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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
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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.

Genetic analyses of condensins I and II in neural stem cell divisions (Nishide, Hirano)

During development of the cerebral cortex, neural stem cells (NSCs) divide symmetrically to
proliferate and asymmetrically to generate neurons. Although faithful segregation of mitotic
chromosomes is critical for NSC divisions, its fundamental mechanism is not fully understood. We
have investigated the roles of condensins I and II in NSCs using conditional knockout mice, in
which each or both of condensins can be depleted. We find that simultaneous depletion of both
condensins leads to severe defects in chromosome assembly and segregation. Interestingly,
chromosome missegregation is observed more prominently in NSCs depleted of condensin 1II,
whereas mitotic delays are detectable only in condensin I-depleted NSCs. Further analysis shows
that NSCs depleted of condensin II display hyperclustering of pericentric heterochromatin and
nucleoli, and such defects in interphase nuclear architecture are taken over to postmitotic neurons.
Our results demonstrate that condensins I and IT have overlapping and non-overlapping functions
in NSCs, and also shed light on the evolutionary aspect of "division-of-labor" of two condensin
complexes widely conserved among eukaryotes.

Functional analyses 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 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 functional assays using frog egg extracts in which mitotic chromosomes can
be assembled in vitro. We also established a novel assay using a pair of differentially tagged,
recombinant complexes, which allowed us to follow different behaviors of the wild-type and mutant
versions of condensin I during the process of chromosome assembly. Our results show that
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balancing acts of two non-SMC subunits containing HEAT repeats support dynamic assembly of
chromosome axes. We now plan to address the molecular basis of chromosome axis formation by
further exploring biochemical and biophysical features of the HEAT subunits.

Reconstitution of mitotic chromatids with a minimum set of purified factors (Shintomi, Hirano)
Proper assembly of chromatids during mitosis is essential for cell proliferation. It is largely
unknown, however, about how a nucleosome fiber is folded into a large-scale chromatid structure.
To solve this fundamental question, we have established an in vitro system in which mitotic
chromatids can be reconstituted by mixing frog sperm chromatin with only six purified factors: core
histones, three histone chaperones (nucleoplasmin, Nap1, and FACT), topoisomerase II (topo II),
and a mitotically phosphorylated form of condensin I. This reconstitution system enables us to find
that the embryonic histone variant H2A.X-F and FACT predispose nucleosome arrays to
ATP-dependent actions of topo II and condensin I. We also demonstrate that phosphorylation of
condensin I directly catalyzed by Cdk1 is the sole post-translational modification necessary and
sufficient for chromatids reconstitution. This experimental system will be instrumental in
dissecting the mechanisms of action of individual factors and their cooperation, and in
understanding the folding process of mitotic chromatids from physical and chemical points of view.

Functional analyses of condensins using chromatin templates (Takeuchi, Hirano)

Condensins are multisubunit protein complexes that play fundamental roles in mitotic chromosome
assembly and segregation. Although it was shown that purified condensin I has the ability to
introduce positive superhelical tension into double-stranded DNA in an ATP-hydrolysis-dependent
manner, it remains unknown how this activity might act on nucleosome fibers. To approach this
problem, we reasoned that it would be a good idea to use minichromosomes, small chromatin-like
structures assembled on closed circular double-stranded DNA, as a template for condensins. During
the past year, we successfully established an experimental protocol for assembling and purifying
minichromosomes assembled in frog egg extracts. Our analyses demonstrated that the
minichromosomes share many biochemical properties with sperm chromatin-derived chromatids
assembled in frog egg extracts. We anticipate that this experimental system will be powerful in
dissecting the molecular action of condensins on chromatin templates at an unprecedented level.

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, which is composed of an SMC
homodimer and two auxiliary proteins (ScpA and ScpB), is recruited to origin-proximal
chromosomal region of replication. The SMC dimer has two ATP-binding head domain. ScpAB
regulates ATP hydrolysis by SMC and controls overall action of the whole complex. As judged by
electron microscopic analysis, the full complex displays an asymmetric configuration in which the
ScpAB subcomplex is bound to only one end of the V-shaped SMC homodimer. During the past year,
we found that introduction of certain mutations into ScpAB changed the overall architecture of the
full complex, indicating that internal structural changes of ScpAB affect engagement of the SMC
head domains. We now plan to express the corresponding mutant forms of ScpAB in bacterial cells,
and to test their effects on the localization and dynamics of the SMC complex.

In situ analyses of condensin-based chromosome axes (Ono, Hirano)

When cells enter mitosis, chromatin fibers are folded, eventually being converted into highly
condensed, metaphase chromosomes. Both condensins I and II are concentrated along the central
axial region of each chromatid within the condensed chromosomes. Interestingly, it had been shown
decades ago that histone-depleted chromosomes prepared under high-sat conditions retain axial
structures known as the chromosome scaffold. The scaffold fraction was later found to contain
condensin subunits. To understand how condensin-based chromosome axes might contribute to the
assembly and structural maintenance of chromosomes, we sought to establish a set of experimental
protocols for manipulating the morphology and property of chromosome axes in situ. In preliminary
experiments, we find that the overall morphology of chromosomes and condensin-based axes can
reversibly be changed under different salt conditions. Interestingly, the reversible changes were
heavily distorted in cells depleted of condensins. We anticipate that extension of this experimental
system will allow us to shed new light on the still-mysterious, physicochemical properties of mitotic
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chromosomes.
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