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1. To unlock the secret of chromosome architecture and segregation
2. To elucidate the molecular mechanisms of condensin 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 condensin 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 condensin and cohesin is tightly associated with
several developmental diseases in humans. Our laboratory takes multidisciplinary approaches to
understanding how condensin, cohesin and SMC proteins might work at a mechanistic level both in
vivo and in vitro.

1. Structural molecular biology of the condensin complex (Kamada, Hirano)

In eukaryotic cells, the condensin complex consists of two SMC (structural maintenance of
chromosomes) catalytic subunits and three non-SMC regulatory subunits. In eubacterial species, a
related complex exists that is composed of an SMC homodimer and two kinds of non-SMC subunits
(known as ScpA and ScpB). To understand the structural basis of action of SMC protein, we have
used the Bacillus subtilis condensin complex as a model system and characterized their biochemical
properties using the ATP-binding ‘head’ domain of the SMC subunit and some truncated forms of
the two regulatory subunits. ScpA is composed of three regions, namely, the N-terminal, central
and C- terminal regions. We find that the C-terminal region of ScpA directly binds to the head
domain of SMC whereas the rest associates tightly with ScpB. Although a previous paper described
that the stoichiometry of ScpA and ScpB was 1:1, detailed analyses show that it is 1:2 regardless
the presence or absence of the SMC head domain. We plan to further explore various interaction
modes between the SMC and non-SMC subunits and to understand how ATP-mediated
dimerization of the SMC head domains might affect such interactions.

2. Condensins and chromosome architecture (Ono, Hirano)

Condensin | and Il play essential yet distinct functions in the processes of mitotic chromosome
assembly and segregation in vertebrate cells. Condensin | is sequestered into the cytoplasm from
interphase through prophase and gains access to chromosomes only after the nuclear envelope
breaks down in prometaphase. In contrast, condensin Il is predominantly nuclear during
interphase and contributes to early stages of chromosome assembly in prophase. In metaphase
chromosomes, condensin Il tends to be enriched in G-band regions that are known to be replicated
late in preceding S phase. This set of information allows us to propose the working hypothesis that
condensin Il may play a role in linking DNA replication to chromosome condensation. To test this
hypothesis, we have examined the dynamics of condensin Il during interphase in great details.
Quantitative cell imaging analyses combined with immunostaining show that the total amount of
nuclear condensin Il and its detergent-resistant population increase in parallel with the
progression of S phase, suggesting that condensin Il may start to associate with chromatin during S
phase long before chromosome condensation initiates. We are now extending these observations to
get further insights into the functional relationship between DNA replication and chromosome
condensation.

3. Cell cycle regulation of condensins (Kinoshita, Hirano)
While two condensin complexes (condensin | and 1) play crucial roles in chromosome
condensation in mitosis, their spatial and temporal distributions are differentially regulated during



the cell cycle. It is anticipated that either post-translational modifications of condensin subunits or
interactions with other factors might regulate mitosis-specific function and cell cycle-dependent
localization of the complexes. As an attempt to understand cell cycle regulation of condensins, we
have purified condensin fractions from M-phase and interphase Xenopus egg extracts and analyzed
them by mass spectrometry. Comparative analysis allows us to identify multiple mitosis-specific
modifications of condensin subunits and novel interacting proteins. We plan to further explore how
those modifications and interacting factors regulate the cell cycle-dependent functions and behavior
of the two condensin complexes.

4. Regulation of condensin Il by MCPH1, a gene product whose mutations cause primary
microcephaly (Yamashita, Hirano)

Primary microcephaly is a neurodevelopmental disorder characterized by marked reduction in
brain size and mental retardation. Cells from patients carrying mutations in MCPH1 gene, one of
the genes responsible for microcephaly, display a unique cellular phenotype with premature
chromosome condensation in early G2 phase. Our previous study showed that this phenotype is
caused by misregulation of condensin I, but not of condensin I. To further understand how MCPH1
might regulate condensin 11, we have characterized the properties of the two factors in various
experimental systems. Immunoprecipitation assays using extracts from human tissue culture cells
show that MCPH1 physically interacts with condensin Il. Moreover, in vitro experiments using
Xengpus egg extracts show that MCPHZ1 blocks chromosomal loading of condensin 11 in a highly
specific fashion. Further experiments are now in progress to elucidate how MCPH1 might regulate
condensin Il at a mechanistic level.

5. The role of condensins in mammalian meiosis (Lee, Hirano)

Meiosis is different from mitosis in that two successive divisions occur after a single round of
DNA replication. In meiosis I, chromosome behavior is especially unique: homologous chromosomes
pair and recombine with each other, making bivalent chromosomes by metaphase I. At anaphase I,
homologous chromosomes, but not sister chromatids, separate from each other. It remains largely
unknown which condensin subunits might be expressed in meiotic cells or how they might
participate in meiotic chromosome functions. In this project, we aim to elucidate the role of
condensins in meiotic chromosome architecture and dynamics in mouse germ cells. We found
previously that both condensins | and Il are expressed in meiosis, and that the loading pattern of
each complex onto chromosomes is distinct from that in mitosis both spatially and temporarily. In
the past year, we have attempted to disturb condensin functions by means of microinjection of
specific antibodies into oocytes. Our results show that both condensins | and Il are essential for the
proper formation of bivalent chromosomes in meiosis I. We plan to explore further the functional
difference between condensins | and Il and the relationship between condensins and cohesins
during meiosis.

6. Molecular dissection of sister chromatid resolution (Shintomi, Hirano)

The cohesin complex holds sister chromatids together until the cell splits into two. In most
animal cells, bulk cohesin is released from chromosome arms in early mitosis, enabling sister
chromatids to separate from each other rapidly and synchronously in late mitosis. To dissect this
process, referred to as sister chromatid resolution, at a mechanistic level, we have used a cell-free
system derived from Xenopus eggs. Depletion of Wapl (or Pds5) from egg extracts causes severe
defects in sister chromatid resolution, which can be rescued by adding a recombinant human Wapl
(or Pds5) protein back into the extracts. This experimental system together with extensive
protein-protein interaction assays allows us to find that characteristic amino acid motifs (the FGF
motifs) in Wapl coordinate its physical and functional interactions with Pds5 and cohesin subunits.
Evidence is also obtained that Sgol plays a hitherto underappreciated role in stabilizing cohesion
along chromosome arms, which is antagonized by the mitotic kinases PlIk1l and aurora B. These
results unveil an exquisite protein network that facilitates cohesin release from chromosome arms
in early mitosis.
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