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Key Sentences:

1. To unlock the secret of chromosome architecture and segregation

2. To elucidate the molecular mechanisms of condensins

3. To understand the molecular basis of human diseases accompanying chromosomal defects
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Outline

The long-term goal in this laboratory is to understand the molecular mechanisms of chromosome
assembly and segregation during mitosis and meiosis. In particular, we are interested in dissecting
the structure and function of a highly-conserved class of large protein complexes, known as
condensins, that play central roles in these processes. Many eukaryotic cells have two different
condensin complexes (condensins I and II) that are subjected to differential cell cycle regulation
and have both overlapping and non-overlapping functions. The two complexes share a
heterodimeric pair of SMC (structural maintenance of chromosomes) ATPase subunits, and
contain different sets of non-SMC regulatory subunits. Our laboratory takes multidisciplinary
approaches (biochemistry, cell biology, genetics and structural biology) to understanding how
condensins might work at a mechanistic level both in vitro and in vivo.

Dissection of nucleosome-depleted mitotic chromosomes (Shintomi, Hirano)

During mitosis, duplicated nucleosome fibers are folded into a pair of rod-shaped chromatids to
make a chromosome. It had remained unclear, however, whether nucleosome assembly is indeed
an essential prerequisite for large-scale assembly of chromatids. To directly address this question,
we devised a cell-free system in which mitotic chromatids were assembled in frog egg extracts
staring from mouse sperm nuclei that are largely devoid of histones. We then used an extract
depleted of the histone chaperone Asfl, and found, to our surprise, that chromatid-like structures
could be built even in the near complete absence of nucleosomes. The resultant “nucleosome-
depleted” chromatids, which contained discrete axes positive for condensins, were sparser and
more fragile than normal nucleosome-containing chromatids. Depletion of Asf1 and condensins in
various combinations allowed us to find that condensin II can localize on chromatid axes
independently of nucleosomes whereas proper actions of condensin I rely on both nucleosomes and
condensin II. Further analyses using this cell-free system will be instrumental in understanding
how functional crosstalk between nucleosomes and condensins might be achieved at a mechanistic
level.

Functional analyses of recombinant condensin I complexes in vitro (Kinoshita, Hirano)

The eukaryotic condensin I complex is composed of a pair of SMC ATPase subunits and three non-
SMC regulatory subunits. By combining recombinant condensin I complexes (either wild type or
mutant complexes) and frog egg extracts in which mitotic chromosomes can be assembled in vitro,
we had previously demonstrated that balancing acts of two regulatory subunits containing HEAT
repeats support dynamic assembly of chromosome axes. During the past year, we focused on
dissecting the role of the kleisin subunit, another regulatory subunit of condensin I. We found that
a holocomplex harboring point mutations in a kleisin’s subdomain called ‘motif ITI’ produced an
unprecedented phenotype, characterized by entangled axes within banana-shaped chromatin. The
same mutant complex, however, displayed a substantially different phenotype when mouse sperm
nuclei were used as substrates instead of frog ones. These results suggested that different
characters of the substrates (e. g., histone compositions and degrees of DNA catenation) might
have differential impacts on the action of this particular mutant complex. We now plan to further
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clarify the detailed molecular mechanisms of how the kleisin subunit contributes to the condensin
I function in cooperation with the pair of HEAT subunits.

Roles of CDK1 phosphorylation of condensin I in mitotic chromosome assembly (Tane, Hirano)
Condensin I is a five-subunit protein complex that plays a central role in mitotic chromosome
assembly. In a chromatid assembly assay using six purified factors in vitro, it had been
demonstrated that CDK1 phosphorylation of condensin I is the sole modification required and
sufficient for mitotic chromatid reconstitution. It remained unknown, however, which subunits of
condensin I (and which sites of them) are phosphorylated and how phosphorylation of those
individual sites regulates condensin I’ s functions. To address these questions, we expressed and
purified a mutant holo-complex harboring alanine mutations in ten of the potential CDK1
phosphorylation sites (10A mutant), and examined their ability to assemble chromosomes by
adding them back into a Xenopus egg extract depleted of endogenous condensin complexes. We
found that the 10A mutant was still able to produce fibrous structures although their morphology
was poorer than that supported by the wild type complex. Our data suggest that phosphorylation
of additional CDKI sites is required for complete assembly of mitotic chromatids. We will therefore
explore additional phosphorylation site mutations to make a comprehensive picture of
phosphoregulation of condensin I during mitosis.

In vitro functional analysis of the condensin II complex (Kozai, Hirano)

Drastic changes in the organization of chromosomal structure during mitosis are essential for
successful cell division. Central to this process is a class of large protein complexes, known as
condensins, and many eukaryotic cells possess a second condensin complex (condensin II) in
addition to the canonical condensin I complex. While studies revealing the molecular mechanisms
of action of condensin I have started to emerge, biochemical activities of condensin II remain
completely unknown. To uncover the molecular mechanisms of condensin II, we established an
experimental protocol for reconstituting mammalian condensin II — wild-type and mutant
complexes — from its recombinant subunits. Our current plan is to use these recombinant
condensin IT complexes in functional assays using Xenopus egg extracts and to dissect its function
and cooperation with condensin I in chromosome assembly.

Roles of condensins to reversible assembly of chromosome in situ (Ono, Hirano)

Condensins I and II are multiprotein complexes that play a central role in mitotic chromosome
assembly and segregation. Although both complexes become concentrated along the axial region of
each chromatid by metaphase, it remains unclear exactly how such axes might assemble and
contribute to chromosome shaping. To address these questions from a physico-chemical point of
view, we established a set of two-step protocols for inducing reversible assembly of chromosome
structure in situ, termed “sodium chloride-induced chromosome conversion (SCC) assay”. In this
assay, mitotic chromosomes were first expanded in a hypotonic buffer containing a Mg2+-chelating
agent (step 1) and then converted into different shapes in a NaCl concentration-dependent manner
(step 2). Both chromatin and condensin-positive chromosome axes were recovered to near-original
shapes at 100 mM NaCl. This assay combined with siRNA depletion demonstrated that the
recovery of chromatin shapes and the reorganization of chromosome axes were both sensitive to
depletion of condensin II, but less sensitive to depletion of condensin I or topoisomerase Ila.
Furthermore, quantitative morphological analyses using the machine-learning algorithm wndchrm
supported the notion that chromosome shaping is tightly coupled to the reorganization of
condensin II-based axes.

Molecular and structural analyses of the bacterial condensin complex (Kamada, Hirano)
Maintaining genome stability in prokaryotes requires many nucleoid-associated factors, including
a condensin-like complex that plays a crucial role in the organization and segregation of the
nucleoid. Although this complex is recruited to the origin-proximal region and then travels toward
the terminus, its molecular mechanism remains poorly understood. The complex is composed of an
SMC homodimer and a regulatory subcomplex containing two other factors. The SMC dimer is a V-
shaped molecule with an ATP-binding head domain at each distal end, and the regulatory
subcomplex makes an asymmetrical bridge between the two head domains. It had been
hypothesized that ATP-hydrolysis energy helps to convert the whole complex with an open-V shape
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into a closed-I shape, and that this conformational change is functionally important for SMC’s
action. We found that certain mutations in a regulatory subunit promote stable binding of the
subcomplex to the SMC head domain, change the overall shapes of the whole complex, and affect
the kinetics of ATP hydrolysis in vitro. Moreover, an ectopic expression of the mutants induced
overloading of the SMC complex to the nucleoid in vivo. In-vivo crosslinking experiments also
supported the idea that expected internal rearrangements within the regulatory subcomplex
determine the overall shape of the SMC complex.
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