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d Condensin’s two ATPase sites have distinct roles in

structuring chromosomes

d One ATPase site drives loop formation and the second
promotes higher-order Z loops

d Hyperactive condensin I shortens mitotic chromosomes in
the absence of condensin II

d Condensin II is key to decatenation and forms a straight
chromosomal axis
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In Brief
Chromosome condensation is essential
for accurate cell division. Elbatsh et al.
�nd that condensin’s two ATPase sites
control condensation through an
asymmetric division of tasks. The
balanced activity of these sites allows
condensin to correctly structure
chromosomes. This likely re�ects a
universal mechanism through which SMC
complexes shape genomes in all domains
of life.
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SUMMARY

Condensin is a conserved SMC complex that uses its
ATPase machinery to structure genomes, but how
it does so is largely unknown. We show that
condensinÕs ATPase has a dual role in chromosome
condensation. Mutation of one ATPase site impairs
condensation, while mutating the second site results
in hyperactive condensin that compacts DNA faster
than wild-type, both in vivo and in vitro . Whereas
one site drives loop formation, the second site is
involved in the formation of more stable higher-order
Z loop structures. Using hyperactive condensin I, we
reveal that condensin II is not intrinsically needed for
the shortening of mitotic chromosomes. Condensin II
rather is required for a straight chromosomal axis
and enables faithful chromosome segregation by
counteracting the formation of ultraÞne DNA bridges.
SMC complexes with distinct roles for each ATPase
site likely reßect a universal principle that enables
these molecular machines to intricately control
chromosome architecture.

INTRODUCTION

During cell division, the genome undergoes substantial spatial
reorganization to allow for its faithful segregation into the newly
formed daughter cells. Mitotic chromosome condensation re-
quires the highly conserved condensin complex ( Hirano and
Mitchison, 1994; Saitoh et al., 1994; Strunnikov et al., 1995).
Condensin is an SMC (structural maintenance of chromosomes)
protein complex with a ring-shaped structure that at its heart
has a heterodimer of SMC2 and SMC4 proteins. Together, these

proteins form a composite ABC (ATP-binding cassette)-like
ATPase (Hirano, 2016; Uhlmann, 2016). This heterodimer assem-
bles into holocomplexes with three non-SMC subunits. One of
these is a member of the kleisin protein family, which together
with the SMCs, forms a tri-partite ring. The other two subunits
are HEAT-repeat proteins (Haering and Gruber, 2016; Nasmyth
and Haering, 2005). Condensin can topologically entrap DNA in-
side its ring and harbors a second DNA binding interface at one
of its HEAT-repeat subunits (Cuylen et al., 2011; Kschonsak
et al., 2017).

Metazoans express two distinct complexes, named conden-
sin I and condensin II (Hirota et al., 2004; Ono et al., 2003). The
two complexes share the same SMC dimer, but each binds
unique kleisin and HEAT-repeat subunits (Figure 1A). The com-
plexes also differ in their cellular localization, abundance, and
residence time on chromatin. Condensin II is always nuclear,
whereas condensin I is cytoplasmic during most of the cell cycle
and only gains access to chromosomes upon nuclear envelope
breakdown (NEBD) (Hirano, 2012). During mitosis, condensin II
binds to chromosomes with a longer residence time than con-
densin I, but the former complex is less abundant on mitotic
chromosomes than the latter (Gerlich et al., 2006; Walther
et al., 2018). In addition to their key role in chromosome conden-
sation, both condensin complexes also regulate sister chromatid
resolution (Ono et al., 2013; Piskadlo et al., 2017).

Recent in vitro work shows that condensin can create and
enlarge DNA loops through a mechanism known as loop extru-
sion (Ganji et al., 2018). Condensin exerts this key activity in an
ATP-dependent manner. The related cohesin complex and
bacterial SMC complexes are also thought to act through this
mechanism, which somehow involves the ATPase activity of
these complexes (Haarhuis et al., 2017; Vian et al., 2018;
Wang et al., 2017; 2018). Loop extrusion therefore likely reßects
the universal mechanism by which SMC complexes structure
genomes in all species (Hassler et al., 2018; van Ruiten and
Rowland, 2018).
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How SMC complexes use their ATPase machinery to form
DNA loops and structure chromosomes is an important unan-
swered question. Like all SMC complexes, condensin harbors
two ATPase sites (Hirano, 2016). Each of the two sites sand-
wiches an ATP molecule between the signature motif of one
SMC subunit and the Walker A and Walker B motifs of the other
(Hopfner, 2016). Here, we reveal a dual role for condensinÕs
conserved ATPase machinery, in which speciÞcally one
ATPase site drives, while the other site rather dampens mitotic
chromosome condensation. We Þnd that this asymmetric divi-
sion of tasks is conserved from yeast to humans. We suggest
that this mechanism reßects a universal principle for SMC
complexes.

RESULTS

Asymmetric Roles for Condensin’s ATPase Sites in
Chromosome Condensation
To investigate the role of condensinÕs ATPase in chromosome
condensation, we made use of our recently identiÞed ATPase
mutants in the cohesin complex that affect its ATPase cycle,
but do support viability ( Elbatsh et al., 2016). Because the
ATPase machineries of cohesin and condensin are very similar,
these residues are also conserved among condensin complexes
(Figures S1A and S1B). We thus mutated the endogenous allele
of each individual ATPase site of condensin (hereafter referred to
as AS1 and AS2) in human HAP1 cells using CRISPR/Cas9
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Figure 1. Asymmetric Roles for Condensin’s ATPase Sites in Chromosome Condensation
(A) Schematic depiction of metazoan condensin complexes.
(B) Structural model of the SMC2-SMC4 heterodimer. The ATPase head domains of the two proteins engage by sandwiching two ATP molecules (shown in
yellow). This yields two composite ATPase sites, which we call ATPase site 1 and 2 (AS1 and AS2, respectively). The model is based on crystal structures of
cohesinÕs Smc1 (PDB: 1W1W) and Smc3 (PDB: 4UX3) subunits. SMC2 is shown in purple and SMC4 in orange. The SMC2 L1085 and SMC4 L1191 residues are
highlighted in green.
(C) Representative examples of chromosome spreads of wild-type, AS1 LV, and AS2LV mutant cells.
(D) Percentage of mitotic spreads with fuzzy chromosomes of cells shown in (C). The plot shows mean ± SD of three independent experiments of at least 100
spreads per experiment.
(E) Chromosome length measurements of wild-type and AS2LV mutant cells. Chromosomes I, II, and III were measured as in the schematic example. The inset
depicts a histogram of the length distribution. The plot shows the mean ± SD of three independent experiments of at least 180 chromosomes per experimen t.
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genome-editing technology ( Figures S1C and S1D). These muta-
tions substitute a universally conserved leucine residue of the
signature motif of either of condensinÕs ATPase sites by a valine
residue (Figure 1B). We used guide RNAs that led to cleavage of
either the SMC2 or SMC4 gene and provided donor oligos that,
upon homology-directed repair, introduced the desired muta-
tions and at the same time rendered the genes non-cleavable
by the Cas9 nuclease. We hereby successfully obtained viable
HAP1 cells with mutant endogenous alleles of SMC2 (AS1LV)
and of SMC4 (AS2LV).

First, we prepared chromosome spreads from wild-type and
mutant cells and scored for chromosome condensation. Surpris-
ingly, each mutation led to a very different phenotype. The AS1 LV

mutation resulted in major condensation defects. The chromo-
somes of these mutant cells were fuzzy and the individual chro-
mosomes were hard to discern (Figures 1C and 1D). By marked
contrast, the AS2LV mutation did not lead to condensation de-
fects. Chromosomes from these mutant cells compacted well

and were not fuzzy (Figures 1C and 1D). Upon further examina-
tion, we found that AS2 LV mutant cells in fact harbored chromo-
somes that are shorter than those found in wild-type cells
(Figure 1E). Importantly, independent mutant clones displayed
the same phenotypes (Figures S1EÐS1G). The Þnding that
the AS1LV mutation leads to hypo-condensation, whereas the
AS2LV mutation results in hyper-condensation, suggests an
asymmetric division of tasks between the two ATPase sites in
the condensation process.

Both ATPase Sites Control Condensin Levels on
Chromatin
We then set out to understand how the AS1 LV and AS2LV muta-
tions in condensin lead to these distinct condensation pheno-
types. First, we measured the levels of the chromatin-bound
fraction of condensin I and II complexes in wild-type and mutant
cells (Figures 2A, 2B, S2A and S2B). Interestingly, both muta-
tions reduced condensin levels on chromatin. In each case, the
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Figure 2. Both ATPase Sites Control Condensin Levels on Chromatin
(A) Quantitative immunoßuorescence of chromatin-bound condensin I in wild-type, AS1 LV and AS2LV mutant cells. Cells were pre-extracted to remove all
unbound condensin. Intensity of CAP-H was measured and normalized over CREST signal. Each dot depicts the signal of one cell. Red line indicates the me an ±
SEM of at least 50 cells per condition. The graph is representative of one experiment out of at least 3 independent experiments. See Figure S2 for condensin II
levels.
(B) Representative images of mitotic cells stained with CAP-H (green), CREST (cyan), and DAPI (blue) are shown for the cell lines in (A).
(C) Fluorescence recovery after photobleaching (FRAP) experiments on wild-type, AS1LV, and AS2LV mutant cells. Cells were transfected with EGFP-CAP-H 48 h
before the experiment. The entire ßuorescent signal was bleached except for half of the metaphase plate. Recovery in the bleached and unbleached halv es of the
plate was followed by time-lapse imaging. DNA was visualized using a DNA probe (SiR-DNA). Curves represent difference in ßuorescence signal between
bleached and unbleached regions after normalization over DNA signal. n = R 7 cells from at least two independent experiments. Errors bars represent the SEM
(D) Representative images before (prebleach), at (bleach), or after bleaching (postbleach) for the cells in (C) are shown with the indicated time in seconds.
(E) Live-cell imaging of wild-type, AS1LV, and AS2LV mutant cells. Graph depicts the time spent from nuclear envelope breakdown (NEBD) to alignment and from
alignment to anaphase. Cells were labeled with a DNA probe (SiR-DNA) 2 h prior to imaging. The graph shows mean ± SD of three independent experiments wit h
at least 30 cells each.
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