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Research of transition metal-catalyzed carbon–carbon bond formations
Masahiro Murakami

Born in 1956. He received his Ph.D. from The University of Tokyo under the direction of Professor T. Mukaiyama in 1984. He 
held the position of Reserch Assistant at the University of Tokyo (1984-1987) and Kyoto University (1987-1993). From 1991 
to 1992, he worked as a postdoctoral fellow with Professor A. Eschenmoser at ETH Zürich, Switzerland. He was promoted to 
Associate Professor in 1993 and full Professor in 2002 at Kyoto University. He received the Chemical Society of Japan Award 
for Young Chemists in 1989 and the chemical Society of Japan Award for Creative work in 2004.



194

(1) Synthesis of carbocyclic compounds triggered by rhodium(I)-catalyzed addition of 
arylboranes to alkynes: There has been a considerable progress in the development of the 
rhodium(I)-catalyzed carbon–carbon bond forming reactions using organoboron reagents for the 
past few years. On the other hand, the intermediate organorhodium(I) complexes are rarely used 
for further carbon–carbon bond formation in spite of their potential usefulness. We envisaged that 
the intramolecular trapping of the intermediate species might be feasible if a functional group was 
placed at an appropriate position in the molecule. In the fi rst place, the cyclization of 1,6-enynes 1 
possessing an allylic ether was examined. When 1,6-enyne 1 was treated with phenylboronic acid 
(2) in the presence of [Rh(OH)(cod)]2 in dioxane at room temperature, (Z)-1-(1-phenylethylidene)-
2-vinylcyclopentane 3 was obtained in 72% yield (eq 1). In addition, its asymmetric version using a 
chiral phosphine ligand (BINAP) instead of the cod ligand was examined. A high level of asymmetric 
induction (97% ee) was observed with the product 3. These results promoted us to assess the reactivity 
of other types of functional groups under similar reaction conditions. Nucleophilic addition of an 
organorhodium(I) species to ester and cyano groups has been observed in the rhodium(I)-catalyzed 
reaction with arylboronic acids (eqs 2 and 3). The results obtained demonstrated that multiple carbon–
carbon bond forming processes for the synthesis of complex carbocyclic compounds can operate with 
a catalytic system using rhodium(I).

(2) Synthesis of medium-sized ring compounds via two-carbon-atom ring expansion: The 
preparation of medium-sized ring organic compounds has been among the most diffi cult to achieve 
due to a lack of efficient and versatile synthetic methods. Hence, their development remains an 
important challenge in organic chemistry. We have recently reported that a cyclopentanol derivative 
is synthesized from 5-alkyn-1-one by intramolecular nucleophilic addition of an intermediate 
organorhodium(I) species to the ketonic carbonyl group in a 5-exo-trig mode. We next examined the 
possibility of an analogous cyclization reaction in a 4-exo-trig mode, although such a four-membered 
ring forming process would suffer from developing ring strain. The 4-alkyn-1-one 9 was treated with 
phenylboronic acid (2) in the presence of [Rh(OH)(cod)]2 in dioxane/H2O (100/1) at room temperature. 
The substrate 9 was consumed, and subsequent chromatographic isolation on silica gel afforded not 
the expected cyclobutanol derivative 10, but rather the , -unsaturated ketone 11 in 69% yield (eq 4). 
We envisioned that, if a -keto ester moiety was installed in a cyclic skeleton, an analogous 1,3-acyl 
migration process would expand the ring by two carbons to serve as a synthetic method of medium-
sized ring carbocyclic skeletons. Thus, the cyclic substrates 12 were reacted under similar conditions 
and the resulting reaction mixture was successively treated with aq. NH4Cl to promote the retro-aldol 
process. As expected, the desired products 14 were produced in yields ranging from 49% to 63% 
through phenyl addition and ring expansion (eq 5). In addition, cyclic 1,3-diketones also underwent 
analogous ring-expansion reaction.

(3) Rhodium-catalyzed 1,4-addition of organoindium reagents to enones: The transmetalation 
between a main-group organometallic reagent and a transition metal catalyst is an important method 
to endow the original organometallic reagent with a different character of reactivities toward organic 
substrates. Indeed, a number of metal-mediated synthetic reactions involve the transmetalation as a 
key elementary step. Recently, the rhodium-catalyzed addition reactions of various organometallic 
reagents like organo-boron, -silicon and -tin to unsaturated functionalities have emerged as a new and 
useful method for the formation of carbon–carbon bonds under mild conditions. There has been no 
report, however, on the use of organoindium reagents as a carbon nucleophile source with rhodium 
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catalysts. We developed the rhodium-catalyzed 1,4-addition reaction of organoindium reagents to 
enones in aqueous media, together with its extension to an asymmetric version. The enone 15 was 
treated with diphenylindium hydroxide (16) in the presence of [Rh(OH)(cod)]2 in THF/H2O (12/1) at 
room temperature to afford the 1,4-addition product 17 in 82% yield (eq 6).
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ヘム蛋白質の分子工学
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（1）蛋白質における分子、電子レベルでの構造機能相関の解明：バクテリアの CYP51への選択
的活性阻害機構
　 P450

P450 CYP51

CYP51
CYP51

CYP51

EPR

CYP51 B C

Fig. 1   (a), Sequence Alignment of Mt 
(Mycobacterium tuberculosis), Ca 
(Candida albicans), and Hu(human) 
CYP51 in the regions of the B'-C 
helices and the I helix. (b), Amino 
acid residues interacting with 
fluconazole in the region of the B' 
and C helices of MtCYP51.
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CYP51 Vanderbilt

（2）新規金属蛋白質の制御メカニズムの解明：鉄代謝制御蛋白質 IRP2の機能発現の分子機構
　

IRP Iron Regulatory Protein

IRP 2
IRP2

IRP2
IRP2

IRP2

Nature Cell Biol. 5, 336, 2003
IRP2

IRP2
IRP2

HRM

Fig. 2   Proposed Mechanism for IRP2.

Molecular Engineering of Hemoproteins
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Born in 1961. He received his Ph.D. degree from Kyoto University. He was a research associate in the Division of Molecular 
Engineering, Graduate School of Engineering, Kyoto University (1989-1995) and an associate professor in the Department 
of Molecular Engineering, Graduate School of Engineering, Kyoto University (1995-2005). Now he has been a professor 
in Division of Chemistry, Graduate School of Science, Hokkaido University (2005-). He was also a visiting researcher in 
University of Wisconsin-Madison (1993-1994) and a visiting professor in the Institute of Molecular Science (2004-2006). He 
is a vice-president of the Biophysical Society of Japan (2005-2007). His research interests are the molecular mechanisms in 
metalloproteins and their functional designs.

(1) Structural Diversities of Active Site in Clinical Azole Bound Forms between Sterol 
14α-demethylases (CYP51) from Human and Mycobacterium tuberculosis: To gain insights into the 
molecular basis of the design for the selective azole anti-fungals, we compared the binding properties 
of azole-based inhibitors for cytochrome P450 sterol 14 -demethylase (CYP51) from human 
(HuCYP51) and Mycobacterium tuberculosis (MtCYP51). Spectroscopic titration of azoles to the 
CYP51s revealed that HuCYP51 has higher affi nity for ketoconazole (KET), an azole derivative that 
has long lipophilic groups, than MtCYP51, but the affi nity for fl uconazole (FLU), which is a member 
of the anti-fungal armamentarium, was lower in HuCYP51. The affinity for 4-phenylimidazole 
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(4-PhIm) to MtCYP51 was quite low compared with that to HuCYP51. In the resonance Raman 
spectra for HuCYP51, the FLU binding induced only minor spectral changes, whereas the prominent 
high frequency shift of the bending mode of the heme vinyl group was detected in the KET- or 
4-PhIm-bound forms. On the other hand, the bending mode of the heme propionate group for the FLU-
bound form of MtCYP51 was shifted to high frequency as found for the KET-bound form, but that for 
4-PhIm was shifted to low frequency. The EPR spectra for 4-PhIm-bound MtCYP51 and FLU-bound 
HuCYP51 gave multiple g values, showing heterogeneous binding of the azoles, whereas the single gx 
and gz values were observed for other azole-bound forms. Together with the alignment of the amino 
acid sequence, these spectroscopic differences suggest that the region between the B' and C helices, 
particularly the hydrophobicity of the C helix, in CYP51s plays primary roles in determining strength 
of interactions with azoles; this differentiates the binding specifi city of azoles to CYP51s.

(2) Involvement of Heme Regulatory Motif in Heme-Mediated Ubiquitination and Degradation 
of IRP2: Iron regulatory protein 2 (IRP2), a regulator of iron metabolism, is modulated by 
ubiquitination and degradation. We have shown that IRP2 degradation is triggered by heme-mediated 
oxidation. We report here that not only Cys201, an invariant residue in the heme regulatory motif 
(HRM), but also His204 is critical for IRP2 degradation. Spectroscopic studies revealed that Cys201 
binds ferric heme, whereas His204 is a ferrous heme binding site, indicating the involvement of these 
residues in sensing the redox state of the heme iron and in generating the oxidative modification. 
Moreover, the HRM in IRP2 has been suggested to play a critical role in its recognition by the HOIL-1 
ubiquitin ligase. Although HRMs are known to sense heme concentration by simply binding to heme, 
the HRM in IRP2 specifi cally contributes to its oxidative modifi cation, its recognition by the ligase, 
and its sensing of iron concentration after iron is integrated into heme.
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（1）ユビキチン認識たんぱく質の立体構造
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Fig. 1   Structure of the UBA domain of 
yeast Dsk2p (red) in complex with 
ubiquitin (blue)
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（2）ポリユビキチン鎖の高次構造
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（3）SUMO化を受けたたんぱく質の立体構造
　SUMO Small ubiquitin-like modifi er
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Structural biochemistry of modifi er proteins
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Ubiquitin and SUMO (small ubiquitin-like modifi er) are modifi er proteins, which are involved in 
a wide variety of cellular events. Ubiquitination signals are often recognized by downstream effecter 
proteins, which have one or more ubiquitin interaction motifs. Of these motifs, UBA (ubiquitin-
associating) domain and UIM (ubiquitin-interacting motif) are most frequently found. We have 
determined solution structures of the UBA of yeast Dsk2p in complex with ubiquitin, by means of 
NMR spectroscopy.

The higher order structures of Lys 48- and Lys 63-linked di- and tetra-ubiquitin chains are 
analyzed by solution NMR spectroscopy. The results of chemical shift perturbation and cross 
saturation experiments suggest that the subunits of Lys 48-linked diubiquitin interact with each other 
to some extent, whereas those of Lys 63-linked diubiquitin have few non-covalent contact. 

Crystal structure of the central region, residues 112-339, of human thymine DNA glycosylase 
conjugated to SUMO-1 has been determined. The structure shows the presence of a helix that form 
a protrusion form the protein surface. This protrusion presumably interfere its binding to DNA, as 
deduced from a model building.
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生体機能物質の創製と機能
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リンカー改変型亜鉛フィンガータンパク質の創製およびその DNA結合性
　 Sp1 DNA 3
GC 10
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DNA DNA
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DNA

DNA

DNA

Investigation and Creation of Biofunctional Materials
Yukio Sugiura

Born in 1942. He received his Ph.D. degree from Kyoto University. He was a postdoctoral fellow in Wayne State University 
and University of North Carolina (USA), a research associate (1965) and an associate professor (1982) in the Faculty 
of Pharmaceutical Sciences, Kyoto University, and a professor in the Institute for Chemical Research, Kyoto University 
(1988-2005). He was also a visiting professor in the University of Manchester, UK (1998-2004). Now he is an emeritus 
professor of Kyoto University and a professor in the department of Pharmaceutical Sciences, Doshisha Women’s University. 
He got the Upjohn Scientifi c Research Award (1992) and the Award of Pharmaceutical Society of Japan (2000). He has been 
devoted in the fi elds of bioinorganic chemistry and biofunctional chemistry.

Fig. 1   Schematic model of artificial zinc finger proteins 
with various linkers. Two zinc finger-type DNA 
binding domains are connected with consensus linker, 
polyglycine linkers, polyarginine linker, and metal 
binding loop.

Shiroh Futaki

Born in 1959. He received his Ph.D. degree from Kyoto University. He was a postdoctoral fellow in Rockefeller University 
(USA) (1989-1991), a research associate (1987) and an associate professor (1993) in the Faculty of Pharmaceutical Sciences, 
University of Tokushima, and an associate professor (1997) in the Institute for Chemical Research, Kyoto University. Now he 
has been a professor in the Institute for Chemical Research, Kyoto University (2005-). He got the Japanese Peptide Society 
Award for Young Scientists (1997) and the PSJ (Pharmaceutical Society of Japan) Award for Young Scientists (1998). He has 
been active in creation of novel bioactive and functional peptides.

Artificial 6-zinc finger peptides with various linkers: The Cys2His2-type zinc finger protein is 
an attractive motif for design of artifi cial transcription factors with desired target sequences because 
of its characteristic DNA binding properties: (1) recognition of overlapped 4 bp per one motif, (2) 
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tandemly connected modular structure, and (3) binding to non-palindrome sequences. By randomizing 
amino acid residues on the -helix important for DNA recognition, a number of successful zinc fi nger 
peptides have been selected to bind to the specific DNA sequence and to control gene expression. 
Additionally, 6-zinc finger peptides in which two 3-zinc finger domains are connected with the 
consensus linker, have been shown to bind to the expected long sequence containing continuous two 
target sites for the original 3-zinc fi nger peptides. The DNA binding domain of human transcription 
factor Sp1 includes 3-zinc finger motifs (Sp1ZF3) and binds to the double strand DNA (5 - GGG 
GCG GGGC-3 ) sequence called GC-box . We have created Sp1ZF6 by connecting two Sp1ZF3s 
with consensus linker (TGEKP) and shown its DNA binding ability to two continuous GC-box 
sequences (2GC(0)). On the other hand, the states of target DNA structure should be important as 
well as the target sequence toward the artifi cial gene regulation. We aim to control the DNA binding 
characteristics of zinc fi nger peptides by changing its linker region to various amino acid sequences. 
To create a peptide that could distinguish the separated target sequences from the continuous ones, 
we introduced a bulky and cationic polyarginine linker between two Sp1ZF3 units. The peptide, 
Sp1ZF6(Arg)8, was suggested to bind to only the separated target sequences by gel mobility shift 
assays and DNaseI footprinting assays. On the other hand, Sp1ZF6(Gly)10, which has a fl exible and 
neutral polyglycine linker, binds to both separated and continuous two target sequences. The results 
indicate that the simple polyarginine linker gives the 6-zinc fi nger peptide DNA binding selectivity 
to the separated target sequences. Finally, we created a zinc fi nger-type endonuclease by introducing 
a cerium binding peptide sequence as a linker between fi ngers 2 & 3 of the Sp1 zinc fi nger domain 
(Sp1(zf23)) and fi ngers 4 & 5 of the GLI zinc fi nger domain (GLI(zf45)). The 4-zinc fi nger peptide, 
Sp1(P1)GLI, was demonstrated to bind to a cerium ion and cleave DNA in the sequence specific 
manner. Our results provide helpful information for the linker design of future zinc fi nger peptides 
targeting various DNA states in addition to the sequence specifi c recognition.

We also aim at design and synthesis of artifi cial functional peptides and development of novel 
intracellular delivery systems toward elucidation and control of cellular functions.
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1.  Effects of linking 15-zinc finger domains on DNA binding specificity and multiple DNA binding 

modes. T. Hirata, W. Nomura, M. Imanishi & Y. Sugiura, Bioorg. Med. Chem. Lett., 15, 2197-2201 
(2005).

2.  An artifi cial six-zinc fi nger peptide with polyarginine linker: selective binding to the discontinuous 
DNA sequences. M. Imanishi, W. Yan, T. Morisaki & Y. Sugiura, Biochem. Biophys. Res. Commun., 
333, 167-173 (2005).

3.  Site-specific DNA cleavage by artificial zinc finger-type nuclease with cerium-binding peptide. T. 
Nakatsukasa, Y. Shiraishi, S. Negi, M. Imanishi, S. Futaki & Y. Sugiura, Biochem. Biophys. Res. 
Commun., 330, 247-252 (2005).

4.  Arginine magic with new counterions up the sleeve. M. Nishihara, F. Perret, T. Takeuchi, S. Futaki, A. 
N. Lazar, A. W. Coleman, N. Sakai & S. Matile, Org. Biomol. Chem., 3, 1659-1669 (2005).
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membranes and live cells. F. Perret, M. Nishihara, T. Takeuchi, S. Futaki, A. N. Lazar, A. W. Coleman, 
N. Sakai & S. Matile, J. Am. Chem. Soc., 127, 1114-1115 (2005).

6.  Direct observation of anion-mediated translocation of fluorescent oligoarginine carriers into and 
across bulk liquid and anionic bilayer membranes. N. Sakai, T. Takeuchi, S. Futaki & S. Matile, 
Chembiochem, 6, 114-122 (2005).

7.  Swapping of the beta-hairpin region between Sp1 and GLI zinc fi ngers: signifi cant role of the beta-
hairpin region in DNA binding properties of C2H2-type zinc fi nger peptides. Y. Shiraishi, M. Imanishi, 
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T. Morisaki & Y. Sugiura, Biochemistry, 44, 2523-2528 (2005).
8.  Quantitative three-dimensional analysis of the intracellular trafficking of plasmid DNA transfected 

by a nonviral gene delivery system using confocal laser scanning microscopy. H. Akita, R. Ito, I. A. 
Khalil, S. Futaki & H. Harashima, Mol. Ther., 9, 443-451 (2004).

9.  Control of peptide structure and recognition by Fe (III)-induced helix destabilization. S. Futaki, T. 
Kiwada & Y. Sugiura, J. Am. Chem. Soc., 126, 15762-15769 (2004).

10.  RNase S Complex Bearing Arginine-rich Peptide and Anti-HIV Activity. S. Futaki, I. Nakase, T. 
Suzuki, D. Nameki & E. Kodama, J. Mol. Recogn., 18, 169-174 (2004).

11.  Arginine carrier peptide bearing Ni(II) chelator to promote cellular uptake of histidine-tagged proteins. 
S. Futaki, M. Niwa, I. Nakase, A. Tadokoro, Y. Zhang, M. Nagaoka, N. Wakako & Y. Sugiura, 
Bioconjug. Chem., 15, 475-481 (2004).

12.  Total synthesis of artifi cial zinc-fi nger proteins: Problems and perspectives. S. Futaki, K. Tatsuto, Y. 
Shiraishi & Y. Sugiura, Biopolymers, 76, 98-109 (2004).

13.  Gramicidin-based channel systems for the detection of protein-ligand interaction. S. Futaki, Y. Zhang, T. 
Kiwada, I. Nakase, T. Yagami, S. Oiki & Y. Sugiura, Bioorg. Med. Chem., 12, 1343-1350 (2004).

14.  Effects of Zn (II) binding and apoprotein structural stability on the conformation change of designed 
antennafi nger proteins. Y. Hori & Y. Sugiura, Biochemistry, 43, 3068-3074 (2004).

15.  Transferrin-modifi ed liposomes equipped with a pH-sensitive fusogenic peptide: an artifi cial viral-like 
delivery system. T. Kakudo, S. Chaki, S. Futaki, I. Nakase, K. Akaji, T. Kawakami, K. Maruyama, H. 
Kamiya & H. Harashima, Biochemistry, 43, 5618-5628 (2004).

16.  Mechanism of improved gene transfer by the N-terminal stearylation of octaarginine: enhanced 
cellular association by hydrophobic core formation. I. A. Khalil, S. Futaki, M. Niwa, Y. Baba, N. Kaji, 
H. Kamiya & H. Harashima, Gene. Ther., 11, 636-644 (2004).

17.  Total Synthesis of Large CCK Isomers Using a Thioester Segment Condensation Approach. K. 
Kitagawa, H. Adachi, Y. Sekigawa, T. Yagami, S. Futaki, J. Y. Gu & K. Inoue, Tetrahedron, 60, 
907-918 (2004).

18.  Development of a non-viral multifunctional envelope-type nano device by a novel lipid fi lm hydration 
method. K. Kogure, R. Moriguchi, K. Sasaki, M. Ueno, S. Futaki & H. Harashima, J. Control Release, 
98, 317-323 (2004).

19.  Cellular uptake of arginine-rich peptides: roles for macropinocytosis and actin rearrangement. I. 
Nakase, M. Niwa, T. Takeuchi, K. Sonomura, N. Kawabata, Y. Koike, M. Takehashi, S. Tanaka, K. 
Ueda, J. C. Simpson, A. T. Jones, Y. Sugiura & S. Futaki, Mol. Ther., 10, 1011-1022 (2004).

20.  Creation and characteristics of unnatural CysHis(3)-type zinc finger protein. S. Negi, M. Itazu, M. 
Imanishi, A. Nomura & Y. Sugiura, Biochem. Biophys. Res. Commun., 325, 421-425 (2004).
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超好熱始原菌の全ゲノム解析および多重遺伝子破壊系の構築

20 42 3 44 3
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（1）超好熱始原菌の全ゲノム解析：

Thermococcus kodakaraensis 
KOD1

T. kodakaraensis KOD1
DNA

2,088,737bp
ORF 2,306 NCBI nr

50 1,165 ORFs (Fig. 1)
38 880 ORFs

11 261 ORFs

（2）超好熱始原菌の多重遺伝子破壊系の構
築：

Thermococcus kodakaraensis pyrF
KU25

Fig. 1   Function prediction of genes on the T. 
kodakaraensis genome

Fig. 2   Schematic diagram of targeted disruption of 
pyrF, trpE, and hisD in T. kodakaraensis
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pyrF KU216 pyrF 5-
(Fig. 2) KU216

trpE KW128 pyrF, trpE::pyrF (Fig. 2)
trpE KW128 

(Fig. 2) pyrF
pyrF 2

pyrF trpE KUW1 pyrF, trpE

Complete genome analysis and multiple gene disruption system
of a hyperthermophilic archaeon

Tadayuki Imanaka

Born in 1945. He received his Ph.D. degree from Osaka University. He was an assistant professor (1970-1981), an associate 
professor (1981-1989) and a professor (1989-1996) at the Department of Fermentation Technology, Faculty of Engineering, 
Osaka University. He was also a postdoctoral fellow at MIT, USA (1973-1974). Now he has been a professor at the 
Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto University (1996-). 

(1) Complete genome analysis of a hyperthermophilic archaeon: The genus Thermococcus, 
comprised of sulfur-reducing hyperthermophilic archaea, belongs to the order Thermococcales along 
with the closely related genus Pyrococcus. The members of Thermococcus are ubiquitously present 
in natural high temperature environments, and are therefore considered to play a major role in the 
ecology and metabolic activity of microbial consortia within hot-water ecosystems. To obtain insight 
into this important genus, the complete 2,088,737-base genome of Thermococcus kodakaraensis 
strain KOD1 was determined and annotated. A total of 2,306 open reading frames (ORFs) have been 
identifi ed, among which half (1,165 ORFs) are annotatable whereas the functions of 41% (936 ORFs) 
cannot be predicted from the primary structures (Fig. 1).

(2) Multiple gene disruption system of a hyperthermophilic archaeon: We have also recently 
developed a gene disruption system for T. kodakaraensis by utilizing a pyrF-defi cient mutant KU25 as 
a host strain and the pyrF gene as a selectable marker. To achieve multiple genetic manipulations for 
more advanced functional analyses of genes in vivo, a new host strain KU216 ( pyrF) was constructed 
by specific and almost complete deletion of endogenous pyrF through homologous recombination 
(Fig. 2). Secondly, a new host-marker combination of a trpE deletant KW128 ( pyrF, trpE::pyrF) 
and trpE gene was developed (Fig. 2). The system made it possible to isolate transformants through 
a more simple selection procedure as well as to deduce the transformation efficiency, overcoming 
practical disadvantages of the fi rst system. Furthermore, repeated utilization of the counterselectable 
pyrF marker was established through its excision by pop-out recombination. Both endogenous 
and exogenous sequences could be applied as tandem repeats flanking the marker pyrF for pop-
out recombination. A double deletion mutant KUW1 ( pyrF, trpE), constructed with the pop-out 
strategy, was demonstrated to be a useful host for the dual markers, pyrF and trpE. The transformation 
systems developed here now provide the means for extensive genetic studies in hyperthermophilic 
archaea.
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Selected Publications
Presentation & Lectures

1.  T. Imanaka, Complete genome analysis, gene disruption, and metabolic analysis of the 
hyperthermophilic archaeon, Thermococcus kodakaraensis , 8th. International Conference on 
Thermophiles Research (Thermophiles 2005), 2005.9.18-22, Gold Coast, Australia (Invited)
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7.  "Characterization of a novel glucosamine-6-phosphate deaminase from a hyperthermophilic archaeon" 
T. Tanaka, F. Takahashi, T. Fukui, S. Fujiwara, H. Atomi and T. Imanaka, J. Bacteriol., 187(20): 
7038-7044 (2005).

8.  "Thermostable direct hemolysin of Vibrio parahaemolyticus is a bacterial reversible amyloid toxin" T. 
Fukui, K. Shiraki, D. Hamada, K. Hara, T. Miyata, S. Fujiwara, K. Mayanagi, K. Yanagihara, T. Iida, E. 
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Nishikori, K. Shiraki, S. Fujiwara, T. Imanaka and M. Takagi, Biophys Chem., 116(2):97-104 (2005).
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Rashid, M. Morikawa, T. Imanaka and K. Harata, Nucleic Acids Res., 33(10), 3412-3423 (2005).
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S. Hirano, M. Haruki, T. Imanaka, M. Morikawa and S. Kanaya, J. Environ. Biotechnol., 4, 117-120 
(2005).
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翻訳のマニピュレーションとテクノロジー
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（1）リボレギュレーターを用いる遺伝子のセンシング： RNA on/off
mRNA RBS

rpoS mRNA
RBS off Fig. 1 DsrA RNA

RBS on
Fig. 2 RBS off

HIV
ODN

mRNA DNA
cell-friendly

（2）タンパクのmRNAタグ付け：

1.5nm 10nm

ribosome display Fig. 

Fig. 1   Illustration of on/off regulation 
of  protein t ranslat ion with a 
reboregulator.

Fig. 2   Illustration of on/off regulation 
of  protein t ranslat ion using a 
molecular-beacon type riboregulator
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3 mRNA mRNA
Fig. 3

（3）センスコドンに非天然アミノ酸を導入する：

AMP RS
tRNA tRNA

Phe
AMP Phe-SA Fig. 4 RS

Phe
Phe

tRNA tRNAPhe

Nap suppressor tRNA Phe
Nap

Fig. 3  Illustration of protein display on its mRNA

Fig. 4  Structure of Phe-SA

Manipulation and technology of protein translation
Yasuhiro Aoyama

Born in 1945.   He received his Ph.D degree from Kyoto University.   He was a research associate in Kyushu University 
(1974-1981), an associate professor in Nagaoka University of Technology (1981-1988), and professor there (1988-1995).   
He then moved to Kyushu University as professor in the Institute for Fundamental Research of Organic Chemistry (1995-2001) 
and moved again to Kyoto University, where he is now professor (2001-) in the Department of Synthetic Chemistry and 
Biological Chemistry, Graduate School of Engineering.   He received the Divisional Award of the Chemical Society of Japan, 
the Fluka Prize, and the Daily Niigata Cultural Award.   He served as Chairman in the 2nd Gordon Research Conference 
on the Structure and Property of Organic Compounds as well as in the 11th International Synposium on Supramolecular 
Chemistry.   He used to work on reaction mechanisms, bioorganic/bioinorganic chemistry, molecular recognition and 
structural organic chemistry, crystal engineering, solid catalysis, and glycoengineering and his current research activity is 
directed to biorecognics and chemical biology.

(1) Gene sensing using riboregulator:  Recent reports show that protein translation can be on/off 
regulated with short RNAs. Prokaryotic protein translation starts with binding of ribosome on the 
ribosome binding site (RBS, shown in red) of the mRNA. The RBS in the rpoS mRNA is blocked due 
to the hairpin structure of the mRNA and hence translation is in the off state (Fig. 1). The translation 
is switched-on when DsrA RNA, a riboregulator, binds to the mRNA to open the hairpin. With this 
bio-process in mind, we designed a molecular beacon-type riboregulator (Fig. 2). When target (an 
HIV-related ODN in this case) binds to the yellow-colored loop domain of the probe, the otherwise 
hairpin-blocked RBS is opened to start translation of the reporter gene (luciferase in this case).   In this 
way, the target can be detected. This sensing method is doubly amplifi able and is cell-friendly since it 
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utilizes the natural translation system in combination with mRNA-coding DNA and hence ideal for the 
gene sensing of living cells.

(2) Genotype-phenotype coupling: A general problem in attempted protein display on the mRNA via 
ribosome is the presence of the ribosome tunnel. The 3 -terminus of the protein synthesized stays in 
the tunnel, which is 1.5 nm-wide and 10 nm-long. We need an appropriate spacer as an anchor to 
be buried in the tunnel to squeeze the protein therefrom. In the conventional ribosome display are used 
artifi cial mRNAs with stop codon deleted and a spacer (blue domain in Fig. 3) added. We discovered a 
new technique, read-through ribosome display, for display of full-length protein using natural mRNAs.

(3) Sense codon suppression: In ribosomal protein translation, amino acid is first activated in the 
form of aminoacyl AMP, lonked to tRNA by the action of aminoacyl-tRNA synthetase (RS), and 
transported to the ribosome. Sulfamoyl adenosine derivative (SA) of amino acid (e.g. phenylalanine) 
is a potent inhibitor of RS, and in its presence the incorporation of the amino acid (phenylalanine, Phe) 
is completely inhibited. When the tRNA for Phe chemically misacylated with an unnatural amino acid, 
e.g., naphthylalanine (Nap) is provided as a suppressor in the presence of Phe-SA, we could introduce 
the unnatural Nap in the position of natural Phe effi ciently.

Selected Publications
Presentation & Lectures

1.  Y. Aoyama, "Calix [4] resorcarene-Based Proteoglycan Mimics , 8th International Conference on 
Calixarenes, 2005.7.25-29, Prague, Czech Republic (Invited)
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System Using Riboregulator-Controlled Luciferase Activity, S. Sando, A. Narita, K. Abe, Y. Aoyama, J. 
Am. Chem. Soc., 127, 5300-5301 (2005)
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Sando, A. Narita, T. Sasaki, Y. Aoyama, Org. Biomolec. Chem., 3, 1002-1007 (2005)

6.  Thermoresponsive Controlled Association of Protein with a Dynamic Nanogel of Hydrophobized 
Polysaccharide and Cyclodextrin: Heat-Shock Protein-Like Activity of Artifi cial Molecular Chaperon, 
Biomacromolecules, 6, 447-452 (2005)
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カルコゲン機能素子の物性と構築

1949 1973 1979
1989

 1996 1998 2000  2002 2004
1999 2003 1999 2003

2000 2003 18  
2001 2004 2005

（1）酵素によるセレン /硫黄識別機構
　

SCL L-
L- L-

L- L- SCL

SCL L- L-
UV/vis L- pyridoxal 5

-phosphate PLP SCL 416nm

L- 416nm 350nm
350nm

350nm PLP SCL
L- Fig. 1

Fig. 2

（2）［2Fe-2S］型鉄硫黄クラスターを持つ鉄－シデロフォアレダクターゼの解析
　

- -
-

-
FhuF ferrioxamine 

Fig. 1   A proposed model for the deprotonation of 
Schiff base by a thiol compound.

Fig. 2   Active site structure of the 
L-cysteine-SCL complex.
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B - FhuF
2Fe-2S

Fig. 3A
Fig. 3B

Fig. 3  Overall structure (A) and the [2Fe-2S] site structure (B) of FhuF.

Properties and construction of chalcogenic functional materials
Nobuyoshi Esaki

Born in 1949. He received his Ph.D. degree from Kyoto University. He was a research associate (1979-1989), an associate 
professor (1989-1996) and a professor in the Institute for Chemical Research of Kyoto University (1996-). He was a director 
of The Japanese Biochemical Society (1998-2000, 2002-2004), a director of Japan Society for Bioscience, Biotechnology, and 
Agrochemistry (1999-2003) and a director of The Society for Biotechnology, Japan (1999-2003). He promoted researches 
supported by the Ministry of Education, Science, Sports and Culture, Grant-in-Aid for Scientifi c Research on Priority Area 
(2001-2004). He took a director of Institute for Chemical Research, Kyoto University (2005-).

(1) Discrimination between selenium and sulfur by an enzyme
Selenium, a sulfur analog, is an essential trace element of mammals.  The concentration of 

selenium in cells is much lower than that of sulfur. Therefore, the discrimination between selenium 
and sulfur is an important process for normal selenium/sulfur metabolism.  However, little is known 
about selenium-specific enzyme and initial steps of selenoprotein biosynthesis.  Selenocysteine 
lyase (SCL) decomposes L-selenocysteine into selenium and L-alanine.  The enzyme does not act 
on L-cysteine.  Because the discrimination between selenium and sulfur by the enzyme is a key step 
in selenoprotein biosynthesis, we investigated the substrate recognition mechanism of the enzyme.  
UV/vis spectrum of SCL incubated with L-selenocysteine showed an absorption maximum at 416 
nm. On the other hand, SCL incubated with L-cysteine exhibited an increase in the absorbance at 
350 nm with a concomitant decrease in the absorbance at 416 nm.  Incubation of the enzyme with 
other thiol-containing compounds, 2-mercaptoethanol, 2-mercaptopropionic acid, and D-cysteine also 
resulted in the spectrum change similar to that observed for the incubation with L-cysteine.  The results 
suggest that the deprotonation of the PLP-Lys internal aldimine of SCL by thiol group of L-cysteine 
is responsible for the spectrum change.  This was supported by our X-ray crystallographic analysis of 
SCL complexed with L-cysteine.
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(2) Analysis of Fe-siderophore reductase containing a [2Fe-2S]-type iron-sulfur cluster
Bacteria have developed a variety of mechanism for iron uptake during evolution.  One of such 
system, uptake of iron by a chelator siderophore, involves an introduction process of Fe-siderophore 
into the cell and an iron-release from siderophore.  Two models were proposed for the iron release 
process: one involves degradation of siderophore, and the other involves a specifi c reduction of iron in 
siderophore.  However, little is known about that process.  E. coli FhuF is essential for the utilization 
of iron chelated to ferrioxamine B, a fungal siderophore.  Therefore, FhuF is proposed to be an iron-
siderophore reductase.  We solved an X-ray structure of FhuF and found that the protein contains a 
[2Fe-2S]-type iron-sulfur cluster.  The iron-sulfur cluster is located on the subdomain of the protein, 
which is far from the main domain.  Thus, the iron-sulfur cluster is probably accessible to the solvent.
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(1) Crystal structure of the sensor protein (Tll0078) from Thermosynechococcus elongatus 
BP-1, containing the BLUF domain for blue-light using FAD: The sensor proteins for blue-
light using the FAD (BLUF) domain belong to the third family of the photoreceptor proteins using a 
fl avin chromophore, where the other two families are phototropins and cryptochromes.  As the fi rst 
structure of this BLUF domain, we have determined the crystal structure of the Tll0078 protein from 
Thermosynechococcus elongatus BP-1, which contains a BLUF domain bound to FAD, at 2 Å resolution.  
Five Tll0078 monomers are located around the non-crystallographic fi ve-fold axis to form a pentamer, 
and two pentamers related by two-fold noncrystallographic symmetry form a decameric assembly 
(Fig.1).  The monomer consists of two domains, the BLUF domain at the N-terminal region and the 
C-terminal domain.  The overall structure of the BLUF domain consists of a five-stranded mixed 

-sheet with two -helices running parallel to it.  The isoalloxazine ring of FAD is accommodated in 
a pocket formed by several highly-conserved amino acid residues in the BLUF domain.  Of these, the 
three apparent key residues (Asn31, Asn32 and Gln50) were substituted with Ala.  Mutant proteins of 
N31A and N32A showed a nearly normal 10 nm spectral shift of the fl avin upon illumination, while the 
Q50A mutant did not exhibit such a shift at all.  Based on the crystal structure, we discussed a possible 
role of Gln50, which is structurally and functionally linked with the critical Tyr8 (FAD-Gln50-Tyr8 
network), with regard to the light-induced spectral shift of the BLUF proteins.

(2) Crystal structure of an extracellular giant hemoglobin of the gutless beard worm Oligobrachia 
mashikoi: Mouthless and gutless marine animals, pogonophorans and vestimentiferans obtain their 
nutrition solely from their symbiotic chemoautotrophic sulfur-oxidizing bacteria.  These animals 
have sulfide-binding 400 kDa and/or 3500 kDa hemoglobin (Hb) which transports oxygen and 
sulfi de simultaneously.  The symbiotic bacteria are supplied with sulfi de by Hb of the host animal, 
and use it to provide carbon compounds.  The crystal structure of a 400 kDa Hb from pogonophoran 
Oligobrachia mashikoi has been determined at 2.85 Å resolution.  The structure is hollow-spherical, 
composed of a total of 24 globins as a dimer of dodecamer (Fig.2).  This dodecameric assemblage would 
be a fundamental structural unit of both 400 kDa and 3500 kDa Hbs.  The structure of the mercury 
derivative used for phasing provides insights into the sulfide-binding mechanism.  The mercury 
compounds bound to all free Cys residues that have been expected as sulfi de-binding sites.  Some of 
the free Cys residues are surrounded by Phe aromatic rings, and mercury atoms come into contact with 
these residues in the derivative structure; it is strongly suggested that sulfur atoms bound to these sites 
could be stabilized by aromatic-electrostatic interactions by the surrounding Phe residues.

(3) Crystal structure of atypical cytoplasmic ABC ATPase SufC from Thermus thermophilus 
HB8: SufC, a cytoplasmic ABC-ATPase, forms a stable complex with SufB and SufD.  The SufBCD 
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complex interacts with other Suf proteins in the Fe-S cluster assembly.  We have determined the 
crystal structure of SufC from Thermus thermophilus HB8 in nucleotide-free and ADP-Mg-bound 
states at 1.7 Å and 1.9 Å resolution, respectively.  The structure of SufC consists of two domains: an 
ABC /  domain, which is structurally similar to the typical core fold of ABC ATPase, and an  
helical domain (Fig.3).  Compared to other ABC ATPase structures, a novel 310 helix formed at the end 
of Walker B motif results in an unusual nucleotide-binding conformation.  Furthermore, a signifi cant 
displacement occurs at a linker region between two domains.  This linker conformation is stabilized by 
hydrophobic interaction between conserved residues around the Q loop.  These results suggest that the 
unusual linker conformation conserved among SufC proteins is probably suitable for interacting with 
SufB and SufD.
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