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e, HAw FR, RS *S, SRR WE MY, R M, B
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HHIFAY DNA AR 2 (2 < JE3% < OFFENIG & £
LT, KIDEED DNA L W) ESTTHL72DKIET
DZEMHIRIARE L, BERm, ALy, 50dn Lk
DO F T OB HEE CHIZED R Z A TE 22 &
Tdh b, ANHED HIZAFR DNA FE 2 S % %
CAZE L ¥ N7 B DNA O T/, 5 FHNOMEER
RIS LI ETH D,

AAEFE I FE G & LT, HFE DNA XE&IEZ Db D
128 < RecA # Y827 L RecA ¥ Y87 B I/EH L CH
[d] DNA xF& e DO FEEEFH I 12 #) < RecF, RecO, RecR,
SSB ¥ v X7 (FRTFHMME Thermus thermophilus
k), 72 RecA 7 /87 B L 3MEED 4 < B B0
[@ DNA *H&i& 1 25> Mhrl 7 > /87 8 (HEFERER:Hsk)
Y B, BIEFEE LT, X RS BAT 2 NMR 45
FFNC & B BT R C O AREE AT, B LEN TR
KR CEN & 25 T A EERENT, ENEREICL
TR BT AT, T OBREEE2Z, (1)
RecA ¥ V372DV Tld, 37 FA A4 »® NMR 56
Ik BT R RA, FET I 7O N ST VOR
BEELZT, TONMR V7 FHVEREIZLT, WBKEF
ATP OIENKHRT F 1 7 Tdr B ATP~S ORIMOH %
FREL L7245 R, ATP OFEE DS RecA ¥ V87 B ERITRE
B ITTZEDHLNIIR 5720 (2) RecF, RecO,
RecR, SSB % ¥ /37 BB OMENEH % 7 )V EAKE) I &
D FEMT L 7245, RecF<RecReRecO<SSB &\ ) HEH
HAEHDH A Z EDHHL N 572, (3) RecR ¥ VN7 g
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MYV TFNVOIRBERR . E5HIC, WHER LA
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o720 72, SSB A RecA D—A$H DNA KIEED ATP
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PNTEIRT I BRECH S AR D RecA 77 3 — &
W3R Y, 72 ATP 2% &89 |2HF DNA 3456 %
AT Do TDF X7 EHT ) MERTE DS RecA 7 7
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DOBE] BRI EFBHAE LT, EAELZILDE L
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Wk, a—1) =2 VEIDNA HEITTEAHE
WEwmtk (avhs~—=) 7, SEOLELZTEETH S
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512, #H[E DNA 36, Mz ~ESra—1) ¥ 79—
7 VEI DNA ##~E S A3, M DNA x4 % il 4 2
5O L BT AR E N,
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LM L7ze REEIT/NAER DL AFEET R -2 2
BB TRN= AR Y 287 BOZBENOWTH7Z
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R OEMALZBLTCT RN =V AZFELT0DLI LN
REENT, MEEEFTOMALAELET, HAN—F 12
DN, EERBEBEO PR TE T,

*LIgETHRE, *? EMERARIIgER, 2 V=T - U —
F-TVYIA b, e

Homologous DNA recombination is the rearrangement
of genetic information through the breakage-and-rejoining
of homologous DNA molecules. A goal of our research is to
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understand the mechanisms and principles working on or
governing eukaryotic homologous recombination and their
biological consequence. The development of new genome-
wide technology is within our long-term scope. Our cur-
rent studies are focused on the initiation steps of homolo-
gous recombination in eukaryotes, and the biological roles
of recombination. For this purpose, using various eukary-
otic systems from yeasts to human beings and bacterial
proteins, we are analyzing molecular structures and inter-
actions of proteins and DNA involved in homologous re-
combination at the atomic resolution, and biological con-
sequences of the mutations in the genes encoding such pro-
teins. Our results suggest that homologous recombination
is an intrinsic molecular feature of DNA and a mechanism
to adapt organisms to nutritional stress by increasing ge-
netic variations, and that the early stages of homologous
recombination work as a system to segregate mitochondrial
homoplasmic cells (all copies of mtDNA in a cell have the
same sequence) from heteroplasmic cells during vegetative
growth of yeast cells.

1. Molecular biology of the initiation of eukary-
otic homologous recombination

In these studies, we analyze the molecular structures
and intermolecular interactions involved in homologous re-
combination at an atomic resolution, with the use of NMR,
X-ray crystallography and other spectroscopic means.

RecA protein and its eukaryotic homologue, Rad51 pro-
tein, must both cooperatively interact with other proteins
to form heteroduplex joints for homologous recombination.
In 2004 to 2005, we studied the RecA, RecF, RecO and
RecR, SSB proteins of Thermus thermophilus. The RecF,
RecO and RecR proteins cooperate with the RecA pro-
tein in the RecF-pathway of homologous recombination in
eubacteria, and we chose this multiprotein system as a
general model of the machinery for heteroduplex joint for-
mation in both prokaryotes and eukaryotes. We identified
the interactions of RecF, RecR, RecO and SSB proteins as
RecF<RecR<RecO<SSB. We finished the assignments
of the NMR HSQC signals to the amino acid-sequences
of RecA-core domain, RecO and RecR protein, and de-
termined the interaction sites of RecR protein with RecO
protein at the amino acid-sequence level. We are analyzing
the interaction sites of RecA-core domain, RecO protein in
addition to RecR protein with DNA, their partner proteins
and nucleotide cofactors.

On the other hand, we previously showed that the
binding to the RecA/Rad51 protein induced an extended
DNA structure, which is stabilized by the stacking inter-
action between the methylene moiety at the 2 position of
a deoxyribose and the base of the neighboring nucleotide
residue on the 3 side. Based on this finding, we proposed
that homologous pairing is an intrinsic function of DNA
and not a specific function of a protein. Inspired by this
assumption, we demonstrated that various structurally un-
related proteins catalyzed homologous pairing in the ab-
sence of ATP, and the Mhrl protein is one such exam-
ple. We analyzed the structure of oligo-single-stranded
DNA bound to Mhrl protein by TR-NOE, an NMR tech-
nique. In this study, we found that the single-stranded
DNA bound to the Mhrl protein induced a unique struc-
ture very similar to that of the single-stranded DNA bound
to the RecA/Radb1 protein. This indicates that the mech-
anism of homologous pairing by Mhrl protein and that by
RecA/Rad51 proteins are the same.

2. NMR techniques for the analysis of biomacro-
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molecules

Recent developments on protein stable isotope labelling
and TROSY-based NMR measurements were applied to
the C-terminal soluble domain of human mitochondrial
ABCB6, ABCB6-C (285 a. a., 31. 5kDa). ABCBG6 is
a half-type ATP-binding cassette (ABC) transporter pro-
tein. Like its Saccharomyces scervisiae homologue, Atmlp,
ABCBE6 is proposed to be responsible for transporting a
precursor of the iron-sulfur (Fe/S) cluster from mitochon-
dria to cytosol.

We performed TROSY-based triple-resonance experi-
ments on uniformly 2H/'*C/'N-labelled ABCB6-C both
in the nucleotide-free and ADP-bound states in order to
obtain backbone resonance assignments. Results on the
nucleotide-free form of ABCB6-C showed that backbone
NMR resonances were not detected for around 20% of non-
proline residues, which are mainly distributed around the
nucleotide binding pocket, suggesting conformational mul-
tiplicity of this region. In contrast, for the ADP-bound
state, backbone resonances were assignable around the
nucleotide-binding pocket, suggesting that ADP-binding
immobilised the local conformation. In addition, extra
unobservable residues were found to be located around
the helical domain, which has been proposed to be re-
sponsible for the interaction with the trans-membrane do-
main. This proposes a signalling mechanism that connects
nucleotide-binding events and the conformational changes
in the trans-membrane domain.

3. Biological functions of mitochondrial DNA
recombination

The functions of DNA recombination in mitochondria
were ignored by most scientists, probably because of the
absence of observed mitochondrial DNA (mtDNA) recom-
bination in mammals and the absence of isolated mtDNA
recombination-defective mutants. Some years ago, we iso-
lated the first example of a mutant defective in mtDNA re-
combination from the yeast Saccharomyces cerevisiae. We
found that that the mutation, mhri-1, is a single base-
pair substitution of a nuclear gene, MHR 1, and simultane-
ously causes deficiencies in mtDNA-repair, the partitioning
of replicated mtDNA into daughter cells and the segrega-
tion of homoplasmic cells (in which all copies of mtDNA
have the same sequence) from heteroplasmic ones during
vegetative growth. The vegetative segregation of homo-
plasmic cells is a general genetic behavior of organelle
genomes, in contrast to meiotic segregation of alleles in
Mendelian inheritance. Molecular biological studies on
MHR1 revealed its biochemical function (catalyzing ho-
mologous DNA pairing) and previously unknown roles in
mtDNA replication and partitioning and in the establish-
ment of homoplasmy; i.e., concatemers formed by Mhrl
protein-initiated rolling circle replication are the essential
intermediates for the mtDNA partitioning into daughter
cells, and upon the transmission into daughter cells, the
concatemers are processed into circular monomers. This
mechanism results in the selective transmission of a num-
ber of clonal copies of a single template mtDNA, and thus,
explains the mechanism of the vegetative segregation of ho-
moplasmic cells. Actually, the defective mutation, mhri-1,
and the overexpression of normal Mhrl protein result in
the delay and the acceleration of the vegetative segrega-
tion, respectively.

4. Molecular biology of apoptosis

Endoplasmic reticulum (ER) stress activates caspase-
12, triggering the ER stress-specific cascade for imple-
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mentation of apoptosis. Fractionation of myoblast cells
revealed that ER stress led to translocation of Bim, a
proapoptotic member of the Bcl-2 family, from a dynein-
rich compartment to the ER. Although the toxic effect of
Bim had been previously observed only at the mitochon-
drial outer membrane, overexpression of a Bim derivative,
Bim (ER), targeted at the surface of the ER led to apopto-
sis. A transfectant overexpressing the caspase-12 suppres-
sor protein was resistant to Bim (ER), suggesting that the
toxic effect of Bim on the ER is dependent on activation
of caspase-12. These results suggest that translocation of
Bim to the ER in response to ER stress is an important
step towards the activation of caspase-12.
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