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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,
mitosis, meiosis, condensin, cohesin, SMC proteins

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. Reconstitution of a mitotic chromosome from purified components (Shintomi, Hirano)

Proper assembly of chromosomes is vital for their accurate transmission during mitosis. Despite
intensive studies, it remains unknown how a chromatin fiber is folded within a chromosome or how
many proteins are required for making a chromosome. To unlock these longstanding questions, we
have sought to develop a biochemically tractable system in which a mitotic chromosome can be
reconstituted from as few purified components as possible in a test tube. As an attempt to reproduce
a chromosome assembly reaction achieved in frog egg extracts, we first incubated sperm DNA with
three major chromosomal proteins (core histones, condensin I, and topoisomerase II). This attempt
failed to work. However, when the reaction mixture was supplemented with a polyethylene
glycol-precipitated fraction of the egg extract (fraction A), it became competent for chromosome
assembly, indicating that the missing factor X resides in fraction A. We anticipate that identifying
factor X will enable us to establish a complete system of chromosome reconstitution.

2. Reconstitution and functional analyses of recombinant condensin complexes (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 investigated. To this end, we established an experimental protocol for reconstituting
condensin I from its recombinant subunits, and succeeded in purifying a wild-type holo-complex as
well as a panel of sub-complexes lacking one or more of the regulatory subunits. These complexes
were then subjected to chromosome assembly assays in frog egg extracts. Our analyses
demonstrated that each non-SMC regulatory subunit makes a distinct contribution to condensin
functions. Additional assays using differentially tagged, recombinant complexes allowed us to
follow different behaviors of the wild-type and mutant versions of condensin I in the chromosome
assembly reaction.
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3. Comparative biochemical analyses of condensins I and II (Takeuchi, Hirano)

Most eukaryotes possess two different condensin complexes (known as condensins I and II). A series
of recent studies have demonstrated that both complexes play fundamental but distinct roles in
mitotic chromosome assembly and segregation. However, the molecular basis of their different
functions is poorly understood. Although it was shown that purified condensin I introduces positive
superhelical tension into double-stranded DNA in an ATP-hydrolysis-dependent manner, it remains
unknown whether the same activity is shared with condensin II. In this project, we aimed to
elucidate the biochemical properties of condensin II and to critically compare them with those of
condensin I. During the past year, we successfully purified condensins I and II from frog egg
extracts by affinity chromatography. We are now analyzing the purified complexes with a variety of
biochemical assays including DNA binding, DNA supercoiling and ATP hydrolysis assays. In
addition to the native condensin complexes, we also plan to extend our assays using recombinant
complexes. Biochemical analyses using sub-complexes lacking one or more subunits will give us
deeper knowledge on the specific function of each subunit.

4. Molecular and structural analyses of the bacterial condensin complex (Kamada, Hirano)

Most prokaryotes have a condensin-like complex that plays an essential role in the organization
and segregation of the nucleoid. The prokaryotic condensin complex is composed of an SMC
homodimer and two auxiliary proteins known as ScpA and ScpB, and is recruited to origin-proximal
regions of duplicated chromosomes. The SMC dimer has two ATP-binding head domains, and their
engagement-driven ATP hydrolysis is controlled by the ScpAB subcomplex. To understand the
structural basis of SMC ATPase activation, we have used recombinant subunits derived from a
thermophilous bacterium. As judged by electron microscopy, a full complex of SMC-ScpAB
displayed an asymmetric configuration in which the ScpAB subcomplex is bound to only one end of
the V-shaped SMC homodimer. Introduction of mutations into ScpAB changed the overall
architecture of the full complex and also affected the kinetics of the ATPase activity, further
confirming that internal structural changes of the ScpAB subcomplex control the engagement of the
SMC head domains.

5. Functional analyses of condensins I and II in the developing cerebral cortex (Nishide, Hirano)
Most eukaryotes utilize two different condensin complexes (known as condensins I and II). It has
been reported that condensin II is negatively regulated by MCPH1, a protein whose mutations
cause marked reduction of cerebral cortices in humans and mice (i. e., microcephaly). Very little is
known, however, about the dynamics and functions of condensins I and II during cortical
development. We had shown previously that a subunit common to both condensins I and II is
essential for proliferation and survival of neural stem cells (NSCs) at the developing cerebral cortex.
During the past year, we depleted specific subunits of condensins I and II by using conditional
knockout mice. Depletion of condensin I or II caused a similar level of proliferation defects, but that
the observed defects were less severer that that observed in depletion of both condensins. NSCs
depleted of condensin I displayed a delay in mitosis, even though chromosome shapes were not
prominently affected. On the other hand, loss of condensing II functions led to abnormal
chromosome architecture without an apparent impact on mitotic progression. We now plan to
dissect the differential phenotypes and to further clarify both overlapping and non-overlapping
functions of condensins I and II.

6. 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 condensation in prophase. We demonstrated
previously that condensin II initiates sister chromatid resolution as early as in S phase.
Interestingly, application of mild replicative stress exacerbated defects arising from condensin II
depletion, suggesting that condensin II is a critical factor linking chromosome duplication to
segregation. To further address the molecular mechanism linking the two processes, we have
focused on common fragile sites (CFSs), chromosomal regions that frequently display chromatid
breakages in the presence of replicative stress. We first searched for CFSs that are most suitable for
analyses in human RPE-1 cells, and then measured the frequency of chromatid breaks at CFSs in
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cells depleted of condensin II. It was found, however, that loss of condensin II functions does not
have a big impact on the frequency of chromatid breaks. We now plan to test whether condensin II
might be involved in repair processes of DNA damages at non-CFSs.
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