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Abstract A fundamental requirement in nature is for a
cell to correctly package and divide its replicated genome.
Condensin is a mechanical multisubunit complex critical
to this process. Condensin uses ATP to power conforma-
tional changes in DNA to enable to correct DNA com-
paction, organization, and segregation of DNA from the
simplest bacteria to humans. The highly conserved nature
of the condensin complex and the structural similarities it
shares with the related cohesin complex have provided
important clues as to how it functions in cells. The
fundamental requirement for condensin in mitosis and
meiosis is well established, yet the precise mechanism
of action is still an open question. Mutation or removal of
condensin subunits across a range of species disrupts
orderly chromosome condensation leading to errors in
chromosome segregation and likely death of the cell.
There are divergences in function across species for
condensin. Once considered to function solely in mitosis
and meiosis, an accumulating body of evidence suggests

that condensin has key roles in also regulating the inter-
phase genome. This review will examine how condensin
organizes our genomes, explain where and how it binds
the genome at a mechanical level, and highlight contro-
versies and future directions as the complex continues to
fascinate and baffle biologists.
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Abbreviations
DCC Dosage compensation complex
dsDNA Double-stranded DNA
HEAT Huntington elongation factor 3, the A subunit

of protein phosphatase 2ATOR lipid kinase
KO Knockout
NEBD Nuclear envelope breakdown
ScII Scaffold protein 2
SMC Structural maintenance of chromosomes
TEV Tobacco etch virus
WT Wild type

Introduction

Faithful segregation of the genome during cell division
is a prerequisite for the life of all organisms. A major
class of proteins controlling this task during the cell
division of all species are the structural maintenance of
chromosome (SMC) proteins. SMC proteins are ABC
ATPases, capable of altering DNA topology through
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ATP hydrolysis (Losada and Hirano 2005). Although
structurally similar, different combinations of SMC sub-
units form different complexes. SMC1 and SMC3 are
the core subunits of cohesin that coordinates sister chro-
matid cohesin, while SMC2 and SMC4 are the core
subunits of condensin and the main focus of this review.
SMC5 and SMC6 form an as yet unnamed complex
important for DNA replication and chromosome segre-
gation (Kegel et al. 2011; Bermudez-Lopez and Aragon
2016; Pryzhkova and Jordan 2016).

All organisms contain some form of condensin. The
complex is both highly conserved and ancient, predating
histones. The bacterial SMC complex is considered a
condensin and not a cohesin, with replicated sister chro-
matids of Muk− cells showing increased rather than
decreased cohesion (Danilova et al. 2007). Bacteria
and archaea contain the condensin SMC-ScpAB, most
commonly studied in Bacillus subtilis, while the
condensin MukBEF is present in ϒ-proteobacteria and
includes Escherichia coli. The newest addition to the
condensin family is MksBEF, which is distantly related
to MukBEF and often coexists in bacteria with SMC-
ScpAB and or MukBEF (Petrushenko et al. 2011).
Animals and plants have two condensins, condensins I
and II. They differ from their prokaryotic counterparts
by having an SMC heterodimer (SMC2/SMC4)
instead of a homodimer, and three non-SMC
subunits (CAP-D2, CAP-H, CAP-G for condensin I
and CAP-D3, CAP-H2, CAP-G2 for condensin II)
instead of two. Fungi and the ciliate Tetrahymena
thermophila lack condensin II, which was presumably
lost in evolution of these organisms, while all metazoans
possess condensins I and II (Hirano 2016).

This review will focus on the many roles of the
condensin complexes and present a view as to how they
might act at a mechanistic level. With advances in
sequencing technologies, proteomics, and super-
resolution microscopy, we have learnt a great deal about
condensins across a variety of species. However, there
are still a number of key questions and controversies that
need to be resolved.

Discovery and early history of condensin

A pioneering series of biochemical experiments led to
condensin first being described around the same time as a
genetic screen in the fission yeast Schizosaccharomyces
pombe identified mutants in complex members. In 1994,

Hirano and Mitchison isolated a heterodimer XCAP-C
and E (later SMC4 and SMC2) purified from Xenopus
egg extracts capable of assembling and maintaining the
structure of sperm DNA (Hirano and Mitchison 1994).
These genes were cloned, and antibodies raised against
the proteins displayed mitotic chromosome localization.
This breakthrough study was followed in 1997 by the
Hirano lab that described a 13S complex containing
XCAP-C, E, and further subunits (CAP-D2, H, and G),
in addition to an 8S complex containing XCAP-C and E
(Hirano et al. 1997). The study was the first full descrip-
tion of the condensin I complex and where the collective
term Bcondensin^ first appeared. Concurrently in 1994,
the Earnshaw laboratory independently identified scaf-
fold protein 2 (ScII) in chicken cells using an antibody
raised to the bulk chromosome scaffold (Saitoh et al.
1994) that proved to be SMC2. The protein was cloned,
and specific antibodies demonstrated a staining along the
chromosome axis during mitosis. This study was one of
the earliest to recognize that each SMC subunit might
self-fold intra-molecularly along the coiled coil region.
The first in vivo description of a condensin subunit came
from S. pombe in 1993, using a genetic screen that
identified a cell untimely torn (cut) phenotype, describing
mutants that bisected the nucleus during cytokinesis
(Samejima et al. 1993). One of these genes was cut14,
later identified as SMC2, and in 1994 cut3/SMC4 and
cut14/SMC2were further characterized as genes required
for chromosome condensation and segregation during
mitosis (Saka et al. 1994). Almost a decade after the
discovery of condensin I, condensin II was first described
by the Hirano lab after identifying a set of proteins that
had high homology to the non-SMC subunits of
condensin I (Ono et al. 2003). These proteins were the
condensin II subunits CAP-D3, H2, and G2, which were
then cloned and purified.

Structure and organization of condensin, rod-like
or open?

The SMC2/4 core condensin subunits are long polypep-
tides (1200 and 1500 amino acids) consisting of 3
distinct domains: (1) the head region where the SMC
dimers come together to form an ATPase capable of
binding and hydrolyzing two ATP molecules, (2) the
long coiled-coil region of about 50 nm, and (3) a hinge
region connected to coiled coils, which mediates SMC
dimerization and binds DNA (Hirano 2012) (Fig. 1).
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The non-SMC or auxiliary subunits (CAP-D2, G,
H for condensin I and D3, G2, H2 for condensin II)
bind the head domain of SMC2 and SMC4. CAP-
D2/G and CAP-D3/G2 subunits contain HEAT
(Huntingtin, elongation factor 3, the A subunit of
protein phosphatase 2A, TOR lipid kinase) repeats
that are thought to elicit DNA binding activity, at
least for condensin I (Piazza et al. 2014). The HEAT
domains are also thought to be necessary for forma-
tion of the chromosome axis, as these domains in
CAP-D2 and CAP-G subunits act antagonistically in
the assembly of chromosome axes (Kinoshita et al.
2015).

Cross-linking mass spec analyses and arrangement
of condensin

CAP-H/H2, like its SccI counterpart in cohesin, is
the third member of the pentameric condensin com-
plex and considered the kleisin (Greek for closure)
subunit of each pentameric condensin complex, with
the ability to connect to both SMC2 and SMC4.
Cross-linking mass spectrometry of condensin I in
chicken DT40 supported this view and suggested a

tight apposition along the coiled coils of SMC2 and
SMC4 leading to a rod-like appearance (Barysz
et al. 2015). This appearance was also evident in
early electron micrographs of purified condensin
(Anderson et al. 2002).

The cross-linking mass spectrometry analyses of
purified condensin I in chicken DT40 (Barysz et al.
2015) and also purified non-SMC subunits of
condensin in yeast (Ycg1/CAP-G, Ycs4/CAP-D2,
Brn1/CAP-H) (Piazza et al. 2014) provide a key
framework for condensin subunit interactions.
Together with immunoprecipitation assays using
pairwise expression of fragments of human
condensin I subunits in baculovirus (Onn et al.
2007), a consensus for the geometry and juxtaposi-
tion of condensin emerged (reflected in Fig. 1),
albeit with some differences.

Available data suggest that the kleisin CAP-H
platforms the SMC subunits, with SMC2 interacting
with the N-terminus of CAP-H and SMC4 with the
C-terminus (Onn et al. 2007; Barysz et al. 2015).
These studies found that the HEAT subunits CAP-
D2 and CAP-G do not interact with either SMC2 or
SMC4. Cross-linking mass spec analyses from yeast
and chicken and immunoprecipitation data show that
CAP-D2 and CAP-G have minimal or weak interac-
tion with each other (Onn et al. 2007; Piazza et al.
2014; Barysz et al. 2015). Immunoprecipitation
analyses in baculovirus show CAP-D2 binding the
N-terminus of CAP-H and CAP-G with the
C-terminus of CAP-H. Yeast cross-linking data of
the non-SMC subunits of condensin also show that
the majority of cross-links occur between the
N-terminus of CAP-H and CAP-D2 and the C-
terminus of CAP-H and CAP-G (Piazza et al.
2014), whereas chicken cross-linking data somewhat
differs with cross-links found between the middle
and C-terminus parts of CAP-H for CAP-G and
CAP-D2 (Barysz et al. 2015).

A similar set of experiments using baculovirus
expressed subunits was set up for human condensin II,
and the arrangement was the same, with the position of
hCAP-D3 and hCAP-G2 in condensin II equivalent to
that of hCAP-D2 and hCAP-G (Onn et al. 2007).
Although much has been learnt from the described
experiments, the data are largely based on free/not
DNA-bound condensin; so whether the same arrange-
ment exists for DNA bound condensin is not yet clear,
although this seems likely.

SMC2 SMC4

H/H2

D2/D3 G/G2

Hinge

Coiled-coils

Head

Fig. 1 Schematic of vertebrate condensin I and II structure and
organization. The pentameric condensin complex consists of three
domains: (1) the head where the SMC subunits form an ATPase
that in turn binds the auxiliary subunits (CAP-H, D2, and G for
condensin I and CAP-H, D3, andG2 for condensin II), (2) the long
coiled-coil region, and (3) the hinge that facilitates SMC2/4
dimerization

Condensin and genome packaging 63



Crystallographic studies and high resolution imaging
of condensin

Crystallographic studies on bacterial SMC complexes
(Burmann et al. 2013) and eukaryotic cohesin (Gligoris
et al. 2014; Huis in ‘t Veld et al. 2014) have shown that,
although the CAP-H kleisin C-terminus makes contact
with the SMC head, the N-terminus associates with the
coiled coil to form the putative entry/exit gate. Further-
more, recent crystal structures of prokaryote condensin
and also yeast SMC2/SMC4 showed a rod-like struc-
ture, but demonstrated that ATP binding of the hinge to
DNA leads to a more open conformation (rod-to-ring
transition) (Soh et al. 2015).

The notion of condensin appearing as predominately
rod-like has again been challenged with a combination
of Bdry^ and real-time Bliquid^ and high-resolution
imaging of SMC2/4 conformational dynamics in the
yeast S. cerevisiae (Eeftens et al. 2016). The results,
based on the purified SMC2/4 dimer, showed a some-
what different picture from corresponding earlier rotary
shadowing analyses (Anderson et al. 2002). In the novel
study, only ~1/3 of condensin dimers had tightly
apposed coiled coils in an I- or Y-like structure, with
the majority displaying more open V- or O-like struc-
tures. These Bdry analyses^were then followed by high-
speed liquid atomic force microscopy to create real-time
images of SMC2/SMC4 dimers in liquid. The real-time
analyses also confirmed a majority of Vand O structures
and identified two additional confirmations: a P-shaped
dimer where only one of the heads engages with the
hinge and a B structure where both heads engage with
the hinge. The accumulated data present a picture where
condensin likely exists in a rod-like structure before
becoming more open after DNA contact.

Species differences and localization of condensins
in eukaryotes

The long evolutionary history of the condensin complex
has resulted in some divergent localizations among dif-
ferent species, suggesting some evolution of additional
functions to cope with different genome sizes and
modes of division.

Perhaps the most common cytological image that
springs to mind when biologists think about condensin
localization is its dotted appearance along the central
axes of swollen mitotic chromosomes. Condensin I is

notably enriched at centromeres, which is apparent both
cytologically and also through ChIP-seq analyses
(Gerlich et al. 2006; Kim et al. 2013), while cytological
and live cell imaging analyses suggest that condensin II
is also enriched at the centromere (Ono et al. 2004;
Gerlich et al. 2006). In vertebrates, fluorescence recov-
ery after photobleaching (FRAP) analyses show that
condensin II is highly stable while condensin I is more
mobile during mitosis (Gerlich et al. 2006). Cross sec-
tions of mitotic chromosomes revealed condensin, as
well as topoisomerase II and KIF4A, running through
a central core of the chromosome, giving rise to the
notion that a central Bscaffold^ network of proteins is
key to organizing and folding chromatin (Saitoh et al.
1994; Maeshima and Laemmli 2003; Kireeva et al.
2004; Belmont 2006; Hudson et al. 2009; Samejima
et al. 2012; Poonperm et al. 2015). Experiments from
the Marko Lab have challenged the idea of an intercon-
nected protein network supporting mitotic chromo-
somes, showing that structural links in mitotic chromo-
somes are maintained by chromatin fibers and not by a
scaffold network (Poirier and Marko 2002). However,
there is no doubt that condensins and other scaffold
proteins occupy an inner central structure of the
chromatid.

The cytological localization of condensin in eukary-
otes has been studied extensively over many years in a
variety of systems revealing important clues. In verte-
brates, condensin I dramatically concentrates on chro-
mosomes following nuclear envelope breakdown
(NEBD) after prophase and begins to disappear from
chromosomes during telophase (Hirota et al. 2004; Ono
et al. 2004; Gerlich et al. 2006; Zhang et al. 2016).
Condensin II is present on DNA throughout interphase
and notably concentrates on prophase chromosomes
(Hirota et al. 2004; Gerlich et al. 2006; Zhang et al.
2016), suggesting it is important in establishing the
initial chromatid axis inmitosis. Condensin II interphase
dynamics have recently been studied using quantitative
live-cell imaging in chicken cells. This study showed
that the complex is dramatically enriched in G1 DNA
after cells exit mitosis (Zhang et al. 2016), and a number
of studies suggest a key role for condensin II in inter-
phase nuclear architecture (Bauer et al. 2012).

Vertebrates

In metozoans, the common view is that condensin I is
cytoplasmic during interphase and is only present on
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chromosomes following NEBD after prophase (Hirota
et al. 2004; Gerlich et al. 2006). However, recent data
suggest that the situation may not be quite as clear-cut.
Using a combination of fixed and live cell imaging and
immunoblots to isolate chromatin in chicken DT40
cells, a small pool of condensin I was found to persist
in the nucleus during G1, which was gradually lost
during S and G2 phases (Zhang et al. 2016). Very early
cytological studies in human cells correspondingly
detected a small pool of CNAP1/CAP-D2 localizing to
G1 nuclei that disappeared as cells progressed into S and
G2 phases (Schmiesing et al. 2000). Further evidence
for condensin I in interphase nuclei was provided at a
molecular level from ChIP-seq analyses. In human
MCF breast cancer cells synchronized to 80–95% G0/
G1, condensin I was predominately found at intergenic
and intronic regions and notably at ER-α-binding sites,
occupying 2916 sites genome-wide, increasing to 7292
after estradiol treatment (Li et al. 2015). Knockdown of
condensin I in G0/G1 MCF cells and asynchronous
DT40 cells caused gene misregulation, and 3D-FISH
in DT40 revealed a loss of compaction of ribosomal
DNA (rDNA) and Z-Rep loci following condensin I
removal, suggesting that the pool of condensin I in
interphase might not merely be a passive carryover from
mitosis (Li et al. 2015; Zhang et al. 2016). The data also
provide some rationale why a mitotic complex
(condensin I) predominately binds at gene regulatory
regions (Kim et al. 2013). In vertebrates, while it is true
that condensin I is most strongly enriched on mitotic
chromosomes, a growing body of evidence questions
the notion that it is completely excluded from interphase
nuclei.

Fungi and algae

Unicellular organisms show quite a divergence in
condensin behavior. In fungi, which only contain
condensin I, the yeasts S. cerevisiae and S. pombe vary
in condensin dynamics. Similar to vertebrates,
condensin I in S. pombe appears cytoplasmic during
interphase and then accumulates on chromosomes in
mitosis after NEBD (Sutani et al. 1999). In contrast,
S. cerevisiae condensin is present in the nucleus
throughout the cell cycle (Freeman et al. 2000). The
red alga Cyanidioschyzon merolae has not lost
condensin II, unlike many unicellular organisms.
Condensin II in C. merolae is present in low levels from
S phase to prophase and then concentrates on

centromeres during metaphase, whereas condensin I is
barely detectable until metaphase where it then accumu-
lates on chromosome arms and persists through to telo-
phase (Fujiwara et al. 2013).

Worms

Caenorhabditis elegans has condensins I and II but
additionally a third condensin referred to as the dosage
compensation complex (DCC), which has a specialized
role in balancing gene expression between XX her-
maphrodites and XO males (Csankovszki et al. 2009;
Crane et al. 2015). C. elegans chromosomes are
holocentric with centromeres dotted along the arms.
Condensin II localizes on the outward face of chromo-
somes in parallel axes, whereas condensin I coats
mitotic chromatids more inwardly with little condensin
II colocalization (Hagstrom et al. 2002). An interesting
observation in C. elegans is that some condensin I
colocalizes with Aurora B (AIR-2) at the spindle
midzone during anaphase (Collette et al. 2011), which
to date has not been described in other species.

Flies

Drosophila condensin II is significantly different from
vertebrate condensin II. There is no known CAP-G2
gene present in the fly genome, although it is worth
noting that CAP-G in worm was not initially found
using homology-dependent searches and was only iden-
tified when proteomic data became available
(Csankovszki et al. 2009). In fly, loss-of-function muta-
tions for Cap-D3 and Cap-H2 genes do not affect via-
bility, although they produce male sterility, suggesting
condensin II is dispensable for mitosis (Savvidou et al.
2005; Hartl et al. 2008). This somewhat parallels the
primitive red alga C. merolaewhere condensin I plays a
key role in mitosis while condensin II is dispensable in
mitosis but required for interphase nuclear structure and
meiosis (Fujiwara et al. 2013). A recent study further
questioned the existence of an abundant and soluble
condensin II complex in flies (Herzog et al. 2013).
Using GFP condensin I transgenes in flies, the study
also found that Cap-G behavior resembled condensin II
localization in vertebrates with strong interphase and
prophase localization, while the other condensin I sub-
units Cap-H and Cap-D2 were predominately cytoplas-
mic in interphase and only associated strongly with
chromatin after NEBD (Herzog et al. 2013). There
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was, however, no biochemical evidence that Cap-G can
substitute for Cap-G2.

Condensin ratios

A further difference between species is the ratio of
condensin I/II. The ratio of condensin I/II is 1:1 in
human HeLa cells, but 5:1 in Xenopus egg extracts,
while isolated mitotic chromosomes from chicken
DT40 cells have the condensin I/II ratio of 10:1
(Ono et al. 2003; Ohta et al. 2010; Shintomi and
Hirano 2011). However, it is not clear whether the
differences relate to species or cell type or both. For
instance, the above analyses came from oocytes,
lymphoma B, and cervical cancer cells in addition
to being from different species. While it is tempting
to link the ratio of condensin I/II to the particular
requirements and sizes of genomes, comparisons at
this stage can only be tentative. A unified pan-
analysis using quantitative proteomics across differ-
ent cell types in diverse species assessing total,
cytoplasmic, and chromosome-bound ratios of
condensin I/II would be of great interest to define
the balance for mitotic shaping of chromosomes.

Is condensin binding sequence dependent
or epigenetic?

The initial cytological localization of condensin on
metaphase chromosomes showed an axial staining pat-
tern along the length of each chromatid. From such
patterns, one could predict that condensin complexes
would be evenly distributed to gather up loops of chro-
matin to form the condensed metaphase chromosome.
Genome-wide analyses of condensin-binding sites in
bacteria and yeast confirmed that the complex binds
along the length of the chromosome (Wang et al.
2005; D'Ambrosio et al. 2008; Gruber and Errington
2009).

Closer inspection of the binding sites started to reveal
some interesting characteristics. In the bacterium
B. subtilis, condensin localized to specific sequences
such as the parS centromere-like sequences, around
replication origins and highly expressed genes like
rDNAs and tRNAs (Gruber and Errington 2009). Sim-
ilar patterns were observed in single-celled budding and
fission yeasts (Wang et al. 2005; D'Ambrosio et al.
2008; Nakazawa et al. 2015; Sutani et al. 2015). A

common feature of condensin binding from genome-
wide distribution is the localization to transcription start
and termination sites.

Strikingly, in multicellular eukaryotes like worm,
chicken, and mouse, these binding patterns were con-
served suggesting that condensin may have additional
roles other than genome packaging for efficient chro-
mosome segregation (Dowen et al. 2013; Kim et al.
2013; Kranz et al. 2013).

Genome-wide analyses have shown that condensin
has a preference for specific DNA regions such as
centromeres, telomeres, genes, and sites of initiation
and termination of DNA replication (Dowen et al.
2013; Kim et al. 2013; Kranz et al. 2013). The DCC in
worm that contains all condensin I subunits except for
SMC4 (replaced with its variant DPY27) shows
sequence specificity for the X chromosome (McDonel
et al. 2006; Ercan et al. 2007; Jans et al. 2009).
However, there is little evidence to show that either the
canonical condensin I or II complexes show a strict
DNA sequence motif dependency. One example of this
feature is in budding yeast where it binds to promoter
motifs of RNA Pol III transcribed genes (D'Ambrosio
et al. 2008); however, other evidence is accumulating in
favor of a chromatin conformation dependency together
with other chromatin-binding factors (Kimura and
Hirano 1997; Liu et al. 2010). Furthermore, condensin
I binds directly to histones H2A and H4 during mitosis
(Tada et al. 2011; Barysz et al. 2015). Recent experi-
mental data showed that condensin bound to unwound
DNA structures to keep the transcription machinery off
the chromatin during mitosis (Sutani et al. 2015) (see
also ATP independent DNA reannealing below). This
activity implies that condensin has a clearing function
before chromosome segregation and a potential
bookmarking role to ensure genes are ready for tran-
scription in the subsequent interphase.

Mechanism of action of condensin

Condensin is an enzyme with two well-described
ac t iv i t i e s : (1 ) ATPase -dependen t pos i t ive
supercoiling of closed circular double-stranded
DNA (dsDNA) in the presence of topoisomerase I
and (2) ATP-independent DNA reannealing activity
(Hirano 2005). How do these activities relate to
chromosome condensation?
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ATPase-dependent positive supercoiling

The ability of condensin to introduce positive supercoils
into DNA has been shown in vitro (Kimura et al. 1999)
and presents an attractive model for DNA loop organi-
zation (Hirano 2012), with evidence that condensin can
organize multiple supercoils into a solenoidal structure
(Kimura et al. 1999). Large-scale folding of chromatin
by condensin-mediated positive writhing increases tor-
sional stress in the DNA (Gilbert and Allan 2014). This
torsional stress needs to be relieved to allow continuous
folding (Farr et al. 2014), explaining why dsDNA pass-
ing type IV topoisomerases, like human topoisomerase
IIα (Top2), are essential for hypercompaction of chro-
mosomes (Samejima et al. 2012; Farr et al. 2014).
Conversely, inactivation of condensin impedes chromo-
some segregation (Lukas et al. 2011; Green et al. 2012).
Providing an explanation for this, condensins’ ability to
positively supercoil DNA stimulates decatenation of
catenated DNA by Top2 in vitro (Baxter et al. 2011)
and on mini-chromosomes transfected into bacterial
cells (Charbin et al. 2014). In line with these observa-
tions, ChIP-qPCR showed that Top2 was recruited to
chromosome arms in anaphase of budding yeast in a
condensin-dependent manner (Leonard et al. 2015). The
authors suggested that the overwinding or positive
writhing activity of condensin on DNA attracts Top2.
Thus, mitotic DNA condensation and decatentation ap-
pear to be two sides of the same process governed by
type IV topoisomerases and condensin complexes
(Baxter and Aragon 2012).

ATP independent DNA reannealing

Recent data suggest that the reannealing activity of
condensin is necessary to reduce unwound DNA seg-
ments generated by transcription at protein encoding
genes (Sutani et al. 2015). This elimination of unwound
DNA is believed to be a prerequisite for supercoiling
activity (Hirano 2012; Leonard et al. 2015; Sutani et al.
2015). Presciently, Mitsuhiro Yanagida envisaged that a
key function of condensin was to clear the way for
mitosis (Yanagida 2009).

DNA-condensin interaction

Cohesin acts by forming a ring around DNA (Haering
et al. 2002). Ideas for the mode of DNA entry into and
out of cohesin have been continually evolving, but

recent data provide strong evidence for cohesin ATPase
hydrolysis mediating both DNA entry and exit through
SMC head disengagement, with a key step being
removal of the cohesin subunit WAPL from SMC3,
thereby fully opening the kleisin gate (Murayama and
Uhlmann 2014; Murayama and Uhlmann 2015). Does
condensin also interact with DNA via a similar
mechanism?

The notion of condensin encircling DNA rather than
binding or sitting on top of DNAwas suggested after a
series of experiments in budding yeast, where tobacco
etch virus (TEV) sites were incorporated into condensin
at symmetrical points along the coiled coil of SMC2 and
in the CAP-H/kleisin subunit. This allowed cleavage to
Bopen^ the structure (Cuylen et al. 2011). Using a mini-
chromosome assay, inducible TEV cleavage in yeast
released DNA and conversely linearizing DNA released
condensin, providing a compelling argument that
condensin also entraps DNA.

Various studies point to ATPase activity being essential
for condensin binding to chromosomes. Based on highly
conserved ATPase mutants first described in B. subtilis
condensin (Hirano et al. 2001), two independent studies
in chicken DT40 and Xenopus using analogous ATPase
mutations drew the same conclusion. Introduction of ATP
binding mutations in the highly conserved Walker A and
Walker B motifs (K-I and D-A respectively) in DT40
SMC2 prevented condensin loading onto chromosomes
(Hudson et al. 2008), while a reconstituted condensin
complex containing the analogous K-I ATP binding muta-
tion in the SMC4 complex was unable to bind chromo-
somes (Kinoshita et al. 2015). Furthermore, Walker B E-Q
ATP hydrolysis mutations in DT40 SMC2 and Xenopus
SMC4 permit condensin to load onto mitotic chromo-
somes but failed to support proper chromosome structure
with localization appearing diffuse. Together, these data
indicate that ATP binding is essential for condensin load-
ing onto chromosomes, while ATP hydrolysis of
condensin mediates correct localization of the complex
and formation of a higher-order structure (for putative
model, see Fig. 2).

In contrast, the analogous ATP hydrolysis mutants in
SMC1 and SMC3 prevented the cohesin complex from
loading onto DNA (Arumugam et al. 2003; Weitzer et al.
2003), in line with recent data showing that cohesin ATP
hydrolysis is necessary for both entry and exit from DNA
(Murayama and Uhlmann 2014; Murayama and Uhlmann
2015). The data to date imply some mechanistic loading
differences between cohesin and condensin.
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Available data suggest that the HEAT repeat subunits
are exposed and could provide potential contact points
with DNA. Pertinently, a study found that the purified
non-SMC subunits from yeast showed a significant DNA
binding activity and demonstrated mutations in yeast and
human Brn1/CAP-H that disrupt interactions with Ycg1/
CAP-Gwhich inhibit condensin chromosome association
(Piazza et al. 2014). The DNA binding properties of the
SMC2/4 hinge (Griese et al. 2010; Akai et al. 2011) and
also non-SMC subunits (Piazza et al. 2014) further
underscore the highly mechanical nature of the condensin
complex. It will be of great interest to definitively map all
the precise points of contact between DNA and
condensin using proteomic approaches while also
dissecting out the various functional implications of the
different protein-DNA contact points.

Condensin-condensin interaction

The idea of condensin being able to multimerize with
adjacent condensins presents an attractive model for the
complex being able to compact chromosomes and reg-
ulate a higher-order structure (Fig. 2 (ii)). What is the
evidence for multimerization? In E. coli, single-
molecule millisecondmulticolor fluorescencemicrosco-
py of the SMC complex MukBEF showed that 8–10

complexes accumulate in spots and measuring intensi-
ties of mCherry and GFP fusions pairs to MukB, E, and
F showed a stoichiometry periodicity of 4:4:2
(Badrinarayanan et al. 2012). Furthermore, condensin I
pulldowns under non-denaturing conditions showed
evidence of multimer formation, with a 650-kDa band
reflecting the canonical complex but additionally a
smear present from 700 kDa to above 1236 kDa
(Barysz et al. 2015). Understanding the clustering nature
of condensin in chromosomes and providing definitive
evidence that the complex can bind adjacent condensin
neighbors in vivo remain a high priority.

Model for condensin action

The precise mechanism that allows condensin to facili-
tate mitotic chromosome condensation is still a hotly
debated area, and any discussion needs to take into
account the known activities of the complex (see
Fig. 3). A favored mechanism for condensin action is
the loop extrusion model, which suggests that a single
condensin molecule can bind at two nearby points on
DNA and slide to generate a progressively larger loop
(Nasmyth 2001). Using polymer simulations of chro-
mosome dynamics and simplified synthetic models of
condensin, a study showed the ability of condensin to

i

ii

Fig. 2 Model for condensin
binding DNA and mitotic
chromosome organization. i
ATPase-mediated binding of
condensin to DNA. Condensin
comes into contact with DNA via
the hinge region following ATP
binding (Hudson et al. 2008;
Kinoshita et al. 2015). Based on
recent cohesin studies (Murayama
and Uhlmann 2014; Murayama
and Uhlmann 2015), we speculate
condensin then opens the head
region allowing embracement of
DNA. ii Possible model for
condensin organization of DNA.
The model assumes that
condensin is able to interact with
neighboring condensin to form
multimers
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bind to two adjacent loci and slide the two contact points
in opposite directions, creating an extruded loop
(Goloborodko et al. 2016). A difficulty with this model
is that there is no known activity or mechanism for
condensin to extrude DNA loops. An alternative model
suggests that the positive supercoiling activity of
condensin promotes the formation of chiral loops in
chromatin (Hirano 2012). A third model is that
condensin acts as a cross-linker capable of bringing
distant chromatin segments together (Cuylen et al.
2011; Hirano 2016; Piskadlo and Oliveira 2016). We
speculate a two-step process with localized chiral
looping or loop extrusion followed by cross-linking
activities that generate multimerized condensins (Fig. 2
(ii)).

Differential roles of condensin I and II in mitotic
chromosome formation

During mitotic chromosome condensation, chromo-
somes transform from an amorphous mass of DNA in
interphase into the cytologically individualized X-

shaped structures known as mitotic chromosomes. The
process involves a thickening of the 10-nm fiber of
interphase chromosomes to approximately 700 nm by
metaphase in higher eukaryotes (Nishino et al. 2012).
Somewhat surprisingly, the actual volume reduction as
measured using GFP-H2B is only 2–3-fold (Vagnarelli
2012). Rather than being a smooth linear progression,
4D live cell microscopy and snapshot deconvolution
fluorescence imaging suggest that progression to the
metaphase chromosome state is a discontinuous process
involving expansion and contraction (Liang et al. 2015).

There are two main theories describing mitotic chro-
mosome condensation: (1) the hierarchical model where
DNA is folded into increasingly higher-order structures
and (2) the radial loop model where chromosome loops
are attached and regulated by a central network of
proteins referred to as the mitotic scaffold. Chromatin
capture (Hi-C) data favors formation of consecutive
chromatin loops (Naumova et al. 2013). Experiments
using small-angle X-ray scattering (SAXS) further sup-
port the scaffold model and also imply a dynamic and
flexible mitotic chromosome structure rather than a
regular static one (Nishino et al. 2012). It is important

i

iii

iiFig. 3 Models of condensin
action. i Loop extrusion. ii Chiral
loop formation. iii Cross-linking.
Although not drawn as such, it is
possible that all three activities
could occur sequentially or
overlapping
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to note two overlapping and contributing factors to
mitotic chromosome condensation: (1) histone modifi-
cations (for further details see, Wilkins et al. 2014;
Antonin and Neumann 2016) and (2) non-histone pro-
teins discussed in here and reviewed in detail in Belmont
(2006). The interplay between histones and condensin is
not yet fully understood; however, a recent study has
shed new light showing that nucleosome eviction in
mitosis is necessary to start condensin binding and
looping (Toselli-Mollereau et al. 2016).

Early cell-free experiments using Xenopus egg ex-
tract showed that individualized chromosomes were no
longer seen when condensin was immunodepleted
(Hirano and Mitchison 1994). This notion has since
been challenged with removal of both condensin via
SMC2 or SMC4 causing structurally aberrant but cyto-
logically visible Bfuzzy^ mitotic chromosomes in a
number of animals and also cell culture models
(Hudson et al. 2003; Ono et al. 2003; Samejima et al.
2012).

Condensin-null phenotypes have been analyzed
extensively for somatic cell mitosis. Various vertebrate
tissue culture systems have found specific differences
for condensins I and II in mitotic chromosome forma-
tion. When condensin II is removed, a loss of axial
condensation is evident with mitotic chromosomes
longer and less rigid and frequently appearing Bcurly^
along the chromatid axis (Ono et al. 2003; Abe et al.
2011; Green et al. 2012) (Fig. 4). 3D-SIM of CAP-D3/
condensin II-depleted mitotic chromosomes showed
that chromatids often lost their parallel register and
appeared to cross over or entangle (Green et al. 2012)
and cells in anaphase displayed a dramatic Bbulky^
chromatin bridging phenotype, which may be the result
of whole chromosome entanglements. A further com-
mon defect in metazoans without condensin II is a
dramatically shortened prophase, with classical pro-
phase configurations nearly absent (Hirota et al. 2004;
Gerlich et al. 2006; Csankovszki et al. 2009; Abe et al.
2011).

In contrast, lateral condensation is altered and mitotic
chromosomes are significantly shorter and wider when
condensin I is removed (Green et al. 2012; Ono et al.
2013) (Fig. 4). Although cytokinesis fails and cells
become polyploid after condensin I depletion, defects
in the preceding anaphases appear less severe. Instead of
the bulky DNA bridges evident in condensin II knock-
outs, finer more fiber-like DNA bridges are seen (Green
et al. 2012).

Lateral chromosome compaction—is there an upper
limit?

If the prevailing model for metaphase chromosomes is
built upon a central axis with spiraling radial loops, then
is there an upper limit on the lateral width of a
compacted chromosome ready for segregation? In order
to investigate this limit, the chromosome widths of two
fish species, Tetraodon nigroviridis (pufferfish) and
Protopterus aethiopicus (marbled lung fish), with esti-
mated genome sizes of 340 and 130,000 Mb, respec-
tively, were examined (Locket 1970; Grutzner et al.
1999). These species have a 380-fold genome size dif-
ference, and each fish needs to package its DNA into
metaphase chromosomes for efficient segregation to

Fig. 4 Contrasting effects of condensins I and II in mitotic chro-
mosome formation using tet/OFF conditional DT40 condensin
knockouts (KO). i Examples of metaphase chromosome spreads
(hypotonic swelling, methanol/acetic acid fixed) from chicken
DT40 wild type (WT), SMC2 KO (removes both condensins I
and II), CAP-HKO (removes condensin I), CAP-D3KO (removes
condensin II), and CAP-D3T1403A (CAP-D3/condensin II Cdk1
site mutant causing chromosome hypercondensation). ii Quantifi-
cation of length and width of chromosome 1 from each of DT40
WT, SMC2 KO, CAP-H KO, and CAP-D3T1403A. A minimum of
30 chromosomes for each line were quantitated
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daughter cells. Surprisingly, there is only a modest dif-
ference in average chromosome widths of the pufferfish
and lung fish, 1.6 and 2.3 μm, respectively. Similar small
chromosome width differences were observed in two
plant species of theMelanthiaceae family,Chionographis
japonica and Paris japonica, with genome sizes of 1500
and 150,000 Mb; however, their average chromosome
widths were 0.9 and 2.5 μm, respectively. These obser-
vations suggested that there is an upper chromosome
width, perhaps to prevent the lateral radial loops from
becoming too long and less rigid.

A possible clue to the control of metaphase chromo-
some width may lie in howmuch condensins I and II are
loaded along the chromosomal axis. We can artificially
change the ratio of condensins I to II by introducing a
CDK1 phospho-mutant site in the condensin II subunit,
CAP-D3 (Bakhrebah et al. 2015). This mutation
decreases the ratio of condensin I/II that then increases
the lateral width of metaphase chromosomes (see
Fig. 4). Likewise, the importance of a set balance
between condensins I and II has elegantly been shown
in vitro by altering the ratio of condensins I and II using
a quantitative immune-depletion approach in Xenopus
egg cell-free extracts (Shintomi and Hirano 2011). This
approach again clearly demonstrated a predominant role
of condensin I in lateral compaction compared to
condensin II in axial compaction.

Condensin in meiosis

Meiosis is a specialized cell division where germ cells
undergo two rounds of chromosome segregation with-
out DNA replication. After meiosis I, there is a short
interphase, also known as interkinesis. Some germ cells
show very little decompaction between these two phases
(Yun et al. 2014). In mouse, condensin I and II-specific
subunits, Ncaph and Ncaph2, have been conditionally
deleted in oocytes before the onset of the meiotic cell
divisions (Houlard et al. 2015). Surprisingly, only
condensin II (Ncaph2) is needed for functional compac-
tion and segregation of chromosomes. Ncaph-depleted
oocytes show shorter and rounder chromosomes similar
to mitotic knockouts but can segregate without any
arrest or errors. In contrast, when Ncaph2 is condition-
ally knocked out, chromosomes do not fully condense
and form multiple chromatin bridges during anaphase I.
Strikingly, chromosomes resembled the more amor-
phous structures originally described using

immunodepletion when both condensins were depleted
(Hirano andMitchison 1994), compared to more Bmild^
fuzzy chromosomes seen in SMC2/4 KO tissue culture
systems (Hudson et al. 2003; Hirota et al. 2004;
Samejima et al. 2012). This raises the important query
whether the somatic RNAi or transcriptional repression
systems described above are limited as cells enter mito-
sis with residual amounts of condensin (Houlard et al.
2015; Hirano 2016). While it is true that the mouse
oocyte system represents a powerful and definitive
means of depleting all proteins before chromosome
compaction, difficulties arise when trying to compare
somatic cell mitosis versus mouse meiosis, due to in-
herent differences in mechanics and proteins involved in
the two processes.

Little functional information is known about
condensins’ role during male meiosis. Ncaph has been
shown to localize to the chromosome axis with enrich-
ment at the centromere and telomeric ends (Viera et al.
2007). A brief decompaction period occurs between
anaphase I and metaphase II. In this period, Ncaph is
found as punctuate signals within the nucleus and the
nucleoli (Viera et al. 2007).

In Arabidopsis, several mutants of condensin subunit
genes have been identified. Some mutations affect the
viability of germ cells, and these fail to form compacted
chromosomes, but mutations of CAP-D2 and CAP-D3
have little effect on chromosome compaction (Siddiqui
et al. 2003; Schubert et al. 2013). In the worm
C. elegans, condensin controls the distribution of
double-stranded DNA breaks and meiotic crossover
recombination. The condensin complex that controls
meiotic crossovers contains a subunit of the SMC dos-
age compensation complex plus condensin I (Mets and
Meyer 2009).

Future questions and concluding remarks

The field of cohesinopathy has gained considerable pace
over the last 10 years, with a number of cohesin muta-
tions now directly linked to developmental disorders,
most notably Roberts syndrome/SC-phocomelia (RBS)
and Cornelia de Lange Syndrome (CdLS) and also acute
myeloid leukemia (AML) (Tonkin et al. 2004; Vega
et al. 2005; Kon et al. 2013). Are we likely to see
analogous Bcondensinopathies^ as sequencing
technology increasingly reveals new disease-causing
mutations?
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After many years of circumstantial evidence suggest-
ing that condensin mutations are linked to cancer, the
first direct evidence that condensin mutations cause
cancer was recently provided (Woodward et al. 2016),
with mice bearing missense mutations in the condensin
II subunit CAP-H2 developing T cell lymphomas. This
follows a pan-bioinformatics analysis showing that
mutations in condensin subunits are directly associated
with multiple cancers (Leiserson et al. 2015).

Condensinopathies were also recently identified in a
groundbreaking study showing that biallelic mutations
of the condensin subunits CAP-H, D2, and D3 cause
microcephaly (Martin et al. 2016). The condensin
mutations caused chromosome entanglements during
mitosis resulting in aneuploidy and some cell death,
suggesting that the smaller brain size was the result of
reduced cell proliferation.

Another emerging field is the role of condensin in
interphase structure and gene regulation. A number of
studies aided by genomics technology are finding key
roles for condensin outside mitosis, and it will not be
surprising if some of these functions are linked to
diseases. In addition, it will be of great interest to see
if condensin has specialized roles and binding sites in
different cell types and imparts epigenetic information
for gene regulation. Posttranslational modifications of
condensin also appear essential for regulating function
of the complex and will no doubt continue to provide
vital functional clues (Bazile et al. 2010; Abe et al.
2011).

The mechanism of action of condensin remains an
area of debate and in particular how its in vitro activities
relate to chromosome condensation. A key challenge is
to relate ATPase-mediated structural changes of
condensin to binding and shaping of DNA and in turn
what role the head, hinge, and arm domains play in the
process. Furthermore, there is little data on the structural
and mechanistic differences between condensins I and II
and how they relate to chromosome condensation and
whether the complexes share the same enzymatic
properties.

Although condensin still remains somewhat
enigmatic, a clearer picture is beginning to unfold.
Though the various SMC complexes have fundamental
differences in function, underpinned by their structural
and mechanistic variability, it would not be surprising if
additional commonalities are found given their common
ancestral history. Eventually, a unified picture of SMC
modes of action is bound to emerge.
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