged, DNA sequences that were initially further away from each other are 
brought together and eventually the DNA becomes shorter. Condensin rings then extrude 
the DNA loops until they encounter another extruding condensin. This ‘Loop extrusion’ model 
provides an explanation for the axial localization of condensin on mitotic chromosomes. It 
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also explains why condensin does not accidentally create inter-chromosomal linkages. How, 
mechanistically speaking, condensin then extrudes DNA is a mystery, but it could be that 
condensin’s own enzymatic activity drives this process.

Condensin is a member of the SMC family of protein complexes, which also includes cohesin 
and the SMC5/SMC6 complex (Uhlmann, 2016). Cohesin and condensin act as DNA cross-
linkers and they perform their actions through the topological entrapment of DNA inside 
their proteinaceous rings (Cuylen et al., 2011; Haering et al., 2008). Both SMC complexes 
somehow function through the hydrolysis of ATP by their ATPase machineries. Condensin’s 
SMC2 and SMC4 are structurally close to cohesin’s SMC3 and SMC1, respectively. SMC2 
and SMC4 sandwich two ATP molecules between their ATPase heads, forming a composite 
ABC-like ATPase. Each ATP molecule is caught between the Signature motif of one subunit 
and the Walker A and B motifs of the other (Figure 1B).

Recently, we and others revealed an asymmetric activity within the heart of cohesin’s ATPase 
machinery (Beckouët et al., 2016; Çamdere et al., 2015; Elbatsh et al., 2016; Murayama and 
Uhlmann, 2015). Our findings indicate that DNA release from cohesin requires the activity 
associated with one ATPase site while both ATPase sites control the loading of cohesin 
onto DNA. We identified a number of conserved residues in the ATPase head of cohesin’s 
Smc1 subunit that are required for the release reaction (Elbatsh et al., 2016). Mutating those 
key amino acids severely impairs cohesin’s ATP hydrolysis activity, but supports viability, 
and yields ultra-stably DNA-bound cohesin. These findings were completely unexpected 
because classical hydrolysis-deficient Walker B mutants do not support cohesion and cause 
lethality. The amino acids that we found mutated in cohesin interestingly are also conserved 
through condensin’s SMC subunits (Figure 1C and 1D). This raises the possibility that con-
densin likewise harbors an asymmetric activity within its ATPase machinery, and it provides 
a valuable lead for learning more about this important complex.

Our knowledge about the role of condensin’s ATPase in condensation is very limited. It does 
not go beyond that ATP binding is essential for loading of condensin onto DNA and that ATP 
hydrolysis thought to be required for condensing mitotic chromosomes and further maintain-
ing their condensed state (Hudson et al., 2008; Kinoshita et al., 2015). These findings, how-
ever, are all based on the classical ATP binding (Walker A) and ATP hydrolysis (Walker B) 
mutants. Here we made analogous mutations to those recently found in cohesin in the SMC 
subunits of condensin in order to learn about the mechanism by which condensin confers 
condensation and about the role of its respective ATPase sites in this process. We for the first 
time pinpoint a functional asymmetry in the heart of condensin’s ATPase machinery.
 
Results

Mutating the endogenous alleles of SMC2 and SMC4’s ATPase sites 
To study the contribution of condensin’s respective ATPase sites in its DNA entrapment and 
release cycle, we mutated the endogenous allele of each individual site in the haploid HAP1 
cell line using CRISPR/Cas9 genome-editing technology (Figure 1E and 1F). We mutated a 
conserved Leucine to a Valine in the Signature motif of each site, as we know that each of 
these mutations reduces hydrolysis by cohesin, but supports viability in budding yeast. We 
used guide RNAs that lead to cleavage of either the SMC2 or SMC4 genes, and provided 
donor oligos that upon homology-directed repair introduced the desired mutations, and at 
the same time rendered the genes non-cleavable. Using this approach, we could success-
fully obtain a number of independent clones harboring either SMC2 L1085V or SMC4 L1191V 
ATPase mutations.
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Figure 1. Mutating the endogenous alleles of SMC2 and SMC4’s ATPase sites
(A) Schematic depiction of the condensin complex. Condensin is a five-subunit ring-shaped ATPase 
that can entrap DNA. Most eukaryotes have two complexes, condensin I and II, which share the same 
SMC2-SMC4 heterodimer, but each has three different additional subunits. (B) Model of SMC2 and 
SMC4 heterodimer showing the structural symmetry between the two proteins. The two ATPase head 
domains are engaged through the binding of two ATP molecules. The model is based on the crystal 
structures of cohesin’s Smc1 (PDB: 1W1W) and Smc3 (PDB: 4UX3). SMC2 is shown in purple while 
SMC4 is in orange. SMC2 L1085 and SMC4 L1191 are highlighted in green. (C) Sequence alignment 
showing the conservation of a key amino acid in the signature motif of cohesin’s SMC3 ATPase domain 
and all examined species in condensin’s SMC2. (D) Sequence alignment showing the conservation of 
a key amino acid in the signature motif of cohesin’s SMC1 ATPase domain and all examined species in 
condensin’s SMC4. (E)CRISPR/Cas9 genome-editing technology used to make the L1085V mutation in 
SMC2 in human HAP1 cells. The guide RNA (gRNA) was designed to target Cas9 to cut in the signature 
motif of the SMC2 gene and the L1085V (C>G) mutation was introduced through homology-directed 
repair using a 90 bp donor-oligo that carries the mutation. Chromatograms of the Sanger sequencing of 
cells with SMC2 wild type (left) and SMC2 L1085V (right) are shown. (F) Same as in (E) but for the SMC4 
L1191V mutation. (G) Western blot analysis of the indicated proteins in wild type, SMC2 L1085V and 
SMC4 L1191V cells. Wild type cells were transfected with an siRNA targeting SMC2 for 72 hours prior 
to harvesting to serve as a control for the specificity of the used antibodies. CDK4 is a loading control.
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Next, we tested the expression levels of a number of condensin subunits in the cell lines 
carrying the ATPase mutations (Figure 1G). Cells with the SMC4 L1191V mutation showed 
comparable expression levels of SMC2, SMC4, CAP-H (condensin I complex) and CAP-H2 
(condensin II complex) to wild type cells. However, the levels of SMC2 and CAP-H2 were 
slightly lower in the SMC2 L1085V mutant cells compared to wild type cells. As a control we 
used an siRNA targeting SMC2. Interestingly, depletion of SMC2 drastically down-regulated 
the levels of all the other tested condensin subunits. This presumably indicates that the com-
plex as a whole stabilizes the individual subunits.

SMC2 L1085V ATPase mutation impairs chromosome condensation
We recently showed that the L1126V mutation in cohesin’s Smc3 ATPase head causes a 
reduction in cohesin’s abundance on chromatin (Elbatsh et al., 2016). This finding suggests 
that the activity associated with this particular ATPase site is important for DNA entrapment 
by cohesin. To test whether condensin is regulated in a similar fashion, we studied the cells 
with the analogous mutation in condensin’s SMC2 ATPase head domain.

First we measured the intensity of SMC2 staining in wild type and SMC2 L1085V mutant cells 
(Figure 2A and 2B). Interestingly, we found that cells with the SMC2 L1085V ATPase mutation 
have lower levels of SMC2 on the DNA compared to wild type cells. To assess the conse-
quence of this reduction we examined chromosome morphology by chromosome spreads. 
(Figure 2C). While wild type cells showed the classical condensed chromosome structure, 
SMC2 mutant cells displayed a remarkable fuzzy appearance. Sometimes it was even hard 
to observe individual chromosomes in spreads from mutant cells. The SMC2 L1085V ATPase 
mutation therefore not only leads to reduced levels of condensin on chromatin, but also to a 
condensation defect.

Next, we filmed SMC2 L1085V mutant cells to see how they progressed through mitosis. We 
used a cell-permeable fluorogenic probe to visualize DNA. SMC2 mutant cells showed a two-
fold increase in the time they spend from nuclear envelop breakdown (NEB) until anaphase 
onset compared to wild type cells (Figure 2D). We found that mutant cells indeed take more 
time from NEB until chromosome alignment in metaphase but these cells clearly also spend 
longer between alignment and anaphase onset. Finally, we noted that SMC2 L1085V mutant 
cells showed more than a two-fold increase in the amount of segregation errors (Figure 2E). 

Taken together, our results show that Leucine 1085 is a key amino acid in the ATPase head of 
SMC2 and that the integrity of this particular ATPase site is required for proper chromosome 
condensation. Still to be tested however is whether this mutation affects condensin’s ATPase 
activity. We should note that at this point we cannot rule out a contribution of the reduced 
levels of SMC2 and CAP-H2 proteins caused by this mutation to the observed condensation 
defect.

SMC4 L1191V ATPase mutation causes hyper-condensation of mitotic chromosomes
Smc1 L1129V mutant cohesin complexes bind ultra-stably to DNA and bypass the need for 
cohesin protection factors. However, this mutation also reduces the abundance of cohesin 
on DNA (Elbatsh et al., 2016). Together this indicates that the activity of this particular AT-
Pase site is required for both DNA entrapment and release. The analogous SMC4 L1191V 
condensin mutant therefore is particularly interesting, as this mutant may well stabilize con-
densin on chromatin. Whether or not condensin needs to turn over on chromatin for conden-
sation is unknown. 
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First, we assessed the abundance of condensin on DNA in SMC4 L1191V mutant cells. To do 
so, we measured the intensity of SMC2 staining in wild type and SMC4 L1191V mutant cells 
in metaphase (Figure 3A and 3B). In contrast to SMC2 L1085V mutant cells, the intensity of 
SMC2 staining in SMC4 L1191V mutant cells was similar to that observed in wild type cells. 
Chromosome spreads then revealed that SMC4 L1191V mutant cells did not display the 
fuzzy morphology of chromosomes that was observed with the SMC2 L1085V mutant cells 
(Figure 3C). Upon closer analysis however, we noted that chromosomes of SMC4 L1191V 
mutant cells appeared to be shorter than those of the wild type. We therefore systemically 
measured chromosome length of these cells. Indeed, we found that chromosomes of SMC4 
mutant cells are considerably shorter compared to their wild type counterparts (Figure 3D). 
These results indicate that the SMC4 L1191V mutation causes hyper-condensation of mitotic 
chromosomes, and that this phenotype is not due to an increase in the abundance of con-
densin on DNA.
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Figure 2. SMC2 L1085V ATPase mutation impairs chromosome con-
densation
(A) SMC2 L1085V ATPase mutation reduces SMC2 levels on DNA. Rep-
resentative images of metaphases SMC2 staining in wild type and SMC2 
L1085V cells. (B) Quantification of the intensity of SMC2 signal inside the 
DAPI region of cells in (A). Each symbol depicts one cell. Error bars rep-
resent the SEM. (C) Chromosome spreads of wild type and SMC2 L1085V 
cells. Cells were treated with nocodazole for 1.5 hours prior to harvesting. 
The graph depicts the percentage of mitotic cells with either condensed or 
fuzzy chromosomes. Images show representative examples of both mor-
phologies. Error bars represent the SD of three independent experiments. 
(D) Live-cell imaging of wild type and SMC2 L1085V cells. Graph depicts 
the time spent from nuclear envelope breakdown (NEB) to alignment and 
from alignment to anaphase. Cells were transfected with a DNA probe (sirD-
NA) two hours prior to imaging. Error bars represent the SD of three inde-
pendent experiments. (E) Quantification of segregation errors of cells in (D). 
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We then filmed SMC4 L1191V mutant cells and found that these cells progressed through 
mitosis with normal timing (Figure 3E). Surprisingly however, these cells underwent chromo-
some segregation with increased error rates (Figure 3F). The nature of these missegrega-
tions is unknown and certainly is worthy of further investigation. Together, our data pinpoint a 
crucial role of SMC4 L1191 in the process of condensation. They suggest that this particular 
ATPase site actually counteracts chromosome condensation.

SMC4 L1191V ATPase mutation does not affect the initiation of condensation or decon-
densation
Mechanistically speaking we do not know what triggers condensin to initiate condensation, 
nor do we know what stimulates decondensation. For cohesin we now know that it is all about 
controlling the DNA release reaction, and that DNA release is dependent on one particular 
ATPase site. We therefore hypothesized that condensation starts once condensin’s analo-
gous ATPase site is inactivated. As a first attempt to test whether SMC4 L1191V prematurely 
led to condensation, we scored for condensin’s abundance on chromatin in late G2 and early 
prophase. We defined this phase using centrosome separation as a marker. Then we mea-
sured the intensity of SMC2 staining in wild type and SMC4 L1191V mutant cells (Figure 4A 
and 4B). With our initial analyses we did not find any difference in condensin’s abundance on 
DNA as judged by the equal intensity of SMC2 staining in SMC4 mutant and wild type cells. 

Next, we reasoned that decondensation may be dependent on a specific DNA release AT-
Pase site in condensin. We therefore asked whether the SMC4 L1191V mutation delayed 
the decondensation process and whether condensin would persist on DNA at later stages 
of mitosis at a time when it normally has dissociated. We checked condensin’s abundance 
on DNA in telophase cells using the well-defined distinct staining pattern of Aurora B as 
a marker for this cell cycle stage (Figure 4C and 4D). However, there was no increase in 
SMC2 intensity in SMC4 L1191V mutant cells. If anything it seemed like mutant cells actually 
displayed reduced SMC2 staining compared to wild type cells. The SMC4 L1191V ATPase 
mutation therefore does neither lead to evident premature condensin binding in G2, nor to 
delayed condensin dissociation in telophase. 

SMC4 L1191V ATPase mutation does not affect the stability of condensin I on DNA
The observed phenotype of hyper-condensed chromosomes in SMC4 L1191V mutant cells 
can be a consequence of an increase in the residence time of condensin on chromatin. Con-
densin I, in contrast to condensin II, binds mitotic chromatin in a dynamic fashion (Gerlich 
et al., 2006a; Oliveira et al., 2007). To address if the SMC4 L1191V ATPase mutation would 
alter the stability of condensin I on chromatin, we performed fluorescence recovery after 
photobleaching (FRAP) experiments. Wild type and mutant cells were transfected with an 
EGFP-CAP-H construct that was previously published (Gerlich et al., 2006a; Hirota, 2004), 
and co-transfected with a probe to visualize DNA. We photobleached all the fluorescent 
EGFP-CAP-H in the entire cell with the exception of half a metaphase plate and followed the 
recovery of the fluorescent signal in the bleached part of the plate (Figure 4E). 

The residence time of condensin I on DNA in wild type cells is 176 ± 12s, confirming what 
was previously reported (Figure 4F) (Gerlich et al., 2006a). To our surprise, condensin I 
seemed to bind DNA with similar kinetics in SMC4 mutant cells (residence time= 171 ± 13s). 
In addition, the kinetics of condensin I in SMC2 ATPase mutant cells were also not evidently 
affected (141 ± 17s). These results suggest that the SMC4 L1191V mutant does not affect the 
stability of condensin I on DNA and that the hyper-condensation phenotype caused by this 
mutation is not due to an increase in the residence time of condensin I on DNA.
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Figure 3. SMC4 L1191V ATPase mutation causes hyper-condensation of mitotic chromosomes
(A) SMC4 L1191V ATPase mutation does not affect SMC2 levels on DNA. Representative images of 
metaphase SMC2 staining in wild type and SMC4 L1191V cells. (B) Quantification of the intensity of 
SMC2 signal inside the DAPI region of cells in (A). Each symbol depicts one cell. Error bars represent 
the SEM. Wild type cells are the same as in figure 2B. (C) Chromosome spreads of wild type and SMC4 
L1191V cells. Cells were treated with nocodazole for 1.5 hours prior to harvesting. The graph depicts 
the percentage of mitotic cells with either condensed or fuzzy chromosomes. Images show represen-
tative examples of both morphologies. Error bars represent the SD of three independent experiments. 
Wild type cells are the same as in figure 2C. (D) SMC4 L1191V cells have shorter chromosomes than 
wild type cells. Cells were treated with nocodazole for 1.5 hour prior to harvesting. The graph depicts 
the length of chromosomes I, II and III of wild type and SMC4 L1191V cells. The length was measured 
as in the example. The inset depicts a histogram of the chromosome length distribution. Error bars rep-
resent the SD of three independent experiments. (E) Live cell imaging of wild type and SMC4 L1191V 
cells. Graph depicts the time spent from nuclear envelope breakdown (NEB) to alignment and from 
alignment to anaphase. Cells were transfected with a DNA probe (sirDNA) two hours prior to imaging. 
Error bars represent the SD of three independent experiments. Wild type cells are the same as in figure 
2D. (F) Quantification of segregation errors of cells in (E).
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Discussion

Mitotic chromosome condensation is one of the most dramatic events in the life of a chro-
mosome. This process is driven by condensin, a chromosomal protein complex that is con-
served through all branches of life (T. Hirano, 2016). We know very little on how conden-
sin works mechanistically speaking. Here we uncover an unanticipated asymmetric role of 
condensin’s ATPase sites in mitotic chromosome condensation. We show that mutating a 
conserved amino acid in the ATPase head of SMC2 (L1185V) impairs mitotic chromosome 
condensation. On the other hand, mutating the same key residue in SMC4’s ATPase head 
(L1191V) renders chromosomes hyper-condensed. Apparently one ATPase site promotes, 
while the other site counteracts condensation.

The SMC4 L1191V mutant is analogous to cohesin’s Smc1 L1129V, which stabilizes cohesin 
rings on chromatin. One would assume then that the SMC4 mutant also affects the stability 
of condensin on DNA. Our initial analyses however suggest that the SMC4 mutant does not 
affect the stability of condensin I on DNA. Importantly, we have not yet assessed the effect of 
the mutants on condensin II’s turnover. Because the two condensin complexes share SMC2 
and SMC4, one would expect that whatever we are disrupting with these mutants affects 
both complexes. But as these complexes do have distinct functions, they may be differen-
tially regulated. 

Condensin II is thought to be required for the axial shortening of chromosomes while con-
densin I might have a more prominent role in their lateral compaction. As the SMC4 L1191V 
mutant clearly affects the length of chromosomes, it is a likely scenario that we are affect-
ing condensin’s II’s function with this mutation. Whether this mutation also influences lateral 
compaction is currently unclear. Condensin II transiently binds DNA during interphase and 
gradually becomes more stable in prophase until it almost completely stabilizes on DNA from 
metaphase till anaphase (Gerlich et al., 2006a). It will therefore be of great interest to study 
the effect of the SMC4 mutant on the residence time of condensin II both in interphase and 
in prophase.

During mitotic exit, segregated chromosomes have to decondense to allow for interphase 
activities such as transcription and replication (Wurzenberger and Gerlich, 2011). Condensin 
is not destroyed by proteolytic cleavage. Its removal from DNA therefore may be analogous 
to the prophase pathway-specific opening of cohesin rings. As this latter process involves 
cohesin’s DNA release ATPase site, it is a good possibility that condensin’s dissociation in 
a similar manner leads to chromosome decondensation. In our initial analyses we could not 
observe an evident defect in decondensation in SMC4 mutant cells. We do however wish 
to more thoroughly monitor condensin’s behaviour as cells enter G1 phase and assess the 
ability of these cells to fully decondense their chromosomes.

Based upon our earlier work on cohesin, we have assumed that condensin’s ATPase cycle 
will be similarly affected by the analogous Signature motif (Leucine to Valine) mutants. We 
do however need to show that this indeed is the case. Therefore, we plan to perform ATP hy-
drolysis assays to assess the enzymatic activity of recombinant wild type or mutant budding 
yeast condensin complexes (Piazza et al., 2014).
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Figure 4. SMC4 L1191V ATPase mutation does not affect the stability of condensin I on DNA
(A) SMC4 L1191V ATPase mutation does not cause premature condensation. Representative images 
of SMC2 staining in late G2 or early prophase of wild type and SMC4 L1191V mutant cells. Centrosome 
separation is used as a marker for the cell cycle stage. (B) Quantification of the intensity of SMC2 signal 
inside the DAPI region of cells in (A). Each symbol depicts one cell. Error bars represent the SEM. (C) 
SMC4 L1191V does not delay the start of decondensation. Representative images of SMC2 staining in 
telophase of wild type and SMC4 L1191V cells. Aurora B staining pattern is used as a marker for the 
cell cycle stage. (D) Quantification of the intensity of SMC2 signal inside the DAPI region of cells in 
(C). Each symbol depicts one cell. Error bars represent the SEM. (E) SMC4 L1191V mutation does not 
affect the stability of condensin I on DNA. SMC2 L1085V, SMC4 L1191V and wild type cells expressing 
EGFP-CAP-H were used in fluorescence recovery after photobleaching (FRAP) experiments. The en-
tire fluorescent signal in cells was bleached except for half of the metaphase plate. Recovery in the 
bleached and unbleached halves of the plate was followed by time-lapse imaging. DNA was visualized 
using a DNA probe (sirDNA). (F) Recovery of EGFP-CAP-H fluorescence after photobleaching in cells 
described in (E). The curves represent the difference in fluorescence signal between bleached and 
unbleached regions after normalization with the DNA signal. n= ≥ 7 cells for each genotype. Residence 
time was determined by fitting one phase decay function. Errors bars represent the SEM.
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One model for how condensin may work is that it processively enlarges DNA loops through 
their extrusion from its ring-shaped structure. It has been suggested that this process may be 
driven by condensin’s own ATPase activity. The fact that mutating one ATPase site actually 
allows chromosomes to compact further could indicate that this suggestion is incorrect, and 
that extrusion must be driven by other factors. In that case, condensin would allow conden-
sation through acting as a topological loop anchor. However, it does remain possible that 
condensin’s other ATPase site actually drives loop extrusion. 

Assuming that the SMC4 L1191V mutant does affect the turnover of condensin II, we propose 
a hypothetical model in which the release of DNA from condensin is driven by one of its AT-
Pase sites while DNA entrapment is controlled by the other or both ATPase sites (Figure 5). In 
this particular scenario, the ATPase machineries of cohesin and condensin perform their re-
spective duties in a very similar manner. An implication of this model is that condensin does 
not need to turn over on chromatin to promote chromosome condensation, as chromosomes 
are shortened further when condensin is stably DNA-bound. 

The conversion of long threads of DNA into the distinct rod-shaped structures of mitotic chro-
mosomes is one of the most fascinating processes in biology. We are now learning about the 
inner workings of how condensin drives the formation of these structures. Our experiments 
raise many key questions that need to be answered in the future. 

SMC4
SMC2

Smc2Smc4

ATPase ATPase

ATPase ATPase

ATPase
ATPase

Figure 5. A tentative model for the asymmetric role of condensin’s ATPase sites in condensation
Condensin’s ATPase sites asymmetrically control chromosome condensation. Introducing a single mu-
tation in the ATPase head domain of SMC2 impairs condensation while introducing the same mutation 
in the ATPase head domain of SMC4 causes hyper-condensation. We propose that while one or both 
ATPase sites promote entrapment, that DNA release is specifically driven by the other ATPase site.
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Experimental Procedures

Cell culture and transfections
HAP1 cells were cultured at 37°C with 5% CO2 in IMDM (Gibco), supplemented with 12% 
FCS (Clontech), 1% Penicillin/Streptomycin (Invitrogen) and 1% UltraGlutamine (Lonza). 
DNA transfections were performed using FuGENE 6 (Promega) according to the manufac-
turer’s protocol and SMC2 On-Target plus SMARTpool siRNA transfection was carried out 
using RNAiMax (Invitrogen) according to the manufacturer’s protocol. 

Genome editing
CRISPR/Cas9 genome-editing was performed as described (Elbatsh et al., 2016). In brief, 
guide RNAs (gRNAs) targeting SMC2 and SMC4 were designed using the online CRISPR de-
sign tool (crispr.mit.edu). SMC2 gRNA sequences used: Forward CACCGCTGAACTTAGT-
GGTGGTCAG, Reverse AAACCTGACCACCACTAAGTTCAGC. SMC4 gRNA sequences 
used: Forward CACCGAAGATCTTCAACCTTTCGGG and Reverse AAACCCCGAAAGGTT-
GAAGATCTTC. Phosphorylated and annealed oligo’s were ligated into the pX330 plasmid. 
To introduce the desired mutations we designed a 90-bp homology-directed donor oligo: 
for SMC2: CAAGGTTGCCTTGGGAAATACCTGGAAAGAAAACCTAACTGAAGTTAGTGGT-
GGTCAGAGGTGAGGAATCACTTTGCTATATTATAATTT. For SMC4’s donor oligo: CAGT-
GTTCGACCACCTAAGAAAAGTTGGAAAAAGATCTTCAACGTTTCGGGAGGAGAGAAAA-
CACTTAGTTCATTGGCTTTAGTATTTGC. The transfection mix contained 0.1μg pBabe-Puro 
plasmid for selection. Genomic DNA was isolated from picked clones and the desired muta-
tions were scored for by Sanger Sequencing. 

Immunofluorescence
Cells were grown on 12 mm glass coverslips and pre-extracted using PEM-T buffer (100mM 
PIPES pH 6.8, 1 mM MgCl2, 5 mM EGTA and 0.2% Triton) for 60 seconds. Fixation was with 
4% paraformaldehyde for 6 minutes with PEM-T buffer followed by 4 minutes without and 
blocking was with 3% BSA in PBS for 1 hour. The following antibodies were used: SMC2 
(Bethyl, A300-058A), Aurora B (Transduction, 611083), γTubulin (Abcam, ab11316), CREST 
(Cortex Biochem). All antibodies were used at 1:1000 dilution and incubated overnight at 
4°C. Secondary antibodies (Molecular probes, Invitrogen) and DAPI were incubated for 1 
hour at room temperature. Coverslips were mounted with Vectashield (Vector Laboratories, 
H-1000). Images were taken using a Deltavision deconvolution microscope (Applied Pre-
cision) and image acquisition was done using Softworx (Applied Precision), ImageJ and 
Photoshop.

Chromosome spreads
Cells were treated with nocodazole for 1.5 hours and mitotic cells were collected by shake 
off. Spreads were prepared as described (Haarhuis et al., 2013). 

Live-cell imaging
Cells were grown on 8-well glass-bottom dishes (LabTek). Two hours prior to imaging, sirD-
NA probe (1:2000, Spirochrome) was added together with verapamil (1:10000) to visualize 
DNA in L-15 CO2-independent medium (Gibco). Images were taken using a Deltavision de-
convolution microscope (Applied Precision). Cells were imaged every 5 minutes using a 
40x air objective with 3 x 3 μm Z-stacks. Image acquisition was carried out using Softworx 
(Applied Precision) and ImageJ.
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Fluorescence Recovery after Photobleaching (FRAP)
Cells were transfected with a pC1-EGFP-CAP-H construct in 4-well glass bottom dishes 
(LabTek). After 48 hours, to visualize the DNA sirDNA probe (1:2000, Spirochrome) was add-
ed with verapamil (1:10000) in L-15 CO2-independent medium (Gibco). FRAP experiments 
were performed using a confocal microscope (Leica Microsystems) with a 63x oil immersion 
objective using the LAS-AF FRAP-Wizard. Images were taken by accumulating 4 frames at a 
scanning speed of 1000 Hz. Photobleaching was performed by 6 times illuminating the se-
lected region at 100-fold laser power (488 nm Laser). 60 post-bleaching images were taken 
with 10 second intervals. Analysis of images was done using an in-house ImageJ macro. 
A mask on the DNA signal was created and the EGFP-CAP-H signal was normalized to the 
DNA signal. Graphpad Prism 6 was used to fit the data using a one phase decay function. 

Western Blotting
Cells were grown in 6-well plates, harvested and lysed with Laemmli buffer (120 mM Tris pH 
6.8, 4% SDS, 20% glycerol) by boiling at 95°C for 5 minutes. Total proteins concentration was 
determined with Lowry assays and protein levels were analysed with western blotting. The 
following antibodies were used: SMC2 (1:10000 Bethyl, A300-058A), SMC4 (1:5000 Bethyl 
A300-064a), CAP-H2 (1:1000, Bethyl, A302-275a) and CAP-H (1:1000, Novus, NBP1-32573).
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Abstract

The classical X shape of mitotic human chromosomes is the consequence of two distinct 
waves of cohesin removal. First, during prophase and prometaphase, the bulk of cohesin is 
driven from chromosome arms by the cohesin antagonist WAPL. This arm-specific cohesin 
removal is referred to as the prophase pathway (Gandhi et al., 2006; Kueng et al., 2006; 
Losada et al., 1998; Waizenegger et al., 2000). The subsequent cleavage of the remaining 
centromeric cohesin by Separase is known to be the trigger for anaphase onset (Oliveira et 
al., 2010; Uhlmann et al., 2000; 1999). Remarkably, the biological purpose of the prophase 
pathway is unknown. We find that this pathway is essential for two key mitotic processes. 
First, it is important to focus Aurora B at centromeres to allow efficient correction of erroneous 
microtubule-kinetochore attachments. In addition, it is required to facilitate the timely decat-
enation of sister chromatids. As a consequence, WAPL-depleted cells undergo anaphase 
with segregation errors, including both lagging chromosomes and catenanes, resulting in 
micronuclei and DNA damage. Stable WAPL depletion arrests cells in a p53-dependent 
manner, but causes p53-deficient cells to become highly aneuploid. Our data show that the 
WAPL-dependent prophase pathway is essential for proper chromosome segregation and is 
crucial to maintain genomic integrity.
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Introduction

The sister chromatids of each individual chromosome are held together along their entire 
length by the cohesin complex from the moment of cohesion establishment in S phase until 
the start of mitosis (Nasmyth and Haering, 2009; Peters et al., 2008). In vertebrate cells, co-
hesin is then removed from chromatin in two distinct waves (Losada et al., 1998; Waizeneg-
ger et al., 2000). First, in prophase and prometaphase, cohesin is stripped from chromosome 
arms by WAPL (Gandhi et al., 2006; Kueng et al., 2006), which is thought to drive cohesin 
from chromatin by opening cohesin’s tri-partite ring structure at the interface connecting 
its SMC3 and SCC1 (RAD21) subunits (Buheitel and Stemmann, 2013; Chan et al., 2012; 
Eichinger et al., 2013). Centromeric cohesin is protected against this ‘prophase pathway’ 
removal activity by Shugoshin (SGO1), resulting in the classical X shape of human chromo-
somes (McGuinness et al., 2005; Salic et al., 2004). The remaining centromeric cohesin is 
destroyed at anaphase onset through proteolytic cleavage of SCC1 by Separase, which al-
lows the separation of sister chromatids to the opposite poles of the cell (Oliveira et al., 2010; 
Uhlmann et al., 2000; 1999). Remarkably, the biological purpose of the prophase pathway is 
unknown. We here pinpoint the importance of the WAPL-dependent prophase pathway for 
proper chromosome segregation in cultured human cells. 

Results

WAPL-mediated cohesin removal protects against segregation errors
siRNA-mediated WAPL depletion efficiently blocked the prophase pathway in the human 
non-transformed epithelial RPE-1 cell line as evidenced by the closed conformation of chro-
mosomes upon WAPL depletion. In contrast, control cells displayed the open X-shaped con-
formation (Figures 1A and 1B). To study if interference with the prophase pathway affects 
segregation of chromosomes, we analysed anaphases in WAPL-depleted cells. Strikingly, 
WAPL depletion caused segregation errors in 25% of the cells, compared to 7% in control 
siRNA-treated cells (Figures 1C and 1D). We observed virtually identical results using a sec-
ond independent siRNA targeting WAPL (24% errors), ruling out siRNA-specific artefacts. 
The defects were cohesin-dependent, as partial knockdown of SCC1 almost completely re-
stored the error rate to 9% (Figures 1E and 1F). WAPL depletion also caused segregation 
errors in HeLa cells (Figure S1B), but as this transformed cell line displays higher basal 
error rates, we used RPE-1 cells for our further studies. Together, these data show that the 
prophase pathway is in fact necessary for proper chromosome segregation.

WAPL is required to focus Aurora B at centromeres for efficient error correction
We classified the different types of segregation errors in anaphase B of control and WAPL-de-
pleted cells and found an increase in two major types of missegregations (Figure 1G and 
1H). First, there was a marked increase in lagging chromosomes  (from 0% to approximately 
9%) in WAPL-depleted cells, that were identified by the presence of a chromatid with a single 
CREST dot lagging between the anaphase packs. In addition, there was an increase in ultra-
fine DNA bridges or catenanes (from 3% to 19%), which were identified through stainings for 
PICH, a protein that binds to catenanes in mitosis (Baumann et al., 2007). We also detected 
chromosome bridges, but these were present at similar low frequencies in both control and 
in WAPL-depleted cells. Importantly, both the increase in lagging chromosomes and in cat-
enanes were cohesin-dependent, as their abundance was largely reduced by partial SCC1 
depletion (Figure S1C).
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Lagging chromosomes are often a consequence of defects in Aurora B-mediated error cor-
rection (Gregan et al., 2011). This is interesting, as Aurora B’s localization on chromatin is 
similar to that of cohesin, in that it is present along chromosomes in early mitosis and then 
relocalizes to the centromeres (van der Waal et al., 2012). We asked whether these two pro
cesses might be functionally linked. To test this we measured the relative intensity of Aurora 
B staining at centromeres and arms in control versus WAPL-depleted cells. Interestingly, 
we found that Aurora B was 22% less concentrated at centromeres in WAPL-depleted cells 
(Figures 2A and 2B). Likewise, WAPL depletion reduced centromeric Aurora B auto-phos-
phorylation at Threonine 232 by 17%, and reduced the phosphorylation of Aurora B’s centro-
meric target CENP-A by 47% (Figures 2C and 2D). Aurora B’s recruitment factor SGO1 was 
also less concentrated (by 25%) at centromeres in WAPL-depleted cells (Figure 2E). This 
latter observation is in correspondence with published work (Gandhi et al., 2006; Kueng et 
al., 2006; Shintomi and T. Hirano, 2009), and suggests that Aurora B mislocalization might 
be SGO1 dependent. Intriguingly, histone H2A phosphorylation was not affected by WAPL 
depletion (Figure 2F), indicating that WAPL controls SGO1 localization independently of this 
recruitment mark.

Apparently, cohesin’s removal from chromosome arms does contribute to Aurora B’s focus-
ing at centromeres. To test whether this reduced Aurora B-dependent phosphorylation at 
centromeres in WAPL-depleted cells affects its ability to correct erroneous microtubule-ki-
netochore attachments, we performed an error correction assay. Using this assay, which 
entails a Monastrol wash-out into MG-132 (Jelluma et al., 2008), we found that WAPL deple-
tion results in a delay in the alignment of chromosomes at the metaphase plate. This effect 
of WAPL depletion was particularly evident at 20 minutes after Monastrol washout, from 27% 
aligned metaphases in control cells to 6% and 10% with the two different siRNAs targeting 
WAPL (Figure 2G). This defect was largely resolved after 30 minutes (Figure 2H), indicating 
that error correction does occur, but at a slower pace. These data show that Aurora B-depen-
dent error correction is indeed impaired in the absence of the prophase pathway and imply 
that the lagging chromosomes observed upon WAPL depletion are likely caused by defects 
in Aurora B focusing at centromeres. 

◄ Figure 1. WAPL-mediated cohesin removal protects against segregation errors.
(A) Chromosome spreads of RPE-1 and RPE-1 p53kd cells that were either mock-transfected or trans-
fected with the indicated siRNAs. Cells were Nocodazole-treated for four hours prior to harvesting. The 
graph depicts the relative number of spreads displaying an open or closed conformation. The pho-
tographs show representative examples of both phenotypes. The average result is shown with stan-
dard deviations of three independent experiments. Approximately 100 cells were scored in each ex-
periment. (B) Western blots of cells as treated in (A). (C) Representative examples of anaphases as 
described in (D). (D) Quantification of segregation errors that were visualised by DAPI and CREST 
stainings. siRNA-transfected cells were synchronised in G2 with RO-3306, released, and fixed when the 
first anaphases appeared. DNA (DAPI and pH3) and centromeres (CREST) were visualized by immuno-
fluorescence microscopy. We only scored anaphases that had the ends of their DNA packs between 
15 and 18 µm apart. Averages and standard deviations are shown for three independent experiments. 
(E) Partial SCC1 knockdown rescues the segregation defect observed with WAPL depletion. Cells were 
transfected with the indicated siRNAs and further treated and analyzed as in (D). (F) Western blots 
probed for WAPL and SCC1 of the cells as treated in (E). CDK4 serves as a loading control. (G) Classifi-
cation of the segregation errors of control and WAPL-depleted RPE-1 cells into three categories: lagging 
chromosomes (a chromatid with a single CREST dot lagging between the anaphase packs), catenanes 
(a set of chromatids or CREST dots that lag from both packs and are connected by a PICH fibre), and 
chromosome bridges (a DNA fibre with the thickness of an entire arm connecting both packs without 
a lagging CREST dot). The quantification is shown of a representative experiment in which RPE-1 cells 
were treated as in (D) and stained with DAPI and the indicated antibodies (H). Examples of the segre-
gation errors as classified in (G).
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WAPL is required for the decatenation of sister chromatids
Cohesin was recently shown to maintain the intertwining or concatenation of sister chroma-
tids (Farcas et al., 2011). In correspondence with this notion, Separase-mediated cleavage 
of centromeric cohesin at anaphase onset is a prerequisite for the decatenation of sister 
centromeres (L. H.-C. Wang et al., 2010). Our observation that WAPL-depleted cells display 
an increase in catananes strongly suggests that the prophase pathway is required for de-
catenation. 

When analyzing the anaphases that displayed segregation errors that were detectable with 
DAPI and CREST stainings, we found that WAPL depletion caused an increase in both lag-
ging chromosomes and catenanes (Figures 1G and 1H). We therefore expanded our scoring 
for catenanes to include all anaphases. This revealed that many anaphases that appear to 
be faultless do in fact harbour catenanes in Anaphase B. Importantly, there was a signifi-
cant increase in PICH fibre-positive cells upon WAPL depletion (from 14% to 28% and 25% 
respectively) (Figures 2J and 2K). The PICH-fibres of control and WAPL-depleted cells also 
stained positive for the BLM helicase (Figure S2E).

We subsequently determined whether the PICH fibres connect centromeres or rather chro-
mosome arms. Centromeric catenanes were more abundant than arm catenanes, but both 
were increased by approximately two-fold upon WAPL depletion (Figures 2J and 2K). The 
increase in centromeric PICH fibres in anaphase B is unlikely to be a consequence of defects 
in PICH recruitment in early mitosis, as we detected no obvious effect on PICH localization to 
kinetochores in prometaphase (Figure S2F). Apparently the prophase pathway is important 
for the decatenation of both centromeres and chromosome arms. 

WAPL protects against aneuploidy
Missegregations are a common cause of aneuploidy. We therefore wished to test whether 
prolonged culturing of WAPL-depleted RPE-1 cells yields an aneuploid karyotype. We in-
fected RPE-1 cells with lentiviruses expressing shRNAs that stably knocked down WAPL 
(Figures 3A and 4B). To our surprise, WAPL-depleted cells failed to proliferate beyond a few 
divisions (Figure 3A) and arrested with a characteristic flat cell phenotype. 

◄ Figure 2. WAPL is required to focus Aurora B at centromeres for efficient error correction, and 
for sister chromatid decatenation.
(A) Aurora B localizes at chromosome arms after WAPL depletion. siRNA-transfected cells were treated 
for 2 hours with Nocodazole. Their DNA (DAPI), Aurora B and CREST (centromere marker) were visu-
alized by immuno-fluorescence microscopy. (B) Quantification of the fraction of Aurora B localized at 
centromeres (colocalization with CREST) relative to the total amount of Aurora B at the DNA (colocal-
ization with DAPI) using an in-house written macro for ImageJ. Each mark depicts the quantification of 
one cell. Error bars depict standard error of the mean. (C) Quantification of the centromeric fraction of 
auto-phosphorylated Aurora B. Quantification performed as in (B). (D) Absolute intensity of phosphor-
ylated CENP-A, normalized relative to the absolute CREST intensity at centromeres, using the macro 
described in (B). (E) Quantification of the centromeric fraction of SGO1. Quantification performed as 
in (B) (F) Quantification of the centromeric fraction of phosphorylated histone H2A. Quantification per-
formed as in (B). For representative examples of Figures (C - F), see Figures (S2A - S2D). (G) and (H) 
WAPL depletion causes a delay in chromosome alignment. siRNA-transfected cells were synchronised 
in G2 with RO-3306, released, treated for 2 hours with Monastrol, released into MG-132, and fixed at 
the indicated timepoints. (I) Examples of alignments as quantified in (G) and (H). (J) and (K) WAPL 
deficient anaphases show an increase in centromeric and arm catenanes.  Centromeric catenenes are 
recognised by a PICH fibre connecting two CREST dots (K-top panel); Arm catenanes have a PICH fibre 
connecting chromosome arms (K-bottom panel). Cells were treated as in (1G). Average and standard 
deviations are shown for at least three independent experiments consisting of approximately 100 cells 
each in (G), (H) and (J).
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Figure 3. WAPL protects 
against aneuploidy.
(A) Stable depletion of 
WAPL causes growth ar-
rest in RPE-1 cells. Cells 
were infected with the in-
dicated lentiviral shRNAs 
and were plated in equal 
density after puromycin 
selection. Cells were fixed 
after 5 days and stained 
by crystal violet. (B) West-
ern blot probed with the 
indicated antibodies of 
the cells as treated in 
(A). (C and D) Cells were 
treated as in (A), but were 
plated on glass coverslips 
24 hours cells prior to fix-
ing. DNA (DAPI) and DNA 
damage (γH2AX) were 
visualized by immunofluo-
rescence microscopy. (C) 
Quantification of γH2AX 
foci. (D) Quantification of 
micronuclei positive cells. 
(E) Stable WAPL knock-
down arrests RPE-1 cells 
in a p53-dependent man-
ner. RPE-1 and RPE-1 p53 
knockdown cells were in-
fected with the indicated 
lentiviruses and treated 
as in (A). (F) Phase-con-
trast pictures of the cells 
in (E). (G) Western blot of 
the cells as treated in (E). 
(H) WAPL depletion caus-
es aneuploidy in p53-de-
ficient cells. RPE-1 p53 
knockdown cells were 
infected with the indicat-
ed lentiviruses. Chromo-
somes were counted after 
15 days of culturing. Error 
bars depict averages and 
standard deviations. 

This result was observed with two independent shRNA sequences, to rule out shRNA-specif-
ic artefacts. Consistent with the notion that WAPL depletion could block cell proliferation as a 
consequence of segregation errors, we observed a stark increase in micronuclei and γH2AX 
foci in WAPL-depleted cells (Figures 3C and 3D), both of which are known consequences of 
segregation errors (Crasta et al., 2012; Janssen et al., 2011). Micronucleation is also caused 
by defects in PICH- and BLM-dependent resolution of catenanes in anaphase (Kaulich et al., 
2012; Ke et al., 2011). 
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The proliferation of aneuploid cells is limited by p53 (M. Li et al., 2010; Thompson and Comp-
ton, 2010). We therefore tested if p53 co-depletion permitted the proliferation of WAPL-de-
pleted cells. Interestingly, p53 co-depletion almost completely rescued the proliferation de-
fect of WAPL-depleted cells (Figures 3E and 3F). The levels of WAPL depletion were not 
affected by p53 depletion, indicating that the rescue was not a consequence of less efficient 
WAPL knockdown (Figure 3G). This result shows that WAPL knockdown inhibits proliferation 
in a p53-dependent manner. We then tested whether WAPL depletion affects the prophase 
pathway in a p53-dependent manner, and found that WAPL depletion blocked the prophase 
pathway with similar efficiency in p53 deficient as in control RPE-1 cells. Likewise, WAPL 
depletion caused the same degree of segregation errors in both of these cell lines (Figures 
1A-1D).  

These results now allowed us to test whether WAPL depletion causes aneuploidy. We cul-
tured control p53-depleted RPE-1 cells side-by-side with WAPL and p53 co-depleted cells 
and karyotyped the cells after 15 days of culturing. Whereas the karyotype of control cells 
was relatively stable, displaying only minor deviations from the average chromosome num-
ber of 46, WAPL depletion caused a marked increase in aneuploid cells, with an average 
chromosome number of 55 (Figure 3H). These results demonstrate that WAPL protects 
against aneuploidy.

Discussion

The purpose of the prophase pathway has long been a mystery (Shintomi and T. Hirano, 
2010). Our finding that WAPL-depleted cells have defects in Aurora B focusing at cen-
tromeres and in error-correction pinpoints an unanticipated role of the prophase pathway. 
Aurora B is the active component of the chromosome passenger complex (CPC) that also 
includes INCENP, Survivin and Borealin (van der Waal et al., 2012). Localization of the CPC 
at chromatin is regulated by the coordinated function of two pathways that interestingly both 
converge on cohesin. The first pathway involves the binding of the CPC to SGO1, which is 
recruited to centromeres upon Bub1-dependent Histone H2A phosphorylation (Kawashima 
et al., 2010). SGO1 was recently shown to also bind directly to cohesin after CDK1-medi-
ated SGO1 phosphorylation (H. Liu et al., 2012). This latter finding may explain how WAPL 
depletion can affect SGO1 and Aurora B localization independently of H2A phosphorylation 
(Figures 2B, 2E and 2F). In the absence of the prophase pathway, arm cohesin complexes 
might indeed recruit SGO1 by binding to it directly.

The second CPC recruitment pathway concerns its binding to phosphorylated Histone H3 
at Threonine 3. This phosphorylation is dependent on the mitotic kinase Haspin (Kelly et al., 
2010; F. Wang et al., 2010; Yamagishi et al., 2010). Intriguingly, fission yeast Haspin binds 
directly to cohesin’s Pds5 subunit (Yamagishi et al., 2010). Whether or not these networks are 
fully conserved throughout eukaryotes is unknown. The importance of the prophase pathway 
for CPC localization does appear to be conserved through vertebrates, as INCENP was 
shown to be more diffusely distributed on chromosomes of WAPL-depleted Xenopus ex-
tracts than on control chromosomes (Shintomi and T. Hirano, 2009). We do not currently have 
a full understanding of the inter-connections between Aurora B localization and the prophase 
pathway. However, the available evidence is in correspondence with a model in which the 
CPC’s localization on chromatin is cohesin-dependent and that its shift from chromosome 
arms to centromeres is at least in part dependent on cohesin’s removal from chromosome 
arms.
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We find that another purpose of the prophase pathway is to promote chromosome decatena-
tion. We envisage either of two mechanisms to explain the increase in catenanes in WAPL-de-
pleted cells. The first model is that the prophase pathway acts to ensure that chromosome 
arms are decatenated prior to anaphase. In this case Topoisomerase II merely needs to 
decatenate centromeric DNA in anaphase. This then reduces the chance of a catenane per-
sisting until cytokinesis, which would be a threat for genomic stability. An alternative model 
is that the prophase pathway is important to limit the amount of cohesin rings that have to be 
cleaved by Separase, to allow rapid chromosome segregation in anaphase. The increase 
in catenanes observed upon WAPL depletion would then be a consequence of residual un-
cleaved cohesin rings in anaphase that maintain the catenanes. Whichever model turns out 
to be correct, in both cases the prophase pathway serves to limit the amount of catenanes. 

The importance of WAPL for proper chromosome segregation was not reported in the orig-
inal papers on WAPL’s role in the prophase pathway (Gandhi et al., 2006; Kueng et al., 
2006). It is a good possibility that this result was overlooked in HeLa cells due to the relatively 
high basal error rate of these cells (Figure S1A and S1B). One of the studies did mention 
that WAPL depletion caused an increase in multi-lobed nuclei (Gandhi et al., 2006). This 
phenotype that was reported as unpublished data is a known consequence of segregation 
errors. WAPL overexpression by itself causes severe loss of cohesion (Gandhi et al., 2006; 
Kueng et al., 2006). Therefore we could not perform a rescue experiment by overexpressing 
a non-targetable WAPL mutant. However, as we observe segregation defects with multiple 
independent siRNAs, we are confident that this phenotype is not an off-target effect. Further-
more, a recent study by the Peters laboratory shows that a non-phosphorylatable mutant of 
Sororin also causes segregation errors (Nishiyama et al., 2013). As Sororin phosphorylation, 
like WAPL, is essential for the prophase pathway, this confirms our finding that the prophase 
pathway protects against segregation errors.

The prophase pathway is unique to metazoan cells. Budding yeast for example separate 
their chromosomes along their entire length by Separase-mediated cleavage of Scc1. WAPL 
depletion de facto creates a yeast-like anaphase in human cells, in which Separase cleaves 
cohesin along the entire length of chromosomes at the metaphase to anaphase transition.  
However, we show that these anaphases often contain segregation errors that can lead to 
aneuploidy. Why then is there no prophase pathway in fungi? One possibility is that this path-
way is only important in species that contain relatively long chromosomes. Shorter chromo-
somes will presumably harbour fewer catenanes, which could be more efficiently resolved 
by Topoisomerase II in anaphase. An alternative explanation is based on the logic that the 
prophase pathway saves cohesin rings from Separase-mediated cleavage. These intact co-
hesin rings that are readily available without requiring de novo synthesis of SCC1 could be 
important for e.g. transcriptional regulation in the subsequent G1 phase (Hauf et al., 2005). 
The species that do not have a prophase pathway might then not regulate their transcription 
is such a manner. This is supported by the finding that Wapl barely regulates transcription in 
budding yeast (Lopez-Serra et al., 2013). Our data do not rule out that the prophase pathway 
in addition to its crucial role in mitosis serves such a role in interphase of animal cells. 

Our results show that cohesin has a remarkable dual role in genomic stability. Evidently, 
cohesin’s stable association at centromeres is essential for tension-sensing and hence error 
correction and faithful segregation. However, it is apparently also important that it is ac-
tively removed from chromosome arms to allow the efficient correction of erroneous micro-
tubule-kinetochore attachments. Likewise, its persistent presence on chromosome arms is 
also dangerous in that it prevents decatenation. The controlled local inhibition versus allow-
ance of WAPL-mediated cohesin removal therefore appears to be a highly delicate balance.
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Figure 4. A model for the purpose of 
the prophase pathway
Schematic overview of mitotic progres-
sion with and without the prophase 
pathway. (A) At mitotic onset, the sis-
ter chromatids are held together along 
their entire length by cohesin. Aurora 
B is at chromatin and catenanes per-
sist along chromosome arms. The 
WAPL-dependent prophase pathway 
then drives the bulk of the cohesin 
from chromosome arms, which allows 
the decatenation of chromosome arms 
and Aurora B’s relocalization to cen-
tromeres, where it corrects erroneous 
microtubule-kinetochore attachments. 
At the onset of anaphase Separase 
cleaves the remaining cohesin and 
Topoisomerase II merely needs to de-
catenate centromeres, leading to prop-
er chromosome segregation. (B) In 
the absence of the prophase pathway 

chromatid arms are held together until anaphase onset. This compromises Aurora B’s focusing at cen-
tromeres, resulting in lagging chromosomes. Topoisomerase II now needs to decatenate chromosomes 
along their entire length in anaphase, which increases the chance of segregation errors. Both of these 
defects can cause aneuploidy.

Conclusion

In this report we explore the biological purpose of the WAPL-dependent prophase pathway 
of cohesin removal. We uncover that this pathway is essential for proper chromosome segre-
gation and find that it is important for two key events in mitosis. First, it is important to focus 
Aurora B at centromeres for efficient correction of erroneous microtubule-kinetochore attach-
ments. In addition it is important to facilitate the decatenation of sister chromatids (Figure 
4). Without a prophase pathway, chromosomes segregate with severe errors and cells be-
come highly aneuploid. The two-phase removal of cohesin from chromatin that leads to the 
X-shape of human mitotic chromosomes is therefore of vital importance for genomic integrity.
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Aurora BCohesin MicrotubulesKinetochoreDNA
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Experimental Procedures

Antibodies
Western Blots were performed using the following antibodies: WAPL (Bethyl A300-268A), 
SCC1 (Abcam, ab992), Actin (TeBu, I-19), CDK4 (Santa Cruz, C-22) and p53 (Santa Cruz, 
DO-1). All antibodies were used at 1:1000 dilution. For immunofluorescence we used: phos-
pho-H3 (Millipore 06-570 at 1:1000), CREST (Cortex Biochem 1058 at 1:30000), PICH (AB-
NOVA 3F12-2B10 at 1:250), Aurora B (Abcam ab2254 at 1:1000), phospho-CENP-A (Ser7) 
(Upstate 07-232 at 1:500), phospho-H2A (T120) (Active Motif 39391 at 1:1000), SGO1 (AB-
NOVA H00151648 at 1:1000), phospho-Aurora B T232 (Rockland 600-401- 677 at 1:500), 
BLM (Santa Cruz C-18, 1:150), α-tubulin (Sigma-Aldrich T5168 at 1:10000) and γH2AX (Mil-
lipore 05-636 at 1:1000). We used the following secondary antibodies: anti-rabbit/mouse 
Alexafluor 488, anti-rabbit/mouse/human Alexafluor 568, anti-human Alexafluor 647 (Invitro-
gen), Rabbit anti-Goat-PO, Goat anti-Mouse-PO and Goat anti-Rabbit-PO (DAKO).

siRNAs
All siRNAs were manufactured by Dharmacon (ON-TARGETplus). For WAPL, we used the 
following sequences: siWAPL 1: 5’-GAGAGAUGUUUACGAGUUU-3’; siWAPL 2: 5’-CAA-
CAGUGAAUCGAGUAA- 3’; for SCC1 and Luciferase we used ON-TARGETplus smart pools. 
We used pLKO.1 constructs for lentiviral knockdown. As controls, we used either empty 
vector or pLKO.1-shGFP. shWAPL hairpins targeted the following sequences: shWAPL1: 
5’-GCCCAATTTCAAACCAGATAT-3’; shWAPL2: 5’- GAATGATTCCAATCGTAAATA-3’. p53 
was knocked down using a pRetroSuper construct (Brummelkamp et al., 2002). 

Cell culture experiments
Isogenic RPE-1 and RPE-1 p53kd cells expressing hTERT and an ecotropic receptor were 
kindly provided by R. Beijersbergen, R. Wolthuis and J. Kuiken. Cells were cultured at 
37 °C at 5% CO2 in Dulbecco’s Modified Eagle Medium F12 (DMEM-F12) with Glutamax 
(GIBCO), supplemented with 10% FCS (Clontech), 1% Penicillin/Streptomycin (Invitrogen) 
and 0,5% UltraGlutamin (Lonza). FCS was excluded from the medium during transfections of 
20 nM per siRNA using Invitrogen RNAiMAX (Life Technologies), following the manufactur-
er’s instructions. RPE-1 cells were synchronized in G2 with 10 μM RO-3306 (CDK1 inhibitor) 
(Calbiochem) for 16 hours, 48 hours after siRNA transfection, HeLa cells were synchronized 
in G2 with 7.5 μM RO-3306. To block cells in prometaphase, cells were incubated for 2 
hours with 250 ng/ml nocodazole (Sigma-Aldrich). For alignment assays, 100 μM Monastrol 
(Sigma) was added to the cells for two hours. After Monastrol washout, cells were blocked 
in metaphase using 5 μM MG-132 (Sigma- Aldrich). For colony formation assays, cells were 
infected with lentiviruses expressing the indicated shRNAs. After puromycin selection (13,3 
μg/ml), cells were seeded at 75,000 cells per well on 6-wells plates and grown for 5 days. 
Plates were washed with PBS, fixed for 10 minutes with 3.7% PFA, followed by 10 minutes 
96% methanol and stained with 0.25% crystal violet.

Microscopy
Cells were fixed with freshly prepared PBS with 3.7% paraformaldehyde for 7 minutes and 
extracted with 0,1% Triton X-100/PBS for 5 minutes. The samples were blocked with 4% 
BSA/PBS for 1h at room temperature and then incubated overnight with the corresponding 
primary antibody in 2% BSA/PBS. This was followed by three 0,1% Tween/TBS washes, in-
cubation with secondary antibody and DAPI in 2% BSA/PBS, three 0,1% Tween/TBS washes 
and one H2O wash. The coverslips were mounted onto glass slides using prolong antifade 
gold (Invitrogen) and imaged on a DeltaVision Elite system (Applied Precision). Images were 
analyzed after deconvolution using SoftWorx (Applied Precision). Figures were generated by 
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maximum intensity projection of entire cells using Softworx and ImageJ (National Institutes 
of Health). For quantification of Aurora B localization we used a home-made ImageJ macro. 
Phase contrast pictures were taken on a Zeiss Axiovert 200M using a 20x lens.

Chromosome spreads
Chromosome spreads were prepared of RPE-1 cells that were harvested 72 hours after siR-
NA transfection. The cells were treated with nocodazole for 4 hours prior to harvesting. Sam-
ples were further treated as described (Janssen et al., 2011). For chromosome counting, 
cells were grown for 12 days after completion of puromycin selection. Subsequently they 
were treated with 80 nM Calyculin A (Biomol) for 25 minutes to enrich for G2 and mitotic 
cells with condensed chromosomes. Cells were harvested and spreads were prepared as 
described above.
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Figure S1. Lagging chromosomes and 
catenanes observed upon WAPL deple-
tion are cohesin-dependent (Related to 
Figure 1).
(A) and (B) WAPL protects against seg-
regation errors in RPE-1 and HeLa cells. 
RPE-1 and HeLa cells were transfected 
with the indicated siRNAs and were treat-
ed and analyzed as in Figure 1D. A repre-
sentative experiment is shown in which at 
least 100 cells were analyzed per siRNA. 
(C) RPE-1 cells were transfected with the 
indicated siRNAs and were treated and 
analyzed as in Figure 1G. A representa-
tive experiment is shown in which at least 
100 cells were analyzed per siRNA.

► Figure S2. Centromeric Aurora B-dependent phosphorylation is decreased in WAPL-depleted 
cells (Related to Figure 2).
(A-D) Representative examples accompanying Figures 2C-2F. RPE-1 cells were transfected with the 
indicated siRNAs, treated as in Figure 2A and stained with DAPI and the indicated antibodies.
(E) PICH fibres in anaphase stain positive for BLM in control and in WAPL-depleted cells. Two represen-
tative examples are shown of cells as treated in Figure 2K and stained with DAPI and the indicated an-
tibodies. (F) PICH localizes to kinetochores in prometaphase of WAPL-depleted cells. RPE-1 cells were 
transfected with the indicated siRNAs, treated as in Figure 2A and stained with DAPI and the indicated 
antibodies. Representative examples are shown for each siRNA.

Supplementary figures
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Abstract 

The X shape of chromosomes is one of the iconic images in biology. Cohesin actually con-
nects the sister chromatids along their entire length, from S phase until mitosis. Then, cohes-
in’s antagonist Wapl allows the separation of chromosome arms by opening a DNA exit gate 
in cohesin rings. Centromeres are protected against this removal activity, resulting in the X 
shape of mitotic chromosomes. The destruction of the remaining centromeric cohesin by 
Separase triggers chromosome segregation. We review the two-phase regulation of cohesin 
removal and discuss how this affects chromosome alignment and decatenation in mitosis 
and cohesin reloading in the next cell cycle. 
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Introduction

During each cell division, the entire genome must be duplicated and separated in such a 
manner that each of the daughter cells inherits a complete copy of the genome without any 
alterations. Errors in these processes are believed to lie at the basis of cancer and a range of 
genetic diseases. A key feature for controlling genomic integrity is sister chromatid cohesion, 
which is mediated by the cohesin complex.

Cohesin holds the sister chromatids together along their entire length, from S phase until the 
start of mitosis. In animal cells, cohesin is then removed from DNA in two distinct waves. The 
first step of cohesin removal is referred to as the “prophase pathway” and is dependent on 
cohesin’s antagonist Wapl. This pathway specifically removes cohesin from chromosome 
arms. Importantly, centromeric cohesin is protected against this removal activity, resulting in 
the well-known X shape of mitotic chromosomes. Centromeric cohesin must resist the pull-
ing forces of microtubules up to the moment that the kinetochores of all chromosomes are 
correctly attached to the mitotic spindle in metaphase. Then, upon satisfaction of the spindle 
assembly checkpoint, the second wave of cohesin removal is activated. This step is de-
pendent on Separase, which proteolytically cleaves the remaining centromeric cohesin and 
hereby triggers the separation of sister chromatids to the opposite poles of the cell (Figure 1) 
(Nasmyth and Haering, 2009; Peters et al., 2008).

Recent work has provided important insight into the regulation of cohesin’s association with 
chromatin. In this review, we outline our current understanding of the cycle of chromatin 
entrapment and release by the cohesin complex. We discuss the cellular mechanisms that 
drive cohesin from DNA in early mitosis and how centromeres are protected against this 
removal activity. Finally, we address the purpose of having two distinct cohesin removal 
pathways in mitosis. The two-phase cohesin removal process appears to be important for 
multiple key cellular processes, including the decatenation of intertwined sister chromatids, 
the correction of erroneous microtubule-kinetochore associations, and the recycling of co-
hesin rings for the following cell cycle.

Chromatin entrapment and release by the cohesin complex 

The heart of the cohesin complex consists of three components (Smc1, Smc3, and Scc1) 
that together form a huge tripartite ring. The structural maintenance of chromosomes (Smc) 
subunits are long rod-shaped proteins with “hinge” domains at one end, connected by 50 
nm long coiled coils to “head” (ATPase) domains at the other end. Smc1 and Smc3 interact 
directly with one another at their hinge interfaces, and their head domains are interconnected 
by the third subunit, sister chromatid cohesion 1 (Scc1, also known as Mcd1 or Rad21). The 
Smc1 and Smc3 head domains together form a composite ATPase, which resembles that of 
ABC transporters. Cohesin also has two subunits Scc3 and Pds5 with less well-understood 
functions (Figure 2A) (Nasmyth and Haering, 2009; Peters et al., 2008).

The finding that cohesin has a ring-shaped structure has led to the model that cohesin may 
hold together the sister DNAs by coentrapping them inside its ring-shaped structure (Haer-
ing et al., 2002). This “ring model” provides a tangible logic to the principle of cohesion, 
and it explains how proteolytic cleavage of cohesin’s Scc1 subunit can trigger the separa-
tion of sister chromatids at anaphase onset. Although a number of alternative models have 
been proposed, the available evidence is in support of the ring model (Haering et al., 2008; 
Nasmyth and Haering, 2009). The ring model has provided an important lead for uncovering 
the further regulation of cohesin through the cell cycle.
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Cohesin complexes are assembled prior to their recruitment to DNA (Losada et al., 1998; 
Waizenegger et al., 2000). Following the logic of the ring model, cohesin rings must transient-
ly open up to allow the entry of DNA. Cohesin has three different interfaces that could in prin-
ciple act as a DNA entry gate: two interfaces at either end of Scc1 (which connect to Smc1 
and Smc3 respectively), and the hinge interface that connects Smc1 to Smc3. Intriguingly, 
the locking of the interfaces at either side of Scc1, by creating a fusion either between Scc1 
and Smc1 or between Scc1 and Smc3, does not affect the viability of yeast cells. Locking of 
the hinge interface by contrast does not support viability. Importantly, inducibly locking the 
hinge interface using a Rapamycin-dependent FRB-FKBP12 linkage system specifically pre-
vents the establishment, but not the maintenance, of cohesion. These findings have led to the 
model that cohesin has a distinct DNA entry gate that is located at the interface that connects 
Smc1 and Smc3 at their hinge domains (Figure 2B) (Gruber et al., 2006). This finding was 
recently also confirmed in human cells (Buheitel and Stemmann, 2013).

Cohesin’s recruitment to DNA depends on its loader complex, consisting of Scc2 and Scc4 
(also known as the Kollerin complex, or Nipbl and Mau2, respectively) (Ciosk et al., 2000). 
The molecular role of the Scc2/Scc4 complex is only partially understood, and it is thought to 
regulate the opening or closing of the hinge interface in a manner that requires ATPase ac-
tivity of the Smc1 and Smc3 head domains (Arumugam et al., 2003; Hu et al., 2011; Muraya-
ma and Uhlmann, 2013). Even though the ATPase domain of cohesin is its best conserved 
region, our understanding of this crucial domain barely goes beyond the notion that ATP 
binding is required for the formation of cohesin rings and that ATP hydrolysis is essential for 
cohesin’s stable association with DNA (Arumugam et al., 2006; 2003; Hu et al., 2011; Ladu-
rner et al., 2014b; Murayama and Uhlmann, 2013; Weitzer et al., 2003).

Recent in vitro work shows that fission yeast cohesin can also entrap DNA in the absence of 
Scc2/Scc4, albeit inefficiently. The addition of Scc2 significantly stimulates the efficiency of 
DNA entrapment and of ATP hydrolysis, but Scc4 remarkably has no effect (Murayama and 
Uhlmann, 2013). This is unexpected, as both Scc2 and Scc4 are essential for cohesin load-
ing in vivo (Ciosk et al., 2000). A possible explanation for this conundrum is that Scc4 may 
specifically have a role in the loading of cohesin onto chromosomal DNA (Murayama and 
Uhlmann, 2013). Intriguingly, the Scc2/Scc4 complex is recruited to nucleosome-free DNA 
in vivo and appears to be important for the maintenance of such naked DNA regions. This 
raises the possibility that Scc2/Scc4 also promotes DNA entrapment by cohesin through the 
creation of an accessible DNA template (Lopez-Serra et al., 2014)

Most of cohesin’s subunits and regulators are conserved from yeast to humans, but there are 
notable differences in the temporal and local control of cohesin’s association with DNA. The 
first difference lies in the timing of cohesin’s recruitment to DNA. In yeast, cohesin is recruited 
to DNA in late G1 (Tóth et al., 1999), whereas in animal cells, this recruitment already takes 
place in telophase (Losada et al., 1998; Waizenegger et al., 2000). This difference is due to 
continued destruction of Scc1 by Separase through G1 in yeast (Uhlmann et al., 1999). The 
cohesin that associates with DNA through G0 and G1 of animal cells has a rapid turnover, 
which is the consequence of a continuous cycle of chromatin entrapment and release (Fig-
ure 2B) (Eichinger et al., 2013; Gerlich et al., 2006b).
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quently open up to allow the release of DNA. Intriguingly, this release does not require the 
opening of the hinge interface, but rather of the interface connecting Smc3’s ATPase domain 
and the N terminus of Scc1. Cohesin rings with fusions between Smc3 and Scc1 do load 
onto DNA, but barely, if at all, turn over on the DNA (Buheitel and Stemmann, 2013; Chan et 
al., 2012; Eichinger et al., 2013). This finding supports the model that cohesin has a distinct 
DNA exit gate at its Smc3-Scc1 interface (Figure 2B).

Why cohesin might use distinct gates for DNA entry and release is unknown. A likely explana-
tion is that having two gates allows for a more specific level of regulation. It is worth pointing 
out that ABC transporters also have dedicated entry gates and exit gates. The dedicated 
gates might in fact be a consequence of the ABC-like ATPase machinery of cohesin. It is 
a possibility that this type of machinery confers a sense of directionality to the transport. 
Cohesin could therefore be seen as a “chromatin transporter”. In this particular case, the 
transport does not drive a compound through a membrane but rather it allows cohesin rings 
to entrap and release DNA (Figure 2C).

Cohesin’s turnover at chromatin is highly dependent on cohesin’s antagonist Wapl. If Scc1 
is artificially expressed in G1 of yeast cells, this turnover requires Wapl just, just like in verte-
brate cells (Chan et al., 2012; Eichinger et al., 2013; Kueng et al., 2006; Lopez-Serra et al., 
2013; Tedeschi et al., 2013). The finding that Wapl inactivation in essence yields the same 
phenotype as the locking of cohesin’s exit gate has led to the model that Wapl releases co-
hesin from DNA by opening up cohesin’s exit gate (Figure 2B). How Wapl might achieve this 
feat is discussed in more detail further on in this review.
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Figure 1. Vertebrate cohesin is removed from chromosomes in two distinct waves: first from the 
arms and then from centromeres
(A) Cohesin rings stably co-entrap the sister chromatids throughout G2 until the start of mitosis. Then, 
cohesin is phosphorylated by the mitotic kinases CDK1, PLK1, and Aurora B. This allows Wapl to remove 
the bulk of cohesin from chromosome arms. Centromeres are protected by SGO1 (Shugoshin), which 
with the PP2A phosphatase counteracts the phosphorylation of centromeric cohesin rings and thus 
keeps them in a locked state. SGO1 also protects cohesin directly by preventing the binding of Wapl 
to cohesin. (B) Centromeric cohesion is maintained until it is destroyed by Separase at the metaphase-
to-anaphase transition. This destruction is the trigger for chromosome segregation. Separase removes 
cohesin by proteolytically cleaving its Scc1 subunit.
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Locking cohesin rings around the sister chromatids in S phase

The seemingly futile cycle of DNA entrapment and release is disrupted in S phase, when 
sister chromatid cohesion is established. Cohesion establishment is dependent on the acet-
yltransferase Eco1 (also known as Ctf7) (Ivanov et al., 2002; Skibbens et al., 1999; Tóth et 
al., 1999), which acetylates Smc3 at its ATPase domain and hereby renders cohesin rings 
resistant to Wapl (Ben-Shahar et al., 2008; Rowland et al., 2009; Sutani et al., 2009; Unal et 
al., 2008; J. Zhang et al., 2008). Initially, it was unclear how Wapl counteracts the establish-
ment of cohesion. Wapl apparently had an “anti-establishment” activity, which was proposed 
to either prevent the entry of DNA into cohesin rings or rather cause the release of DNA from 
cohesin (Ben-Shahar et al., 2008; Rowland et al., 2009; Sutani et al., 2009). This notion was 
resolved by the crucial finding that the locking of cohesin’s exit gate through the fusion of 
Smc3 to Scc1 allows stable cohesion in the absence of Eco1 (Chan et al., 2012). Antiestab-
lishment activity turned out to be the same as Wapl-mediated cohesin release from DNA, 
and Eco1-mediated Smc3 acetylation apparently allows the establishment of cohesion by 
locking cohesin’s exit gate (Figure 2D). The cohesin rings that provide cohesion are thought 
to remain locked through G2. This model is supported by the observation that from S phase 
onwards, there is a subpool of chromatin-associated cohesin complexes that has little to no 
turnover (Chan et al., 2012; Gerlich et al., 2006b; Lopez-Serra et al., 2013).

Eco1-dependent Smc3 acetylation is conserved from yeast to humans (which have two 
homologues ESCO1 and ESCO2) (J. Zhang et al., 2008). The mechanism by which Smc3 
acetylation renders cohesin rings insensitive to Wapl is only partially understood. At this 
point, there appears to be another difference between yeast and animal cells because in the 
latter, Smc3 acetylation causes the recruitment of Sororin, which counteracts Wapl by pre-
venting its binding to Pds5 (Lafont et al., 2010; Nishiyama et al., 2010). Yeast, however, have 
no known Sororin ortholog, and its function has been proposed to be performed by specified 
domains of another cohesin subunit (Chan et al., 2013)

How cohesin manages to specifically coentrap the sister chromatids of each individual chro-
mosome is one of the main outstanding questions in the field. This process is likely depen-
dent on the local regulation of Eco1 activity because this may be what determines which 
cohesin rings are locked around DNA. The cohesion establishment process is intimately con-
nected to DNA replication. Indeed, Eco1 is specifically required in S phase (Skibbens et al., 
1999; Tóth et al., 1999). Eco1 can bind to multiple factors involved in DNA replication, includ-
ing PCNA, and it has been found enriched at sites of DNA replication (Kenna and Skibbens, 
2003; Lengronne et al., 2006; Moldovan et al., 2006; Song et al., 2012). An intuitive model is 
that cohesin entraps single DNAs before DNA replication and that the replication fork passes 
through cohesin rings (Haering et al., 2002). This model has the pleasing simplicity that this 
automatically ensures the co-entrapment of the sister DNAs. A variant of this model is that 
cohesin rings stay put but transiently open up to allow passage of the fork and subsequently 
reclose to co-entrap the sisters (Lengronne et al., 2006). A fundamentally different model, 
however, is that cohesin can de novo coentrap two DNAs at once after the passage of rep-
lication forks. In each of these scenarios, the proximity of Eco1 to the replication fork could 
help ensure that cohesin rings coentrap both sister DNAs.

There are multiple additional connections between cohesion establishment and DNA repli-
cation, but not all of these are conserved through eukaryotes. An important example is the 
finding that cohesin recruitment to DNA requires prereplication complexes in vertebrates 
(Gillespie and T. Hirano, 2004; Guillou et al., 2010; Higashi et al., 2012; Takahashi et al., 
2008; 2004). Yeast prereplication complexes, by contrast, are dispensable for cohesin 
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loading (Uhlmann and Nasmyth, 1998). The logic behind this difference is not understood, 
but it may be related to the fact that yeast cohesin doesn’t load onto DNA until late G1. Anoth-
er example is the report that Smc3 acetylation speeds up DNA replication in cultured human 
cells (Terret et al., 2009). This activity is not conserved through eukaryotes because Smc3 
acetylation does not affect replication speed in yeast (Lopez-Serra et al., 2013). Intriguingly, 
Wapl inactivation does speed up DNA replication in both yeast and human cells (Lopez-Ser-
ra et al., 2013; Manning et al., 2014), but it is unclear if this phenotype affects the cohesion 
establishment process.

Eco1 is degraded after S phase, and, as a consequence, cohesion can normally only be 
established in S phase. However, when Eco1 degradation is inhibited by, for example, 
DNA damage, cohesion can also be established in G2 (Lyons and Morgan, 2011; Ström 
et al., 2007; Unal et al., 2007). This indicates that the co-entrapment of sister DNAs does 
not strictly require DNA replication. Interestingly, DNA damage-induced cohesion does not 
involve Smc3 acetylation but rather appears to require Eco1-dependent acetylation of Scc1 
(Heidinger-Pauli et al., 2009). Why these different settings of cohesion establishment might 
call for differential acetylation is currently unknown.

Cohesin removal from chromosome arms in prophase 

The cohesin rings that have been locked in S phase stably hold the sister chromatids to-
gether until the start of mitosis. In yeast, all cohesive cohesin is maintained until the meta-
phase-to-anaphase transition. In animal cells, however, the vast bulk of cohesin rings along 
chromosome arms is removed from DNA in prophase and prometaphase by an activity that 
is referred to as the prophase pathway (Losada et al., 1998; Waizenegger et al., 2000). 
Prophase cohesin removal is highly dependent on Wapl and requires the dissociation of co-
hesin’s DNA exit gate at the Smc3-Scc1 interface (Buheitel and Stemmann, 2013; Eichinger 
et al., 2013; Gandhi et al., 2006; Kueng et al., 2006). Importantly, centromeric cohesin is pro-
tected against the prophase pathway, which results in the separation of chromosome arms, 
but not centromeres. When chromosomes condense in mitosis, the persistence of cohesin at 
specifically the centromeres leads to the classical X-shape of mitotic chromosomes (Figure 
1A) (Losada et al., 1998; Waizenegger et al., 2000). The condensation process in turn is to a 
large part dependent on the condensin complex (T. Hirano, 2012).

The X shape of chromosomes is particularly clear in cells that have been artificially arrested 
in mitosis. During an unperturbed mitosis, the prophase pathway removes most, but not all, 
cohesin rings from chromosome arms. In prometaphase, chromosome arms become visually 
discernable, but the arms do remain partially connected. These remaining connections may 
have multiple molecular causes, including a small amount of persisting cohesin rings, sister 
DNA intertwinings, or both (Giménez-Abián et al., 2004; Paliulis and Nicklas, 2004). When 
cells are artificially arrested in mitosis with spindle poisons, the prophase pathway removes 
all detectable arm cohesin, and the arms separate completely (Giménez-Abián et al., 2004). 
The cohesin rings that are removed from DNA by Wapl in prophase do not reload until telo-
phase (Losada et al., 1998; Waizenegger et al., 2000). This postponed reloading is thought 
to be the consequence of CDK1-mediated inactivation of the Scc2/Scc4 loader complex 
(Gillespie and T. Hirano, 2004; Watrin et al., 2006).

This brings us to the question of what causes the loss of protection against Wapl in early 
mitosis. Cohesin’s removal from chromosome arms turns out to be the consequence of the 
phosphorylation of Sororin and SA2 (one of two somatic vertebrate Scc3 homologs) by the 
mitotic kinases Aurora B, PLK1, and CDK1 (Figure 1A and Figure 2E) (Dreier et al., 2011; 
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Giménez-Abián et al., 2004; Hauf et al., 2005; H. Liu et al., 2012; Losada, 2002; Nishiyama 
et al., 2013; Sumara et al., 2002; N. Zhang et al., 2011). How these phosphorylations cause 
the loss of protection against Wapl is not fully understood. Sororin phosphorylation causes its 
dissociation from Pds5, which in turn allows Wapl’s binding to Pds5 (Nishiyama et al., 2010). 
How SA2 phosphorylation promotes Wapl-dependent ring opening is currently unknown.

Notably, the prophase pathway does not involve deacetylation of Smc3, which takes place 
after cohesin has been removed from chromatin. The deacetylation of Smc3 is nevertheless 
very important because efficient cohesion establishment in the subsequent S phase requires 
de novo acetylation of Smc3. Hereby, the deacetylation of Smc3 (by Hos1 in yeast and by 
HDAC8 in humans) prepares cohesin complexes for their next acetylation cycle (Beckouët et 
al., 2010; Borges et al., 2010; Deardorff et al., 2012; Xiong et al., 2010).

How does Wapl open up cohesin rings?

How Wapl opens up cohesin rings is largely a mystery. Wapl may directly cause the disen-
gagement of Scc1 from Smc3, but this could also be an important step further downstream in 
the cohesin ring opening reaction. The structure of cohesin’s exit gate is unknown. However, 
(Bürmann et al., 2013) and suggests that cohesin’s exit gate may consist of two alpha helices 
of the N terminus of Scc1 that run along the coiled coil just above Smc3’s ATPase domain 
(Figure 2A). It is an exciting thought that Wapl may open up the exit gate by regulating 
ATPase activity. Cohesin’s ATPase cycle involves ATP binding and hydrolysis of two ATPs. 
Because each of these ATPs needs to be hydrolyzed to achieve stable binding of cohesin to 
chromatin (Hu et al., 2011), it will be difficult to dissect the role of the ATPase cycle in DNA 
release by cohesin. If the ATPase cycle does turn out to have such role, this would introduce 
a new puzzle. How could Wapl-induced ATPase activity specifically open the exit gate while 
Scc2/Scc4-induced ATPase activity controls the entrance gate? One explanation could be 
that these gates are differentially regulated as a consequence of the DNA entrapment status. 
Another possibility indeed is that cohesin’s ABC-like ATPase machinery confers a one-way 
directionality to cohesin’s gates. It is, however, also possible that Wapl opens up cohesin 
rings in a manner that does not involve ATPase activity.the structure of the equivalent inter-
face in the related bacterial Smc complex was solved recently 

Recent structural work shows that Wapl has a conserved C terminus consisting of HEAT 
repeats that bind to multiple cohesin subunits, but, remarkably, these interactions appear to 
differ between fungi and vertebrates (Chatterjee et al., 2013; Ouyang et al., 2013). In both 
systems, Wapl’s flexible N terminus binds directly to Pds5. Wapl’s association to Pds5 is 
essential for its cohesin removal activity (Chan et al., 2012; Rowland et al., 2009), and So-
rorin is thought to protect vertebrate cohesin against Wapl by occupying its binding site on 
Pds5 (Nishiyama et al., 2010). Wapl also binds to Scc3/SA2 in both systems, but in animal 
cells, this interaction requires the presence of Scc1 (Gandhi et al., 2006; Kueng et al., 2006; 
B.-G. Lee et al., 2016; Ouyang et al., 2013; Rowland et al., 2009; Shintomi and T. Hirano, 
2009). Remarkably, only yeast Wapl appears to bind to the ATPase domain of Smc3, and 
the tightness of this interaction seems to be partially dependent on the acetylation status of 
Smc3 (Chatterjee et al., 2013). The reason for the different binding modes between these 
very different species is unknown.

We should note that it is not clear whether cohesin rings in yeast are ever removed from DNA 
through their “unlocking”. The available evidence rather suggests that in yeast, all the cohe-
sive cohesin rings are cleaved by Separase at anaphase onset. Wapl can indeed remove 
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cohesin rings from chromatin if Scc1 is artificially expressed in yeast G1 (Chan et al., 2012; 
Lopez-Serra et al., 2013), but it appears that the acetylated cohesin rings remain stably 
associated with DNA until their cleavage by Separase (Beckouët et al., 2010; Borges et al., 
2010). This is in stark contrast to animal cells, in which most acetylated cohesin rings are 
unlocked by mitotic phosphorylation and then removed by Wapl (Figure 1A) (Deardorff et 
al., 2012; Nishiyama et al., 2013; Whelan et al., 2011). It is therefore possible that the ability 
to unlock cohesin rings lies at the basis of the reported differences between vertebrates 
and fungi. Likewise, Sororin may exist in animal cells solely to allow the reversible locking of 
cohesin rings.
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Figure 2. A cycle of DNA entrapment and release by the cohesin complex
(A) The cohesin complex forms a gigantic ring-shaped structure that is thought to hold together sister 
chromatids by coentrapping sister DNAs inside cohesin rings. (B) Cohesin rings transiently entrap DNA 
strands in G1 of animal cells. Cohesin has an entrance gate for DNA at its interface connecting the 
“hinge” domains of Smc1 and Smc3. Cohesin is then removed from DNA by the opening of its DNA exit 
gate at the interface connecting Smc3 and Scc1. Cohesin’s turnover on DNA is dependent on Wapl and 
on the opening of the exit gate. (C) Cohesin could be seen as a “chromatin transporter”. Cohesin’s dis-
tinct DNA entrance and exit gates (left) are reminiscent of ABC-like transporters (right). Both cohesin and 
these transporters harbour ABC-like ATPase domains. This machinery may ensure the directionality of 
the transport of DNA through cohesin and of a compound through the transporter. (D) The cycle of DNA 
entrapment and release is blocked in S phase, when Eco1 acetylates two lysines on Smc3. In animal 
cells, this allows the recruitment of Sororin, which locks cohesin rings in a closed state and renders them 
insensitive to Wapl. Yeast have no known Sororin ortholog. (E) In prophase and prometaphase of ani-
mal cells, cohesin rings are unlocked along chromosome arms, but not at centromeres. This unlocking 
occurs through the phosphorylation of Sororin and SA2 (one of two somatic vertebrate Scc3 subunits), 
which allows Wapl-dependent cohesin removal from DNA and causes the separation of chromosome 
arms. In yeast, all cohesion is maintained till anaphase, and is destroyed by Separase at the metaphase-
to-anaphase transition.
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What is the role of Scc3 and Pds5?

Scc3 and Pds5 are arguably cohesin’s least well-understood subunits. This may be due 
to the fact that each of these factors has roles at multiple stages through the cycle of DNA 
entrapment and release by cohesin. As a consequence these proteins cannot be labelled as 
being merely cohesion establishment or maintenance factors, and different mutants of these 
proteins frequently yield very different results. Both Scc3 and Pds5 bind to cohesin’s Scc1 
subunit (Chan et al., 2013; Haering et al., 2002; Orgil et al., 2015; Shintomi and T. Hirano, 
2009). Scc3 is generally viewed as a core cohesin subunit, as it is copurified with Smc1, 
Smc3, and Scc1 in a stoichiometric manner from cell extracts (Tóth et al., 1999). Pds5 is also 
a stoichiometric cohesin subunit at chromatin in G2 (Chan et al., 2012), but its association to 
the other subunits is less tight in solution (Sumara et al., 2000). This may indicate that Pds5’s 
association to cohesin is somehow regulated. Pds5 also forms a subcomplex with Wapl in 
extracts, but whether or not this is of any physiological importance is unknown (Kueng et al., 
2006). 

Scc3 is required for cohesin’s recruitment to DNA and it binds to the Scc2/Scc4 loader 
complex (Hu et al., 2011; Murayama and Uhlmann, 2013), it is required for the maintenance 
of cohesion (Roig et al., 2014), and it also has domains that are important for cohesin’s re-
moval from DNA by Wapl (Chan et al., 2012; Rowland et al., 2009). Pds5 is not required for 
cohesin’s recruitment to DNA (Hu et al., 2011), but it is important for Smc3 acetylation by 
Eco1 (Carretero et al., 2013; Chan et al., 2013; Vaur et al., 2012). Pds5 maintains cohesion 
in some, but not all species. In fission yeast, for example, Pds5 is a nonessential gene, and it 
primarily has a role in DNA release (Tanaka et al., 2001). In budding yeast, by contrast, Pds5 
is essential for maintenance of cohesion, and its release function is restrained to specific 
subdomains of this protein (Chan et al., 2012; D’Ambrosio and Lavoie, 2014; Hartman et 
al., 2000; Panizza et al., 2001; Rowland et al., 2009). Likewise, in Xenopus extracts, Pds5 is 
primarily important for DNA release, whereas in mouse cells, Pds5 is important for both co-
hesion and for release (Carretero et al., 2013; Shintomi and T. Hirano, 2009). Both Scc3 and 
Pds5 have two vertebrate homologs in somatic cells (SA1 and SA2, and Pds5A and Pds5B, 
respectively) that appear to have distinct roles in regulating cohesion at centromeres, arms, 
and telomeres (Losada, 2014).

Cohesin protection at centromeres until anaphase

Centromeres are protected against Wapl-dependent cohesin removal by SGO1 (or ‘Shu-
goshin’ in full, which is Japanese for “guardian spirit”) (McGuinness et al., 2005; Salic et al., 
2004). SGO1 protects cohesin in two distinct ways. The first involves SGO1’s binding to the 
PP2A phosphatase (Kitajima et al., 2006; Riedel et al., 2006; Tang et al., 2006). The SGO1/
PP2A complex protects centromeres by counteracting the phosphorylation of Sororin and 
SA2 (Figures 1A and 1B) (Kitajima et al., 2006; H. Liu et al., 2012; Nishiyama et al., 2013). 
SGO1 also protects against Wapl by its direct association to cohesin. Through competitive 
binding, this prevents the recruitment of Wapl to SA2/Scc1 (Hara et al., 2014).

The protection of centromeric cohesin is crucial because this confers the cohesion that must 
resist the pulling forces of microtubules until anaphase onset. The remaining centromeric 
cohesin persists until the kinetochores of all chromosomes are attached by microtubules and 
the spindle assembly checkpoint (SAC) is satisfied. This causes the destruction of Securin, 
which unleashes Separase that in turn proteolytically cleaves Scc1 and hereby triggers the 
synchronous separation of sister chromatids in anaphase (Figure 1B) (Nasmyth and Haering, 
2009; Peters et al., 2008).
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SGO1 localization to chromatin is dependent on two different phosphorylation marks. The 
first entails CDK1-dependent phosphorylation of SGO1, which allows it to bind to cohesin 
along the entire length of chromosomes (H. Liu et al., 2012). The second is Bub1-mediated 
phosphorylation of histone H2A. As Bub1 (a kinase important for chromosome alignment 
and the SAC) locates to centromeres, this allows the concentration of SGO1 at centromeres 
(Kawashima et al., 2010). 

When the kinetochores of one chromosome are properly attached to microtubules emanat-
ing from opposite poles of the cell, this creates tension that causes SGO1 to relocalize from 
cohesin at the inner centromeres to phosphorylated H2A at the outer centromeres (J. Lee 
et al., 2007; H. Liu et al., 2013). This shift is dependent on the dephosphorylation of SGO1 
and is required for faithful chromosome segregation, but the underlying mechanisms are 
unknown (H. Liu et al., 2013). The SGO1 shift may be required to pull away PP2A from the 
vicinity of centromeric cohesin and thereby allow Scc1 phosphorylation by PLK1, which 
makes it a better substrate for Separase (Alexandru et al., 2001; Hauf et al., 2005). SGO1’s 
displacement could indeed also cause loss of protection against Wapl. It is clear that SGO1 
and PP2A control an intricate network of phosphorylation marks that is currently only partial-
ly understood (H. Liu et al., 2012). Despite the fact that yeast have no prophase pathway, 
SGO1 also localizes to centromeres in mitosis of this species. Here SGO1 is not required 
for protection of cohesin, but it is important for chromosome biorientation (Peplowska et al., 
2014; Verzijlbergen et al., 2014)

When cells are artificially arrested in metaphase for multiple hours, chromosomes eventually 
suffer from loss of cohesion. The cause of this cohesion loss is not fully understood and has 
been referred to as “cohesion fatigue” (Daum et al., 2011). It has been proposed that the 
centromeric cohesin rings are ruptured due to the pulling forces of microtubules. However, 
this particular form of cohesion loss can be prevented by depletion of Wapl or by the expres-
sion of SA2 mutants that cannot bind Wapl (Daum et al., 2011; Hara et al., 2014). In addition, 
as mentioned above, the pulling forces create tension that causes the shift of SGO1 from 
cohesin to outer kinetochores (J. Lee et al., 2007; H. Liu et al., 2013). Together, this indicates 
that cohesion fatigue could also rather be a consequence of the loss of protection against 
Wapl-dependent cohesin removal. Cohesion fatigue, however, only takes place when cells 
are arrested in metaphase for prolonged periods. It is therefore unlikely that Wapl will re-
move cohesin from centromeres upon tension in an unperturbed mitosis.

What is the purpose of having two cohesin-removal steps?

The purpose of Separase-mediated cohesin destruction is evident because this is the trig-
ger for chromosome segregation. But what actually is the biological purpose of the first 
cohesin removal pathway that drives cohesin from chromosome arms in early mitosis? This 
prophase pathway appears to be unique to metazoan cells because yeast indeed do not 
have this pathway and separate their sisters by Separase-mediated cleavage of cohes-
in along the entire length of their chromosomes. Remarkably, inactivation of the prophase 
pathway in animal cells by small interfering RNA (siRNA)-mediated depletion of Wapl does 
not prevent chromosome segregation per se. In this setting, Separase efficiently cleaves 
the cohesin rings along the entire length of chromosomes at anaphase onset (Gandhi et al., 
2006; Kueng et al., 2006). What then is the purpose of having two distinct cohesin removal 
steps in animal cells? Recent work shows that the two-step cohesin removal process is in 
fact crucial for three key cellular events: sister DNA decatenation, correction of erroneous 
microtubule-kinetochore attachments, and preservation of cohesin rings for reloading in the 
subsequent cell cycle.
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Sister DNA decatenation
The sister DNAs of each chromosome are held together not only by cohesin but also by DNA 
intertwinings, or catenanes. These structures are a natural consequence of DNA replication, 
and many catenanes persist until mitosis. Catenanes can be resolved by topoisomerase II 
via its DNA strand passing activity (Nitiss, 2009) . It could be argued that catenanes confer a 
type of cohesion. However, in contrast to cohesin, catenanes cannot resist the pulling forces 
of microtubules because topoisomerase allows DNA strand passing upon tension (Farcas 
et al., 2011). Topoisomerase-dependent decatenation is nevertheless essential for proper 
chromosome segregation (Nitiss, 2009). The dependency on topoisomerase for proper chro-
mosome segregation decreases from prophase to metaphase, which indicates that the loss 
of catenanes roughly follows the rate of cohesin removal (Oliveira et al., 2010).

Interestingly, recent work shows that catenanes are maintained by cohesin (Farcas et al., 
2011; L. H.-C. Wang et al., 2010)  and that cohesin arm removal by the prophase pathway 
is important for the timely decatenation of chromosomes (Haarhuis et al., 2013; Tedeschi 
et al., 2013). Together, these results show that cohesin removal may be a prerequisite for 
decatenation in prophase. Catenanes are normally primarily detected between sister cen-
tromeres in early anaphase (Chan and Hickson, 2009) and are thought to be remnants of the 
catenanes that were maintained by centromeric cohesin until anaphase onset (L. H.-C. Wang 
et al., 2010). Importantly, inhibition of the prophase pathway by Wapl depletion causes an 
increase in the number of catenanes that persist in late anaphase (Figure 3A and B) (Haar-
huis et al., 2013; Tedeschi et al., 2013). This supports the model that the prophase pathway 
acts to limit the amount of catenanes that must be resolved at anaphase onset. Too many 
catenanes can pose a risk at this point because topoisomerase may not manage to resolve 
all catenanes prior to cytokinesis. 

Correction of erroneous microtubule-kinetochore attachments
Cohesin also has a number of functions that are cohesion-independent. An important exam-
ple is cohesin’s role in the recruitment of the chromosome passenger complex (CPC). This 
complex, which consists of the Aurora B kinase, INCENP, Survivin, and Borealin, is essential 
for the correction of erroneous microtubule-kinetochore attachments (van der Waal et al., 
2012). Cohesin controls the localization of the CPC in two ways. The first pathway involves 
SGO1, which upon phosphorylation by CDK1 binds to cohesin (H. Liu et al., 2012). In addi-
tion to its crucial role in the protection of cohesin against Wapl-mediated removal, SGO1 is 
also important for the recruitment of the CPC to chromatin through the binding to Borealin 
(Tsukahara et al., 2010). The second pathway involves the kinase Haspin, which phosphor-
ylates Histone H3 at Threonine 3. This mark creates a docking site for the CPC by binding 
to Survivin (Kelly et al., 2010; F. Wang et al., 2010; Yamagishi et al., 2010). Interestingly, 
Haspin-dependent phosphorylation is regulated by cohesin’s Pds5 subunit. In yeast, Pds5 
recruits Haspin directly (Yamagishi et al., 2010). Whether this is also the case in vertebrate 
cells remains to be shown, but Histone H3 phosphorylation and Aurora B localisation are 
strongly affected in Pds5B deficient mouse cells (Carretero et al., 2013). As such, the CPC’s 
localisation at DNA is to a large degree dependent on cohesin.

The CPC ensures faithful chromosome segregation through Aurora B-mediated phosphor-
ylation of those kinetochores that are incorrectly attached by microtubules. Aurora B phos-
phorylates outer-kinetochore substrates involved in microtubule binding when kinetochores 
are incorrectly attached by microtubules (D. Liu et al., 2009; Welburn et al., 2010). The cur-
rent model is that Aurora B specifically phosphorylates substrates at incorrectly attached 
kinetochores, as the kinetochores that are correctly attached are pulled out of Aurora B’s 
reach due to the tension exerted by the microtubules. Phosphorylation of kinetochores 
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causes the destabilization of attachments, which allows for a new round of search-and-cap-
ture by the microtubules (van der Waal et al., 2012). For this important function, the mamma-
lian CPC needs to act at centromeres. When the prophase pathway is inactivated through 
Wapl depletion, the CPC is recruited all along chromosomes, and is insufficiently enriched at 
centromeres (Haarhuis et al., 2013; Shintomi and T. Hirano, 2009; Tedeschi et al., 2013). Cor-
respondingly, error correction is hampered and chromosomes missegregate in anaphase 
(Figures 3A and 3B) (Haarhuis et al., 2013). 
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Figure 3. Prophase cohesin removal from chromosome arms is required for multiple key mitotic 
processes
(A) Cohesin’s two-step removal in vertebrate mitosis serves at least three purposes. (1) Decatenation 
of sister chromatids: Cohesin rings maintain the intertwinings, or catenanes, of sister DNAs. Removal of 
cohesin rings in prophase ensures that topoisomerase II merely needs to decatenate centromeres after 
the destruction of centromeric cohesin by Separase at anaphase onset. (2) Chromosome passenger 
complex (CPC) focusing at centromeres: the CPC is important for the correction of erroneous micro-
tubule-kinetochore attachments. Because the CPC to a large degree follows cohesin’s localization on 
chromatin, cohesin’s removal from chromosome arms allows the CPC to concentrate at centromeres. (3) 
Recycling of cohesin rings: the removal of cohesin rings from DNA by the prophase pathway involves the 
transient opening up cohesin’s exit gate. These rings are intact and reload onto DNA in telophase and in 
G1 of the subsequent cell cycle. (B) When cohesin is not removed from chromosome arms in early mi-
tosis, this can result in multiple defects: (1) catenanes are maintained by cohesin along the entire length 
of chromosomes until metaphase. After Separase-mediated cleavage of cohesin, topoisomerase needs 
to decatenate the sisters along their entire length. This increases the chance of a catenane persisting 
until cytokinesis, which is a threat to genomic stability. (2) The CPC does not sufficiently focus at cen-
tromeres, and misattachments are corrected less efficiently, resulting in segregation errors with lagging 
chromosomes. (3) All cohesin rings persist until they are removed by Separase, which proteolytically 
cleaves Scc1. These cohesin complexes require de novo Scc1 expression and cannot readily reload 
onto DNA in the subsequent G1.
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The finding that the prophase pathway is important for decatenation and error correction 
pinpoints an important role for this pathway in chromosome segregation. This raises the 
possibility that it acts to protect against aneuploidy. Wapl depletion in untransformed cells, 
however, causes a p53-dependent cell cycle arrest, which presumably is a consequence of 
missegregation-induced DNA damage (Crasta et al., 2012; Janssen et al., 2011). p53-defi-
cient cells, by contrast, proliferate well in the absence of Wapl and concomitantly become 
highly aneuploid. The two-step cohesin removal process apparently does protect against 
aneuploidy (Haarhuis et al., 2013).
 
Preserving cohesin rings for reloading in the subsequent cell cycle
Prophase cohesin removal drives cohesin from DNA by transiently opening its exit gate. 
These cohesin rings are intact and can in principle reload onto DNA. This is in contrast to 
Separase-mediated cohesin cleavage, which destroys the Scc1 subunit of specifically DNA-
bound cohesin complexes (Sun et al., 2009). Cohesin complexes that have been removed 
from DNA by Separase can only reload upon the de novo binding to an uncleaved Scc1 
subunit. Therefore, the prophase pathway is important to save cohesin rings from Sepa-
rase-mediated cleavage. Recent work shows cohesin reloading in telophase and early G1 is 
severely affected if the prophase pathway is inactivated by Wapl depletion (Tedeschi et al., 
2013). The prophase pathway apparently is crucial to allow timely cohesin reloading in the 
subsequent cell cycle (Figures 3A and 3B). 

Why is cohesin recruited to chromosome arms at all?

This brings us to the question why cohesin is recruited to chromosome arms in the first 
place. If cohesin is essential at centromeres and must be absent from arms, then why is it 
not merely recruited to centromeres? This presumably is due to one or multiple important 
roles of cohesin at chromosome arms. Cohesion is for example also required for DNA repair 
(Sjögren and Nasmyth, 2001). Although the mechanisms are not fully understood, cohesin 
is thought to be necessary to keep the sisters in each other’s proximity to allow high fidelity 
repair through homologous recombination. A second important role for cohesin at chromo-
some arms is transcriptional regulation. Cohesin affects transcription in multiple ways. For 
example, cohesin appears to be required for CTCF-mediated in cis long-range DNA interac-
tions. This has led to the interesting concept that cohesin may regulate transcription through 
in cis co-entrapment of two DNA fibres (Merkenschlager and Odom, 2013). This hypothesis, 
however, remains to be tested. 

If cohesin indeed controls transcription through the entrapment of in cis DNA loops, it will 
be equally important that these loops can be removed in a controlled manner. Interestingly, 
Wapl inactivation has major effects on transcription. It is an exciting prospect that transcrip-
tion may be regulated through the dynamic formation and dissolution of such cohesin-medi-
ated in cis DNA loops. This possibility is supported by the remarkable finding that Wapl-defi-
ciency has severe consequences for chromosomal architecture. Mouse cells devoid of Wapl 
display a striking partially condensed chromosomal morphology in G0 that is marked by an 
axis of cohesin along the entire length of chromosomes, which is referred to as “vermicelli” 
(Tedeschi et al., 2013). One explanation for this finding is that in the absence of Wapl, cohes-
in cannot let go of in cis DNA loops once they have been formed. 

Considering the broad range of cellular functions that are controlled by cohesin, it is perhaps 
not surprising that cohesin’s subunits and regulators are found mutated in many human dis-
eases, ranging from developmental disorders (referred to as “cohesinopathies”) to various 
types of cancer (Losada, 2014). In some cohesinopathies, such as in Roberts syndrome 
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and Warsaw breakage syndrome, the mutations cause cohesion defects (van der Lelij et al., 
2010; Vega et al., 2005). Cornelia de Lange Syndrome mutations, however, do not cause 
obvious cohesion defects, but rather appear to affect transcription (Remeseiro and Losada, 
2013)We should note that in yeast, cohesin’s different functions require different levels of 
cohesin complexes. DNA repair, for example, requires a significantly higher threshold than 
is needed for sister chromatid cohesion (Heidinger-Pauli et al., 2010a). It is therefore well 
possible that some mutations affect one function of cohesin without affecting the other.

Why do yeast have no prophase pathway?

If the two-phase cohesin removal process is so important for faithful chromosome segrega-
tion, it is curious that yeast have not evolved a prophase pathway. We can only speculate 
why, but one possibility is that the prophase pathway is primarily important in species that 
require transcriptional regulation by cohesin in G1. This clearly is not the case in budding 
yeast, as these cells have no cohesin complexes through G1. Cohesin’s turnover at DNA also 
appears to be less important for transcriptional regulation in budding yeast, as transcription 
is barely affected in Wapl-deficient yeast cells (Lopez-Serra et al., 2013). Another possibility 
is that the relatively short chromosomes of yeast harbour fewer catenanes than vertebrate 
chromosomes and that topoisomerase can efficiently resolve these arm catenanes after Sep-
arase-mediated cleavage of cohesin. 

We should note that the centromeric structure of budding yeast is very different from verte-
brate centromeres. This species has small dot centromeres that can stretch apart upon bipo-
lar attachment to distances that are considerably larger than the diameter of cohesin rings. 
The cohesion between the sister chromatids is therefore thought to be conferred by cohesin 
rings that hold together the “pericentromeres” (Yeh et al., 2008). Intriguingly, budding yeast 
Aurora B doesn’t need to focus at centromeres to enforce error correction (Campbell and De-
sai, 2013). This finding may be related to the fact that the dot centromeres of budding yeast 
can only be attached by one microtubule at once. As a consequence, merotelic attachments 
(misattachments in which two microtubules from different poles attach to one kinetochore) 
are impossible in this species. This latter explanation, however, cannot be the sole reason 
of the absence of the prophase pathway in yeast, as merotelic attachments are possible in 
fission yeast, which also have no prophase pathway (Tomonaga et al., 2000). 

Conclusions and perspective

The X shape of chromosomes was first described in the late 19th century (Boveri, 1890) It 
has taken well over a century to uncover the purpose of this morphology. The finding that 
the two-phase cohesin removal process is important for decatenation, error correction and 
cohesin reloading sheds light into the interconnected nature of these very diverse process-
es. Cohesin must persist at centromeres to resist the pulling forces of microtubules until the 
satisfaction of the SAC. By resisting these forces, cohesin also ensures the correction of er-
roneous microtubule-kinetochore attachments. Remarkably, cohesin must also be removed 
from chromosome arms to allow the efficient correction of these errors. This removal is also 
crucial for the timely decatenation of sister chromatids. The local protection versus removal 
of cohesin apparently is a highly delicate balance that must be tightly controlled.

We have learned a lot over the last 15 years about cohesin and its regulation. The finding 
that cohesin has dedicated DNA entry and exit gates may have significant consequences 
beyond the field of cohesion. Chromosome condensation and DNA repair are regulated by 
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Smc protein complexes that are closely related to cohesin (condensin and the Smc5/Smc6 
complex, respectively) (Nasmyth and Haering, 2005). Whether the analogous interfaces in 
these complexes act as such gates remains to be seen. It is an exciting thought that this 
family of complexes may in fact constitute a class of “chromatin transporters”. If so, these 
complexes could be likewise regulated at the level of the controlled local and temporal lock-
ing of their DNA entry and exit gates. 

Many important unanswered questions remain regarding the regulation of cohesin’s associ-
ation with the DNA. For example, we only partially understand how Scc2/Scc4 loads cohesin 
onto DNA. Cohesin’s ATPase activity clearly has a vital role in the entrapment and release 
cycle, but our current understanding is rudimental. We also do not know how Wapl opens up 
cohesin rings or what determines which cohesin rings are locked around the sister DNAs by 
Eco1. These are only some of the many fascinating questions regarding the cohesin complex 
that need to be answered in the future.
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Abstract

Chromosomal instability (CIN) is a driving force for heterogeneity within tumours. A recent 
study shows that boosting sister chromatid cohesion corrects CIN in pRB-deficient cancer 
cells. This key finding provides an important lead to make tumours more susceptible to an-
ti-cancer drugs.
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We have known for over a century that cancer cells often have chromosome numbers that 
deviate strongly from the healthy diploid karyotype. The German pathologist David Hansem-
ann already noted back in 1890 that even within a given tumour, some nuclei contain more 
chromatin than others (Hansemann, 1890). We now know that this ‘Chromosomally Instable’ 
(CIN) phenotype can be found in many cancer types, and is particularly abundant in solid 
tumours. CIN tumours are notoriously difficult to treat with anti-cancer drugs. The continuous 
gain and loss of chromosomes in these tumour-cells is thought to be the driver for intra-tu-
mour heterogeneity. This instable karyotype facilitates the accelerated evolution of cancer 
cells such that they can easily adapt to evade the action of chemotherapeutics (McGranahan 
et al., 2012). 

CIN is caused by errors in the segregation of chromosomes in mitosis. Chromosome segre-
gation is controlled by an intricate cellular network, which ensures that each of the daughter 
cells inherits a complete copy of the genome. A key aspect of this machinery is sister chro-
matid cohesion, which is mediated by the cohesin complex. Cohesin is believed to co-en-
trap the sister chromatids of each individual chromosome inside its ring-shaped structure. 
Cohesin holds together the sister chromatids until the moment that all chromosomes are 
correctly attached to microtubules from both poles of the cell. Then the sudden destruction 
of cohesin allows the synchronous separation of the sister chromatids to the opposite poles. 
This process is tightly controlled, as premature loss of cohesion leads to segregation errors 
and to daughter cells with unequal karyotypes (Nasmyth and Haering, 2009). 

It is therefore perhaps not surprising that the cohesin complex is often found mutated in CIN 
tumours (Barber et al., 2008). An important example is the finding that mutations in cohesin’s 
STAG2 subunit are causative for the CIN phenotype of glioblastoma cells (Solomon et al., 
2011). Cohesion is also affected by inactivation of the pRB tumour suppressor pathway. pRB 
inactivation leads to defects in sister chromatid cohesion and to segregation errors in mito-
sis, which in turn cause chromosomal instability (Manning et al., 2010; van Harn et al., 2010). 
Loss of pRB or its upstream regulator p16ink4a is a common feature of many human cancers 
(Sherr and McCormick, 2002). pRB inactivation may hereby represent a common cause of 
CIN in a large portion of human cancers. 

The CIN phenotype of tumours in essence creates two therapeutic possibilities. The first op-
tion is to augment the chromosome segregation defect such that the degree of the errors is 
no longer compatible with survival of the cancer cells. A potential drawback of this approach 
is that healthy cells will likely undergo segregation defects due to this treatment, which is 
dangerous by itself. A fundamentally different approach is to correct the segregation de-
fects of CIN tumours. This treatment will not kill cancer cells directly, but it would slow down 
intra-tumour evolution. This could be beneficial to prevent the development of resistance to 
chemotherapeutics.

An important new study from the Dyson laboratory now shows that the segregation errors 
caused by pRB inactivation can be corrected by boosting sister chromatid cohesion (Man-
ning et al., 2014). How pRB regulates cohesion is not fully understood, but it appears to 
involve the Suv4-20H2 methyltransferase. pRB binds to this factor that is important for the 
recruitment of cohesin to heterochromatin (Gonzalo et al., 2005; Hahn et al., 2013). Indeed, 
the segregation errors of pRB-deficient cells can be corrected by overexpression of Suv4-
20H2. Importantly, the cohesion defect and the segregation errors can also be corrected by 
inactivation of cohesin’s antagonist Wapl (Manning et al., 2014). 
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In the absence of Wapl, cohesin rings more stably associate with DNA (Kueng et al., 2006). 
The new paper goes on to show that inactivation of Wapl even corrects the chromosomal 
instability of non-small cell lung cancer cells in which the pRB pathway is compromised by 
either loss of pRB, p16ink4a, or by CDK4 amplification (Figure 1) (Manning et al., 2014). This 
is a crucial finding that may have major consequences. If it were possible to stabilise the 
karyotype within CIN tumours this would indeed be very valuable. This paper suggests that 
targeting Wapl might be one way to achieve this feat.

The new study interestingly also touches upon a current topic of debate (Bakhoum et al., 
2014; Burrell et al., 2014; 2013). Ultimately, CIN is the consequence of incorrect separation 
of chromosomes in mitosis, but this defect does not necessarily need to be caused by faults 
in the chromosome segregation machinery. In fact, CIN was recently shown to often be the 
consequence of errors in DNA replication (Burrell et al., 2013). Many cancer cells suffer from 
a decrease in replication speed that is referred to as ‘replication stress’. This can lead to DNA 
segments that remain unreplicated, even though the cells progress from S phase to mitosis. 
Unreplicated DNA fragments in turn can cause segregation errors, as both chromatids of 
one chromosome stay connected by one stretch of DNA. The CIN phenotype can therefore 
either be the consequence of defects in S phase, or rather of errors in mitosis. 

Replication stress can be caused by nucleotide insufficiency as a consequence of unsched-
uled S phase entry. In correspondence with earlier work, the new paper shows that pRB 
inactivation leads to such replication stress, and that this defect can be rescued by supple-
menting the cells with exogenous nucleosides (Bester et al., 2011; Manning et al., 2014). 
However, unexpectedly nucleoside addition also rescues the cohesion defect and the seg-
regation errors of pRB deficient cells. Perhaps even more remarkably, the replication stress 
of pRB deficient cells is also rescued by the depletion of Wapl (Manning et al., 2014). Inacti-
vation of Wapl apparently rescues both the cohesion defects and the replication defects that 
are observed upon pRB inactivation. 

These findings raise many questions on the precise mechanisms involved. How Wapl may 
affect DNA replication is unknown. This activity does appear to be conserved through evolu-
tion, as a recent paper shows that Wapl-deficient budding yeast also display an increase in 
replication speed (Lopez-Serra et al., 2013). It will also be important to further dissect wheth-
er the replication stress is a consequence of the cohesion defect, or rather vice versa. Co-
hesin stably holds together the sister DNAs of each chromosome from S phase until mitosis. 
This paper underscores how poorly we actually understand the interconnections between 
DNA replication and the establishment of cohesion.

But irrespective of the mechanism, this paper suggests that both nucleoside supplemen-
tation and Wapl inactivation might be valid approaches to correct the CIN phenotype of 
pRB-deficient tumours. Nucleoside supplementation may carry significant risk, as elevated 
dNTP levels can lead to increased cellular mutation rates (Chabes et al., 2003). Targeting 
Wapl for anti-cancer therapy may also not be without risk, as Wapl inactivation in healthy 
cells causes segregation defects by itself. However, Wapl depletion causes a p53-depen-
dent cell cycle arrest in non-cancerous cells, which should protect healthy cells against the 
adverse consequences of Wapl inactivation. 
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Figure 1. Boosting cohesion corrects chromosomal instability in pRB-deficient cells
(A) pRB-deficient cells display cohesion defects that cause segregation errors and chromosomal insta-
bility (CIN). The continuous gain and loss of chromosomes of CIN cells can underlie subclonal diversity 
within tumours. This heterogeneity is thought to be a major cause for the emergence of drug resistance 
upon treatment. (B) Boosting sister chromatid cohesion corrects chromosome segregation errors in 
pRB-deficient cells. Suppression of CIN reduces intra-tumour heterogeneity, which could render tu-
mours more susceptible to the treatment with anti-cancer drugs.
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Wapl loss in healthy cells leads to unwanted cohesin on chromosome arms in mitosis, where-
as its inactivation in pRB-deficient cells appears to restore cohesion levels to a basal state 
that is optimal for proper chromosome segregation (Haarhuis et al., 2013; Manning et al., 
2014; Tedeschi et al., 2013). 

Wapl has no known enzymatic activity, so it will not be straightforward to target Wapl with a 
drug. How Wapl antagonises cohesin complexes is largely a mystery. The further elucidation 
of the cellular pathways by which Wapl regulates cohesin will therefore be important to 
uncover other players in this pathway that may be better drug-targets. Such a drug could be 
highly beneficial as adjuvant therapy to prevent the resistance of CIN tumours to a primary 
drug that specifically targets the cancer cells.

We have learned a lot about chromosomal instability since Hansemann’s pioneering work of 
the 1890’s. The new paper now provides us with important new insight into the cause of CIN, 
and at the same time pinpoints potential therapeutic targets for counteracting CIN. Important 
discoveries often open up many possibilities for future studies, and this paper is clearly no 
exception. Both fundamental scientists and translational researchers now have plenty of new 
questions that are waiting to be answered.
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Abstract

SMC proteins are major constituents of chromosomes from bacteria to humans. Cohesin 
and condensin are members of this family that play central roles in holding together the sis-
ter chromatids and compacting the genome, respectively. Over the past decades the field 
has witnessed great progress in understanding the mode of action of these ring-shaped 
complexes. We now know that they in essence act as topological devices that execute their 
functions by entrapping DNA inside their lumens. It will be key to unravel how these com-
plexes entrap and release DNA to further dissect the mechanisms through which they control 
chromosomes. Here, we discuss the latest findings about cohesin and condensin’s DNA 
entrapment and release cycles in light of the results presented in this thesis.
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DNA release from the cohesin ring

Cohesin holds together sister DNAs by topologically entrapping them inside the lumen of 
its ring. There are three putative interfaces through which DNA can pass into and out of the 
ring. A compelling set of evidence indicates that cohesin’s DNA exit gate consists of the 
interface connecting the N-terminus of Scc1 (N-Scc1) and the coiled coil of Smc3 just above 
its ATPase head domain. The opening up of this gate depends on Wapl and is counteracted 
by Smc3 acetylation (Beckouët et al., 2016; Buheitel and Stemmann, 2013; Chan et al., 2012; 
Eichinger et al., 2013; Murayama and Uhlmann, 2015). However, the molecular basis of this 
DNA release reaction was largely a mystery. 

In chapter 2 we provide crucial insight into the mechanism of DNA release. We find that the 
release reaction is dependent on only one of cohesin’s two ATPase sites. Based upon four 
related studies (chapter 2, a collaboration of ours with the Nasmyth lab (Beckouët et al., 
2016), and two complementary studies from the Uhlmann and Koshland labs (Çamdere et 
al., 2015; Murayama and Uhlmann, 2015)), it is clear now that this ‘DNA-release ATPase site’ 
controls release in two distinct ways. One is through the ATP hydrolysis at this specific site. 
And the other is the engagement of the ATPase heads in such a way that they allow Wapl to 
open up the DNA exit gate. Interestingly, the dissociation of the exit gate does not require 
hydrolysis per se, but merely ATP-dependent head engagement. How head engagement 
facilitates the opening of the exit gate is unclear. This may for example involve a certain con-
formational change, or provide a binding site for Wapl.

ATP hydrolysis is thought to lead to head disengagement, which presumably is how hydroly-
sis contributes to DNA release from the cohesin ring. One can then imagine that this allows 
the passage of DNA through this interface out of cohesin’s lumen. If so, it could be argued 
that DNA has to pass through two gates to exit the cohesin ring, one being between the Smc 
ATPase heads and the other being through the N-Scc1-Smc3 interface. These results there-
fore, raise important questions regarding the chain of events of the release reaction. 

In essence there are two scenarios for DNA release from the cohesin ring. One involves the 
dissociation of the N-Scc1-Smc3 interface followed by the disengagement of the ATPase 
heads. The alternative is that the heads disengage prior to the exit gate’s opening (Figure 1). 
Further experiments will be needed to dissect which of these scenarios is correct.

The scenario in which hydrolysis and thus head disengagement is the first step of the release 
reaction (Figure 1, option 2) has an important implication, as it implies that cohesin may har-
bour two distinct lumen’s in which it can entrap DNA. Namely, in this case the heads must 
reengage after the passage of DNA. This would lead to the trapping of DNA inside a hypo-
thetical minor lumen (between the heads and Scc1) until Wapl drives N-Scc1 dissociation. 
This transition state might be very transient, and we should realize that there is no evidence 
that such a minor lumen actually exists. Clearly, high-resolution structural studies of cohesin 
are crucial to better understand the different states of cohesin during the course of the DNA 
release process.

Smc3 acetylation locks cohesin’s exit gate

Recent work now provides direct evidence that Smc3 acetylation prevents Wapl-mediated 
opening of the DNA exit gate (Beckouët et al., 2016). Smc3 acetylation however also ap-
pears to prevent DNA release by blocking cohesin-mediated ATP hydrolysis, as in vitro work 
shows that acetylation-mimicking mutants of Smc3 inhibit the DNA-dependent stimulation 
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of cohesin’s ATP hydrolysis (Murayama and Uhlmann, 2015). These results suggest that 
the two lysines in their unacetylated state may act as DNA sensors and that DNA contact 
somehow promotes ATP hydrolysis. One possibility could be that the contact between the 
acidic DNA and the basic lysines results in an optimal ATPase head conformation for ATP 
hydrolysis or ADP release. 

Interestingly, in chapter 2 we show that blocking the activity associated with the ATPase site 
that is closest to those two lysines prevents DNA release and bypasses the need for their 
acetylation. This supports the notion that the lysines relay a signal to this specific ATPase 
site to drive the release reaction. Accordingly, the acetylation of these residues neutralizes 
their positive charge, hence preventing their hypothetical interaction with DNA. Intriguingly, 
ATP hydrolysis itself is required for Smc3 acetylation but the reason why is unclear (Ladurner 
et al., 2014b). Correspondingly, our novel ATP-hydrolysis deficient mutants are impaired in 
Smc3 acetylation (chapter 2). Again, an interpretation could be that ATP hydrolysis might 
induce a certain conformation that facilitates cohesin acetylation by Eco1. Alternatively, Eco1 
only acetylates cohesive cohesin. If the cohesive state is at least to some degree dependent 
on hydrolysis, one would expect that hydrolysis-deficient mutants are less frequently found 
in this state.

Notably, in human cells Smc3 acetylation is not sufficient to block Wapl activity, as these 
acetylated rings recruit the cohesin protector Sororin that prevents opening of the exit gate 
(Ladurner et al., 2016; Lafont et al., 2010; Nishiyama et al., 2010). Our experiments pre-
sented in chapter 2 reveal that even though the release reaction is regulated differently, the 
essence of the release mechanism is conserved from yeast to humans. 

DNA entry into the cohesin ring

Unlike the case of the exit gate, there is some controversy regarding the identity of cohesin’s 
DNA entry gate. Recent in vitro work shows that Wapl can promote cohesin loading in the 
absence of the loader complex (Murayama and Uhlmann, 2015). As Wapl drives the disso-
ciation of Scc1 from Smc3, this has led to the model that DNA entry into and exit out of the 
cohesin ring both follow the same trajectory. 

Remarkably though, locking closed this seemingly dual gate for DNA entry and exit by fusion 
of Scc1 to Smc3 does allow the topological entrapment of yeast minichromosomes in vivo 
(Haering et al., 2008). This would strongly argue against the possibility that this interface is 
the DNA entry gate. Inducibly locking the Smc1-Smc3 hinge interface however does prohibit 
cohesion establishment and causes lethality (Gruber et al., 2006). This would rather support 
the model that the hinge interface is the entry gate of DNA. 

One explanation could be that Wapl mediates the entry reaction only in vitro, but it should 
be noted that depleting Wapl reduces the levels of chromatin-bound cohesin also in vivo 
(Rowland et al., 2009; Sutani et al., 2009). A more likely scenario is that Wapl promotes load-
ing, but not by allowing passage of DNA through the N-Scc1-Smc3 interface. But if it does 
indeed allow the passage through this interface, then there must be more than one possible 
DNA entry gate. The fact that the loader complex contacts the cohesin ring at multiple points, 
including the hinge region, may support this model (Murayama and Uhlmann, 2015; 2014). In 
that case, there might actually be no dedicated DNA entry gate. This is indeed very different 
for the release reaction, which is strictly limited to the passage of DNA through the Scc1-
Smc3 interface.



  113

G
eneral discussion

7

Asymmetric requirements for DNA entrapment and release by SMC complexes

The DNA entrapment and release reactions certainly share some aspects, such as the need 
for ring opening and the requirement for ATP hydrolysis. Nevertheless, the degree of ATP 
hydrolysis required for the different reactions is not the same. In chapter 2, we show that 
cohesin rings can still entrap DNA even when their ATPase activity is dramatically reduced, 
but these mutants are defective in DNA release. A complementary in vitro study also showed 
that DNA release is more strongly dependent on hydrolysis than is entrapment (Murayama 
and Uhlmann, 2015). This asymmetric requirement for hydrolysis even includes the MukBEF 
SMC complex, which plays a central role in chromosome organization and segregation in 
bacteria. A hydrolysis deficient mutant of this complex can in principle load onto but cannot 
release DNA (Badrinarayanan et al., 2012). How the extent of ATP hydrolysis can differential-
ly affect ring opening is a big puzzle. 

Another level of asymmetry lies in the fact that both of cohesin’s ATPase sites drive DNA 
entrapment while only one site is responsible for its release (chapter 2). Why do cohesin 
rings use this asymmetric activity to drive DNA entrapment and release? One hypothesis is 
that the activity of one ATPase site can induce a conformational change that controls both 
processes while the activity of the other site can only transmit a conformation that mediates 
the entrapment. Alternatively, the demand for ATP hydrolysis to stimulate the release reaction 
might be higher than that required for the entrapment. If this were the case, then one ATPase 
site would have to be more active than the other, which is true for human cohesin but not 
for the yeast complex, as we (chapter 2) and others have shown (Arumugam et al., 2006; 
Ladurner et al., 2014b).  
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ATPase ATPaseScc3

Pds5

ATPase ATPase
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Figure 1. Models for the chain of events of DNA release by cohesin
DNA has to pass two gates to exit the cohesin ring; one is between the ATPase heads of the Smc sub-
units and the other is the DNA exit gate at the N-Scc1-Smc3 interface. Head disengagement is driven 
by ATP-hydrolysis and Wapl mediates the opening of the exit gate. The ATPase heads must engage to 
allow for Wapl-dependent dissociation of the exit gate. There are two possibilities regarding the chain 
of events of DNA release: 1- ATP-dependent head engagement allows Wapl to open the exit gate. This 
is followed by ATP hydrolysis that drives the disengagement of the heads and the subsequent release 
of DNA. 2- Hydrolysis-driven head disengagement takes place first. Upon ATP-dependent head re-en-
gagement, the DNA is trapped in a hypothetical minor lumen between the heads and Scc1. Wapl then 
opens up the exit gate to release DNA
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This concept of asymmetry is extended to the condensin complex. Our results in chapter 3 
illustrate that condensin allocates different roles for each ATPase site to regulate the conden-
sation process. Interestingly, many eukaryotic ABC transporters, another class of ABC-like 
ATPases, also show analogous asymmetric behavior within their ATPase sites (Procko et al., 
2009). Together, this points towards a universal theme of functional asymmetry within the 
heart of the ATPase machinery of SMC complexes that is important for the regulation of their 
functions. Future structural experiments will be very valuable to fully explain the reason of this 
asymmetry and its mechanistic consequences.

A critical balance of the amount of cohesin on chromatin

Cohesin’s abundance on DNA is the net result of two opposing activities: the loading activity 
mediated by the loader complex and its release driven by Wapl. Specifically in animal cells, 
during early mitosis, Wapl removes the cohesin rings holding the chromosome arms in a 
process known as the prophase pathway. In chapter 4 we explored the relevance of this 
process and showed its importance for genomic stability. Our results suggest that a certain 
amount of cohesin rings on mitotic chromosomes is optimal for proper chromosome segre-
gation. Excess cohesin rings on chromatin results in segregation errors and aneuploidy. In 
chapter 5 we extensively discuss the purpose of the prophase pathway. We elaborate on 
numerous possibilities for the rational of recruiting cohesin to chromosome arms in the first 
place. In addition, we contemplate why the prophase pathway is a unique feature for meta-
zoans; yeast for example did not evolve to acquire such a process.  

While a surplus of cohesin is unfavorable, too little cohesin has its own calamitous conse-
quences. Impaired sister chromatid cohesion for example leads to chromosomal instability 
(CIN) (Barber et al., 2008; Holland and Cleveland, 2009), which is a feature of almost all solid 
tumors. CIN accelerates intra-tumor evolution, which in turn compromises drug treatment 
(A. J. X. Lee et al., 2011). In chapter 6 we highlight an important study which shows that the 
molecular defects associated with pRB loss, including segregation errors, replication stress 
and CIN, are mainly caused by poor cohesion (Manning et al., 2014). Restoring cohesion by 
Wapl inactivation was sufficient to correct such defects. Most importantly it could revert the 
CIN phenotype. These findings are very exciting, given that the pRB pathway is frequently 
mutated in many neoplasms (Manning and Dyson, 2011). Hypothetically, correcting CIN by 
stabilizing cohesin on chromatin could slow down intra-tumor heterogeneity and thereby 
reduce the chance of the outgrowth of clones that are resistant to anti-cancer drugs. 

As proof of principle, it would be of great significance to examine whether Wapl inactivation 
results in more efficient killing of pRB-deficient tumor cells by standard drugs. If so, then the 
next question would be how to boost cohesion in tumors in vivo. Wapl by itself has no enzy-
matic activity, which makes it difficult to design a drug that can target it. Accordingly, further 
experiments are necessary to identify other factors that are involved in the cohesin removal 
pathway that may be better drug targets. A drawback of stabilizing cohesin is that, as men-
tioned above, too much cohesin on DNA actually promotes chromosome missegregation by 
itself. Therefore one would ideally only promote cohesion in tumor cells up to physiological 
levels. Normal cells, however, are to some degree protected against the adverse effects to 
boosting cohesion, as we show in chapter 4 that they arrest in a p53-dependent manner 
upon the inactivation of the prophase pathway. Another important point is that freezing the 
karyotype of tumor cells by promoting cohesion must occur before or concomitant with first 
treatment lines, to prevent the emergence of resistant clones.
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Cohesin and human disease

The cohesin complex controls several cellular processes. Some are cohesion-dependent, 
such as sister chromatid cohesion and DNA repair, and others are cohesion-independent, 
such as transcription regulation (Nasmyth and Haering, 2009). Cohesin and its regulators 
are frequently mutated in cancer and several other developmental disorders (Losada, 2014). 
Interestingly, it was found that in yeast, reducing cohesin levels to different degrees differ-
entially affects its diverse functions (Heidinger-Pauli et al., 2010a). Though this still has to 
be studied in human cells, it indicates that the precise level of cohesin on chromatin is likely 
important to allow it to properly carry out at least some of its functions.

Mutations in cohesin genes have been identified in bladder cancer, acute myeloid leukemia 
(AML), Ewing sarcoma, glioblastoma and several other tumor types (Hill et al., 2016), but 
whether these mutations are all causal to tumorigenesis is unknown. Among cohesin sub-
units, the STAG2 gene, which encodes SA2 (the human ortholog of Scc3), is most frequently 
mutated in cancer (Solomon et al., 2014). In fact, it was recently discovered to be one of only 
12 genes frequently mutated in more than 4 tumor types (Lawrence et al., 2014). It is still de-
bated whether the STAG2 mutations affect sister chromatid cohesion or rather other cohesin 
functions (Balbás-Martínez et al., 2013; Solomon et al., 2011). 

Germline mutations in cohesin genes are the source of diverse developmental disorders 
that are collectively termed ‘cohesinopathies’ (Remeseiro et al., 2013). The most frequent 
disease, known as Cornelia de Lange Syndrome (CdLS), is mainly caused by heterozygous 
mutations in the NIPBL gene, which encodes SCC2. Only about one third of CdLS patients 
carry mutations in genes other than NIPBL (J. Liu and Krantz, 2008). The pathogenesis of 
CdLS is thought to be due to disruption of cohesin’s role in transcription rather than in chro-
mosome segregation (Losada, 2014). Developmental disorders that are caused by cohesion 
defects are quite rare, such as Roberts Syndrome which is driven by mutations in ESCO2 
gene (van der Lelij et al., 2009; Vega et al., 2005). 

Loop extrusion as a universal mechanism for SMC complexes?

Does condensin function via loop extrusion? 
The conversion of long thread-like chromosomes into short compact structures was first 
described by Walther Flemming in the 19th century (Flemming, 1882). Despite the great 
advances in chromosome biology since then, we still don’t understand how chromosome 
condensation works mechanistically. Several models have been proposed but they mostly 
fail to recapitulate the distinct phenotypes associated with the condensation process. For 
example, one model suggests that the condensin complex tethers DNA fibers that randomly 
collide (Cheng et al., 2015). Albeit simple, this model does not explain how condensin es-
tablishes intra rather than inter-chromosomal linkages. Moreover, it is hard to see how the 
stochastic cross-linking of DNA can lead to the distinct distribution of condensin along the 
axis of mitotic chromosomes, nor how the DNA can eventually condense into linear compact 
structures rather than just forming one interconnected amorphous rigid mass. 

Chromosome condensation via loop extrusion is a model that is gaining lots of attention now-
adays, although this model was already suggested fifteen years ago (Figure 2A) (Nasmyth, 
2001). This model proposes that condensin pulls the DNA through its lumen forming a loop 
that is processively enlarged resulting in DNA compaction (Figure 2B). Loop extrusion in 
principle ensures that condensin forms cis rather than trans DNA linkages. 
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In this model, loop extension is blocked when the condensin rings at the basis of the loops 
bump into one another, providing an explanation for the enrichment of condensin at the axis 
of mitotic chromosomes (Figure 2C). An alternative model that is not necessarily mutually 
exclusive suggests that condensin twists DNA to form chiral loops. DNA supercoils are then 
further arranged to form higher-order structures (T. Hirano, 2012). 

Which factors provide the hypothetical processivity for loop extrusion is a mystery. In chap-
ter 3 we present a mutation in the ATPase domain of condensin’s SMC4 subunit that results 
in chromosome hyper-condensation. The analogous mutation severely impairs cohesin’s AT-
Pase activity as shown in chapter 2. This suggests that a factor other than condensin itself 
would provide the necessary energy required for the extrusion of DNA loops. Alternatively, it 
might be condensin’s other ATPase site that provides this energy. In favor of the latter sce-
nario, only six components (histones, 3 histone chaperones, topoisomerase II and condensin 
I) were shown to be sufficient to convert sperm chromatin into condensed chromosomes in 
vitro, in an ATP- and CDK1-dependent manner (Shintomi et al., 2015). 

A recent computational modeling study on loop extrusion indicated that the residence time 
and density of condensin on DNA determine the length of the loop (Goloborodko et al., 
2016). Interestingly, this suggests that fewer, but more stable, condensin molecules on DNA 
would result in longer loops and hence shorter chromosomes. The SMC4 ATPase mutation 
presented in chapter 3 results in shorter chromosomes. Given that the condensin II com-
plex is responsible for the lengthwise compaction of DNA, it is important to test whether 
this mutation increases the stability of condensin II on DNA (Ono et al., 2003). The analo-
gous mutation in Smc1’s ATPase head domain does cause cohesin rings to be more sta-
ble on DNA (chapter 2). These findings together indicate that the stability of condensin 
on chromatin might be a key determinant of the condensation process. This brings us to 
the question why condensin has a dynamic association with chromatin in the first place?
 

B C

A

Figure 2. The loop extrusion model for chromosome condensation
(A) To initiate condensation, condensin (orange circle) forms small DNA loops inside its ring’s lumen 
along the entire length of each chromosome. (B) DNA loops are processively enlarged by the extrusion 
of loops from condensin complexes. Long DNA threads become shorter as the loops enlarge. The ex-
trusion of DNA loops stops when condensin rings collide. The processivity of loop enlargement might 
be mediated either by condensin itself or through other factors. (C) The extrusion of DNA loops causes 
condensin rings to localize at the axis of mitotic chromosomes. 
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During interphase, the fast turnover of condensin II on chromatin may be needed to avoid premature 
condensation (Gerlich et al., 2006a). The reason why condensin II transiently associates 
with chromatin during prophase and condensin I during metaphase and anaphase remains 
a mystery.

Whether the ring has to open at any time for condensin to confer condensation is unknown. 
Experiments in which condensin’s different ring interfaces are locked will be required to 
address this question. Taken together, the loop extrusion model can so far provide more 
tangible explanations for the essence of the condensation process than other models. The 
mutations presented in chapter 3 will be very valuable to further understand the molecular 
basis of condensation. Future research to test whether the stability of condensin on DNA is 
crucial for condensation will be very insightful. Also, Hi-C maps of mitotic chromosomes with 
wild type versus more stably DNA-bound condensin complexes are likely to provide very 
important insights.

Does cohesin also function via loop extrusion?
It has been suggested that cohesin forms cis DNA loops during interphase to regulate tran-
scription and chromosome organization (Fudenberg et al., 2016; Hadjur et al., 2009; Sanborn 
et al., 2015; Wendt et al., 2008). It was proposed that cohesin forms these loops through loop 
extrusion (Fudenberg et al., 2016; Nasmyth, 2001). Recent work shows that cohesin retains 
its ATPase activity when it is DNA-bound (Çamdere et al., 2015). It is an exciting prospect 
that this activity may be required for the extrusion process.

Cohesin transiently associates with chromatin during interphase due to its continuous re-
lease from DNA by its antagonist Wapl. Upon Wapl depletion, cohesin is stabilized on chro-
matin, and it localizes along the axis of interphase chromosomes (Tedeschi et al., 2013). 
This localization pattern is termed ‘vermicelli’ and in fact it resembles the axial localization 
of condensin along mitotic chromosomes. Intriguingly, chromosomes of Wapl-deficient cells 
also display a partial condensation phenotype, and harbor extended DNA loop (Haarhuis et 
al., submitted). Whereas condensin complexes themselves may act as the physical bound-
aries that limit their further loop extension, the insulator factor CTCF appears to play such a 
role for cohesin-formed loops (Dekker and Mirny, 2016). 

Together, these findings in essence point towards a universal mechanism through which 
cohesin and condensin mediate their functions and suggest that the extent of the loop exten-
sion affects the degree of the compaction of DNA. In vitro, the ATPase activity of condensin 
is higher than that of cohesin (Shintomi and T. Hirano, 2007). This could in principle suggest 
that condensin might extend loops faster than cohesin does. The differences in the stability 
and abundance on DNA, and the different degrees of enzymatic activity are all likely factors 
to give each complex its own identity.
 
Similar regulation of cohesin and condensin

It is clear that cohesin and condensin share similar properties. Both are ring-shaped struc-
tures that bind HEAT-repeat proteins, both can topologically entrap DNA, display interphase 
and mitotic functions, and presumably both can form DNA loops and possibly even extrude 
these structures. Furthermore, we show in chapter 2 and 3 that there is a functional asym-
metry within the heart of the ATPase machinery of both complexes. These similarities raise 
important questions regarding other, possibly also similar levels of regulation between the 
two complexes. For instance, cohesin is loaded onto DNA via the loader complex. Wheth-
er the same complex is responsible for condensin’s loading is still unclear. Is condensin 
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acetylated, and if so, what is the consequence of this acetylation mark? Is there a Wapl-like 
factor for condensin? This is a particularly important question as such a factor might drive the 
decondensation process. Future experiments will be needed to answer these vital questions.

Concluding remarks

The ability of living cells to manipulate their long DNA strands (approximately 4 meters in hu-
man cells) to carry out diverse and complicated tasks is a fascinating concept. More amaz-
ing are the mechanisms through which cells perform these tasks with such an ultimate pre-
cision. SMC proteins play a central role in shaping the DNA to make it compatible with these 
daunting cellular tasks. Cohesin and condensin are the best-studied members of this family 
and they are the interest of this thesis. The work presented here provides key insights into 
the molecular mechanisms by which these complexes control chromosomes. The emerging 
understanding from our research will definitely provide a valuable basis for future work. 
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Nederlandse samenvatting

De cel is de bouwsteen van al het leven op aarde. Ieder leven begint met een enkele cel 
bij de conceptie. Na een bijna ontelbaar aantal celdelingen ontstaat een volwassene die uit 
miljarden cellen bestaat. Celdeling is een complex proces dat iedere keer zeer nauwkeurig 
dient plaats te vinden. Als er fouten optreden bij de celdeling kan dit leiden tot allerlei ge-
netische aandoeningen, waaronder kanker.

Het basisprincipe van celdeling is dat één cel leidt tot twee identieke dochtercellen. Het be-
langrijkste onderdeel van een cel is het erfelijke materiaal, het DNA, dat is verdeeld over 46 
chromosomen. Tijdens iedere celdeling vinden twee grote gebeurtenissen plaats. De eerste 
is het kopiëren van al het DNA tijdens de zogenaamde S fase. Daarna dienen de twee kop-
ieën van ieder chromosoom netjes te worden verdeeld over de twee helften van de cel in een 
fase die mitose wordt genoemd. Vervolgens splitst de cel zich in tweeën en is de celdeling 
compleet. De cel heeft zich vermenigvuldigd naar twee identieke dochtercellen.

De cel heeft geavanceerde controlemechanismen die ervoor zorgen dat de celdeling fout-
loos verloopt. Nadat een chromosoom is gekopieerd bestaat het uit twee identieke chromati-
den die netjes met elkaar verbonden blijven totdat ieder van de twee kopieën naar een ander 
uiteinde van de cel wordt getrokken. Vervolgens splitst de cel in tweeën en hebben beide 
cellen exact hetzelfde DNA. De twee identieke chromatiden worden ‘zuster chromatiden’ 
genoemd, en ze worden met elkaar verbonden gehouden door het zogenaamde ‘cohesin’ 
complex. Cohesin is de hoofdrolspeler van dit proefschrift. Celdeling kan alleen maar goed 
verlopen als cohesin de twee chromatiden strak met elkaar verbonden houdt tot precies het 
juiste moment.

Cohesin is feitelijk een grote ringvormige structuur die de chromatiden met elkaar verbindt 
door ze samen gevangen te houden binnen deze ring. Over de hele lengte van ieder chro-
mosoom zitten vele cohesin ringen die de chromatiden zodoende met elkaar verbonden 
houden. Iedere cohesin ring bestaat uit meerdere eiwitten die strak met elkaar verbonden 
dienen te blijven om de chromatiden gevangen te kunnen houden binnen de ring. Nu blijkt 
dat er altijd één specifieke verbinding tussen twee eiwitten is die open gaat om het DNA uit 
de ring te laten ontsnappen. De regulatie van deze verbinding is van groot belang, want 
hiermee kan worden bepaald wanneer cohesin het DNA loslaat.

In hoofdstuk 2 van dit proefschrift onderzoeken we het mechanisme waarmee cohesin ringen 
het DNA loslaten. We hebben ontdekt dat de moleculaire machinerie van cohesin anders 
in elkaar zit dan hoe men altijd vermoedde. In deze machinerie zitten twee zogenaamde 
‘ATPase domeinen’. Men dacht altijd dat deze domeinen slechts als functie hadden om 
cohesin het DNA te laten omvatten. Wij hebben ontdekt dat specifiek één van deze ATPase 
domeinen ook een additionele functie heeft die ervoor zorgt dat cohesin juist het DNA loslaat. 
Als cohesin het DNA strak vast wil blijven houden dient dit ene ATPase domein te worden 
uitgeschakeld. Hierdoor kunnen cohesin ringen op slot worden gezet.

In hoofdstuk 3 onderzoeken we de functie van het ‘condensin’ complex. Condensin lijkt erg 
op cohesin. Cohesin en condensin zijn beide zogenaamde ‘SMC’ complexen. Condensin 
kan ook DNA omvatten binnen zijn ringvormige structuur, en het heeft zelfs een vergelijkbare 
ATPase machinerie. Condensin is van groot belang om chromosomen compact te maken 
zodat ze makkelijk verdeeld kunnen worden naar de twee polen van de cel tijdens de celdel-
ing. Maar hoe condensin deze DNA compactie voor elkaar krijgt is een groot mysterie. We 
hebben onze vindingen uit hoofdstuk 2 gebruikt om te leren hoe condensin zijn functie uitoe-
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fent. We hebben ontdekt dat de twee ATPase domeinen van condensin elk een eigen func-
tie hebben. Eén ATPase domein stimuleert DNA compactie, terwijl het andere domein juist 
compactie tegenwerkt. Onze ontdekkingen zijn een grote verrassing. Cohesin en condensin 
blijken dus allebei hun ATPase domeinen op een ‘asymmetrische’ wijze te gebruiken. We 
kunnen deze vindingen als handvat gebruiken om met vervolgproeven het werkingsmecha-
nisme van condensin verder te ontrafelen. 

In mitose van menselijke cellen wordt cohesin in twee fases van chromosomen verwijderd. 
Eerst laten vrijwel alle cohesin ringen het DNA los. De enige cohesin ringen die op hun plek 
blijven, zitten rond het midden van elk chromosoom. Doordat de chromatiden hierdoor alleen 
nog maar in het midden met elkaar verbonden blijven hebben menselijke chromosomen hun 
bekende X-vormige structuur. Daarna pas worden tegelijk alle overgebleven cohesin ringen 
verwijderd, en dan worden de chromatiden netjes naar de twee tegenovergestelde polen 
van de cel getrokken. 

In hoofdstuk 4 onderzoeken we waarom cohesin nu eigenlijk in deze twee fases van het DNA 
wordt verwijderd. Waarom wordt niet simpelweg alle cohesin tegelijk verwijderd waarna de 
chromatiden verdeeld worden naar de twee polen van de cel? Oftewel, wat is de functie 
van de X-vormige structuur van chromosomen? We hebben ontdekt dat de eerste fase van 
cohesin verwijdering nodig is om de twee chromatiden te kunnen ontknopen. De chromati-
den zijn namelijk erg lang, en tijdens het kopieerproces raken deze lange stukken DNA met 
elkaar verknoopt. Om ze te kunnen ontknopen dient cohesin blijkbaar eerst verwijderd te 
worden. In hoofdstukken 5 en 6 plaatsen we onze vindingen in de context van de overige 
literatuur. 

Celdeling is een proces dat zeer precies dient plaats te vinden. Kankercellen hebben de 
controle verloren over de celdeling, waardoor deze cellen juist vaak fouten maken tijdens 
de deling. Dit is een groot probleem voor de behandeling in de kliniek omdat kankercellen 
zich hierdoor kunnen aanpassen en zodoende resistent kunnen worden tegen behandeling 
met anti-kanker medicijnen. We hopen dat we met onze ontdekkingen een mogelijk aangri-
jpingspunt bieden voor de ontwikkeling van betere medicijnen tegen kanker. Hoe dan ook 
hebben we een aantal belangrijke inzichten verschaft in het mechanisme dat de celdeling zo 
wonderlijk accuraat laat verlopen.
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لتنظیم عملیة تطویق وتعزیزمرض السرطان. وقد أستعرضت الدراسة المفھوم الحالي أأن ھذا الخلل ھوأحد أسباب بدء 
استخدام ھذه النتائج في عالج السرطانات التي  إقتراحات لكیفیة كما تناقش الدراسة ).٥واخراج الحمض النووي (الفصل 

).٧و  ٦(الفصل  cohesinتعاني من عیوب في االنزیم   
 

صلھا بسھولة بین الخالیا أساسي آخر في عملیة انقسام الخالیا وھو ضغط الحمض النووي في ھیاكل یمكن ف ھناك جانب
أمتار وانھ من المذھل تخیل القدرة  4للحمض النووي في الخلیة البشریة حوالي  الطول الخطي الولیدة، حیث یبلغ مجموع

من الحمض النووي في ھیاكل ال تتعدي میكرونات قلیلة لفصل الحمض النووي بین الخالیا دون  الطول كل ھذا علي ضغط
".Chromosome condensationالكروموسوم  ملیة باسم "ضغطأخطاء و تعرف ھذه الع  

 
ومن المعروف  condensinبواسطة مجموعة من البروتینات التي تشكل حلقة ضخمة تسمى  التحكم في عملیة الضغط ویتم

یشبھان ھذین االنزیمین علي الرغم ان  .cohesin بروتین ان حلقات ھذا االنزیم تقوم بتطویق الحمض النووي مثل حلقات
الشكل، اال انھما یقومان بادوار مختلفھ تماما في تنظیم الحمض النووي داخل الخلیة. و بعضھما لدرجة كبیرة من ناحیة التكوین

داخل الخالیا بھذه  condensin ، اال ان كیفیة عمل االنزیمcohesinو في حین اننا نعرف لدرجة ما كیف یعمل االنزیم 
.حتى االن ضغط الحمض النووي ھوأحد أكبراألسرار في علم األحیاء التنظیم المتناھي فيالدقة و  

 
واخراج الحمض النووي من  في تطویق condensinللبروتین  لقد توصلت دراستنا األولیة الي كیفیة عمل اآللیات األنزیمیة

ي نعرف أن جزئین مختلفین و یعتبرھذا االكتشاف أمرغایة في االھمیة الن ھذه ھي المرة األولى الت ).٣حلقاتھا (الفصل 
كیفیة ضغط  ن االن دراسةیمك وعلیھ فإنھ داخل ھذا االنزیم لدیھما ادوارمختلفة في عملیة تنظیم فتح وإغالق ھذه الحلقات،

.condensinالحمض النووي من داخل حلقات  لنتائج دراستنا ومعرفتنا الجدیدة على طریقة اخراج وفقا الحمض النووي  
 

األھمیة فھم عملیة انقسام الخالیا حیث ان السرطان ھو مرض تصاب بھ الخالیا التي تفقد السیطرة على واخیرا فإنھ من 
اكثرعلي عیوب االنقسام الخلوي  فإذا فھمنا التفاصیل الدقیقة لعملیة انقسام الخالیا فإنھ یمكننا التعرف بدقة برنامج انقسامھا،

ان نتائج دراستنا  یة أفضل قادرة على استھداف وقتل الخالیا السرطانیة.تصمیم أدوسیساعد علي للخالیا السرطانیة، مما 
 المقدمة في ھذا المجال ستساعد بالتأكید في تطویر فھم عملیة انقسام الخالیا.
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سم "لبنة بناء الحیاة"ُتعرف بإ لجمیع الكائنات الحیة، لذا فانھاھي الوحدة الھیكلیة التي تؤدى كافة الوظائف الرئیسیة  الخلیة  
االنسان یحتاج إلى عدد كبیر جداً من الخالیا تصل في حالة إكتمال  علماً بإن إن حیاة كل انسان تبدأ بخلیة واحدة فى رحم األم،

انقسامات الخالیا بدءاً من الخلیة األولى.بلیون خلیة، وھذه الخالیا ناتجة من عدد ال ُیحصي من   ٣٧نموه إلى اكثر من  
        بما في ذلك مرض السرطان. إلى مجموعة من األمراض الوراثیة إن األخطاء في عملیة إنقسام الخالیا یمكن أن تؤدي

إنقسام الخالیا بدقة متناھیھ دون أخطاء. و لِذا فمن المھم أن تتم عملیة  
 

الحمض النووي  بالخلیة، ویتواجد یحمل كافة المعلومات الوراثیة الذي "DNAالنووي"إن أھم جزء في الخلیة ھوالحمض 
كروموسوم في  ٤٦ داخل نواة الخلیة ویتم تنظیمھ لُیصبح علي ھیئة وحدات منتظمة البناء ُتسمي الكروموسومات ویبلغ عددھا

 الخلیة البشریة الواحدة.
 

كروموسومات الخلیة االم قبل  نفس عدد تحمل كالً منھما ھا إلي خلیتین متطابقتینالمبدأ األساسي لعملیة إنقسام الخلیة ھوإنقسام
 انقسامھا، ویتم ذلك من خالل حدثین رئیسین اثناء عملیة االنقسام وھما: نسخ جمیع الكروموسومات في طور التركیب 

)S phase( الكروموسومات داخل الخلیة أثناء عملیة انقسام سختینفصل ھاتین النُ  ثم ) االمmitosis و بعد ذلك یتم .(
 انقسام الخلیة االم الي خلیتین جدیدتین متماثلتین.  

 
لقد ثُبت أن الخالیا لدیھا آلیات متقدمة لضمان فصل جمیع الكروموسومات بدقة خالل كل دورة انقسام، علما بأن أحد الجوانب 

وتظل  یطلق علیھم اسم "الكروماتیدان"، و كل كروموسوم المتماثلتین من الھامة فى عملیة الفصل ھي الحفاظ على النسختین
تماسك الكروماتیدان  ھاتین النسختین من كل كروموسوم معا حتى انفصالھما عند االنقسام، وتسمى ھذه اآللیة  

"Sister chromatid cohesion' وُینِظم ھذه اآللیة بروتین ُیعرف باسم "cohesin' الذى یحافظ علي تماسك  و
زیادة او نقصان عدد الكروموسومات  البروتین بالغ األھمیة ألنھ یمنع الكروماتیدان من لحظة التكوین حتي األنفصال وھذا

من البروتینات تتشكل فى من مجموعة  cohesin االنقسام، ویتكون ھذا االنزیم كروموسوم في كل خلیة بعد عملیة  ٤٦عن 
تف حول الحمض النووي.ضخمة تل شكل حلقة  

 
في توقیت غیر  من حول الحمض النووي أمر بالغ األھمیة ألن إزالتھ cohesinمما ال شك فیھ ان توقیت إزالة بروتین 

مناسب سواء فى وقت مبكرأومتأخر قد یتسبب في عیوب في عملیة انقسام الكروموسومات، وقد تبین ان بعض الخالیا 
حیث تنقسم وتتكاثرھذه الخالیا بشكل عشوائي. cohesinتین السرطانیة لدیھا خلل في البرو  

 
 إزالتھ یلعب دوراً محوریاً في انقسام الخالیا إال انھ ال ُیعرف الكثیرعن العملیة التي تنظم cohesin بالرغم من ان بروتین

تظل مجموعة و عملیة االنقسام من حول الحمض النووي، علما بإنھ یتم إزالة غالبیة حلقات ھذا البروتین بشكل منظم مع بدایة
یجعل كروموسومات الخلیة  cohesinھذا النمط الممیز من إزالة حلقات  قلیلة فقط من الحلقات تلتف حول الحمض النووي.

یتم إزالة باقي حلقات البروتین قبل بدایة عملیة األنقسام الفعلي و ،Xالبشریة تظھرعلي الشكل المعروف بھا وھو الشكل 
ن معروف حتي وقت قریب.  ذا النمط في إزالة الحلقات لم یكت. لكن سبب ھللكروموسوما  

 
خراج الحمض النووي من ھذه إل cohesinو تكشف نتائج دراستنا عن اآللیة التي تتحكم في عملیة فتح حلقات االنزیم 

ان آلیات فتح وغلق الحلقات تتم االنزیم بالتفصیل حیث تبین  الحلقات الملتفة حولھ. فقد أوضحت النتائج عن كیفیة عمل ھذا
).٢المسؤلة عن ھذه العملیة في االنزیم (الفصل  بطریقة مختلفة. كما توصلنا الي المنطقة  

 
تبین لنا أن ھذا النمط في  . وقدXتبدوعلي شكل  كروموسوماتكما تمت دراسة سبب إزالة ھذه الحلقات بالطریقة التي تجعل ال

  الخالیا على أعداد مختلفة من حصول  بطریقة دقیقة بحیث ال تؤدى إلى ماتكروموسواإلزالة یؤدى إلى فصل ال
ویعتقد  كروموسومات). ومن المعروف أن معظم الخالیا السرطانیة تحتوي علي عدد مختلف من ٤(الفصل  كروموسوماتال  
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Set it free:  

DNA release from SMC complexes 
 
 
 

كیفیة اخراج الحمض النووي من داخل الحلقات االنزیمیة   
 
 
 
 
 
 
 

دراسة مقدمة للحصول علي درجة الدكتوراه   
من جامعة اوترخت بھوالندا   

 
 

 
 احمد اسامة الباطش

 
 



  145

Addendum

&



 146

&


