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Key Sentences:

1. To unlock the secret of chromosome architecture and segregation

2. To elucidate the molecular mechanisms of condensins and cohesin

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

Key Words:
chromosomes, sister chromatids, chromosome segregation, chromosome condensation, cell cycle,
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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. Central to this process are two multiprotein
complexes, known as condensins and cohesin, that regulate chromosome condensation and cohesion,
respectively. The two complexes are structurally related with each other, and contain members of a
large family of chromosomal ATPases, known as SMC (structural maintenance of chromosomes)
proteins. Mutations in the subunits of condensin and cohesin cause various defects in chromosome
segregation, leading to genome instability in many model organisms. Furthermore, emerging lines
of evidence suggest that functional perturbation of condensins and cohesin is tightly associated
with several developmental diseases in humans. Our laboratory takes multidisciplinary approaches
to understanding how condensins, cohesin and SMC proteins might work at a mechanistic level
both in vivo and in vitro.

1. Functional link between DNA replication and chromosome assembly mediated by condensin II
(Ono, Hirano)

Condensins I and II play essential yet distinct functions in chromosome condensation and
segregation in mitosis. Unlike condensin I, condensin II localizes to the nucleus during interphase
and contributes to early stages of chromosome assembly in prophase. Although our previous data
had shown that condensin II starts to associate with chromosomes during S phase, it remained
unclear what functions condensin IT might have before mitotic entry. To address this question, we
have established advanced PCC (premature chromosome condensation) assays by which cryptic
structural changes of chromosomes during S phase could be uncovered. We found that condensin II
forms “sister axes” in replicated regions of S-PCC products, and that such PCC-driven sister
chromatid resolution is greatly compromised in cells depleted of condensin II. Furthermore, FISH
(fluorescence in-situ hybridization) assays revealed that condensin II promotes disjoining of
duplicated chromosomal loci during S phase. Application of mild replicative stress partially
impaired this process and further exacerbated phenotypes arising from condensin II depletion.
These results suggest that condensin II initiates sister chromatid resolution during S phase to
prepares for subsequent chromosome condensation and segregation in mitosis.

2. Functional analysis of condensins I and II in the developing cerebral cortex (Nishide, Hirano)
Most eukaryotes have two different condensin complexes (known as condensins I and II). It has
recently been reported that condensin II activity is negatively regulated by MCPH1, a protein
whose mutations cause marked reduction of cerebral cortices in humans and mice G. e.,
microcephaly). Very little is known, however, about the dynamics and functions of condensins I and
II during cortical development. Our previous immunofluorescence analysis had shown that
subunits of both condensins I and IT are expressed in neural stem cells (NSCs) at mid and late
embryonic stages. During the past year, we have generated conditional knockout mice in which
SMC2, a common subunit of condensins I and II, could be depleted from NSCs at mid embryonic
stage. We found that NSCs depleted of SMC2 display massive defects in mitotic chromosome
architecture and segregation, eventually undergoing apoptotic cell death after cytokinesis. We now
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plan to conditionally knockout specific subunits of condensins I and II and to test whether the two
complexes might have non-overlapping functions during cortical development.

3. Cell cycle regulation of condensins I and II in a unicellular red alga (Fujiwara, Hirano)
Condensins I and II play a central role in chromosome assembly and segregation in vertebrate cells.
It remains poorly understood, however, whether the two complexes might have distinct functions,
or how such functions might contribute to progressive conformational changes of chromosomes
during mitosis. To address these questions from an evolutionary point of view, we are using the
primitive red alga Cyanidioschyzon merolae as a model organism. C. merolae is the simplest
organism that possesses both condensins I and II. During the past year, we have demonstrated that
condensin II localizes to the nucleus during S phase and becomes concentrated on centromeres by
metaphase. In contrast, condensin I distributed more broadly along the arms in metaphase.
Although the order of actions of the two condensin complexes in C. merolae was strikingly similar to
that observed in vertebrate cells, mitotic enrichment of condensin II at centromeres was rather
unique to this organisms. We are now generating condensin II-knockout strains to test its functions
in C. merolae. It is anticipated that the current study using the emerging model organism will
greatly contribute to our understanding of the evolution of the chromosome condensation
machinery.

4, Reconstitution and biochemical analysis of recombinant condensin complexes in vitro (Kinoshita,
Hirano)

Many eukaryotic cells have two different condensin complexes (known as condensins I and II) that
play a key role in the process of mitotic chromosome condensation. The two condensin complexes
share a heterodimeric pair of SMC ATPases as their core subunits, whereas each complex contains
a distinct set of three non-SMC regulatory subunits. Despite recent progress in our understanding
of cellular functions and regulation of condensins, their molecular mechanisms of action remain to
be fully elucidated. To this end, we have developed an experimental system for expressing and
reconstituting condensins I and II from recombinant subunits, and succeeded in purifying
functionally active complexes with high purity and high yields. We also prepared a panel of mutant
complexes (i.e., sub-complexes lacking one or more of the regulatory subunits or holo-complexes
mutated in their SMC ATPase domains), and used them to address specific contributions of each
non-SMC subunit and the SMC ATPase cycle to condensin functions. We plan to extend the current
analysis by using fluorescently tagged versions of the recombinant complexes and to track more
detailed behaviors of each condensin complex in the process of chromosome condensation in mitosis.

5. Reconstitution of a mitotic chromosome from purified components (Shintomi, Hirano)
Chromosome condensation is essential for accurate transmission of genomic information during
mitosis. This process requires two major chromosomal proteins, condensin I and type II DNA
topoisomerase (topo II). Although core histones are also likely to contribute to the process of
condensation, no direct evidence for this idea has been available until now. This is because
conventional assays did not enable us to precisely manipulate the chromosome-associated fractions
of core histones. To overcome this technical limitation, we have aimed to establish an experimental
system in which a mitotic chromosome is reconstituted from as few purified components as possible
in a test tube. Extensive survey of assay conditions allowed us to assemble ‘chromosome-like’
structures starting from only core histones, topo II, and condensin I. Remarkably, it turned out that
successful assembly of such structures depends on removal of tail regions of histone H3-H4 that are
implicated in nucleosome-nucleosome interactions. Future refinement and modification of this
reconstitution assays will undoubtedly help us solve one of the biology’s most fascinating questions
of how DNA is folded within a chromosome.

6. Structural and genetic analyses of the bacterial condensin complex (Kamada, Hirano)

In most prokaryotes as well as eukaryotes, condensins play an essential role in the organization
and segregation of nucleoids. The prokaryotic condensin complex is composed of an SMC
homodimer and two auxiliary subunits known as ScpA and ScpB. To understand the structural
basis of action of these subunits, we are using recombinant proteins derived from a thermophilous
bacterium. Our previous data had suggested that the ScpAB subcomplex exhibits internal
structural changes, thereby regulating engagement of the SMC head domain that is responsible for
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ATP hydrolysis. During the past year, we have used a full complex of SMC-ScpAB and investigated
its mode of action by electron microscopy. The complex displayed an asymmetric configuration in
which the ScpAB subcomplex is associated with only one end of the V-shaped SMC homodimer.
This configuration was consistent with evidence that the stoichiometry of SMC:ScpA:ScpB is 2:1:2.
Mutant complexes containing ATPase-deficient SMC subunits also displayed similar structures,
suggesting that the asymmetric orientation of the auxiliary modulate represents the fundamental
architecture of the SMC-ScpAB complex.
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