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Development of highly efficient molecular transformations

Seiji Suga, Toshimichi Ohmura, Takanori Matsuda
Department of Synthetic Chemistry and Biological Chemistry
Graduate School of Engineering

(1) A highly efficient method for generation and accumulation of cation pools: We have recently
developed the “cation pool” method, in which highly reactive organic cations are generated and
accumulated in the absence of nucleophiles. In this method cations are generated by the low
temperature electrochemical oxidation of a substrate. Because electrochemical reactions take place
only on the surface of the electrode, the accumulation of a cation usually takes several hours.
Therefore, the applicability of the method strongly depends on the stability of the cation that is
accumulated. We herein report that a sequential one-pot indirect method for the generation of
alkoxycarbenium ion pools from thioacetals. The reagent electrochemically generated from ArSSAr
is well characterized spectroscopically and its reaction with a thioacetal to generate “cation pools” is
very fast.

(2) Efficient synthesis of organoboron and organosilicon reagents: An intramolecular
silaboration of borylsilanyl homoallyl ethers was achieved using a platinum catalyst, giving 1-oxa-
2-silacyclopentanes in high yields. The stereoselectivity of the reactions of sec-homoallyl ethers 1
strongly depended on the phosphorus ligand of the platinum catalysts used. The platinum complex
bearing the PCyPh: was found to be the most trans-selective catalyst (trans/cis = 81:19-92:8),
whereas a highly cis-selective cyclization was achieved using a platinum catalyst having 2 (trans/cis =
8:92-6:94).

(3) Efficient platinum-catalyzed cyclization reactions of allenynes: Two platinum(Il)-catalyzed
cyclization reactions of allenynes (1,2,7-dienynes) were developed. Allenynes 1 underwent
cycloisomerization in the presence of a catalytic amount of platinum(II) chloride at 80 “C to give
bicyclic cyclobutenes 2. A mechanism involving nonclassical carbocationic intermediates was
proposed for the formation of cyclobutenes. On the other hand, allenynes 1 were transformed to
3-acyl-4-alkenylpyrrolidines 3 when treated with the platinum catalyst in methanol at 70 “C . In
contrast to the cycloisomerization in toluene that produces bicyclic cyclobutenes 2, the carbocationic
intermediate is intercepted by addition of an oxygen nucleophile to achieve the formal hydrative
cyclization.
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1 (a)The LEEM dark-field image of the In/Cu(001)(0.5 ML) surface at 340 K. (b)The two-
dimensional (2D) correlation function. (¢)The line profiles of the 2D correlation function on the
diagonal lines (solid lines in (b)).
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Real-space observation of phase transition on In/Cu(001) by spectroscopic
photoemission and low-energy electron microscope (SPELEEM)

Shinichiro Hatta
Division of Chemistry, Graduate School of Science

Much research has focused on low-dimensional structures on crystal surfaces due to their potential
as nanometer-size material with novel functions. Understanding of dynamics in nonequilibrium
process, as phase separation and phase transformation, would give practical principles to control the
size or shape of such a structure. In this research, in situ observation of the phase transition on Cu(001)
covered with In of 0.5 monolayer was performed using spectroscopic photoemission and low-energy
electron microscope (SPELEEM).

The In/Cu(001) surface at the low-temperature phase has a rectangular unit cell ((9v2X2v2)R45°).
The transition to the high-temperature c(2 X 2) phase takes place at ~350 K. Due to the lower symmetry
of the unit cell at the low-temperature phase with respect to the Cu(001) substrate, the two domains
with mutually-perpendicular unit cells are formed. These domains can be distinguished in the LEEM
image formed using the superstructure diffraction beam. The LEEM image obtained in this way was
called the LEED dark-field image. During heating and cooling across the transition temperature, the
disappearance and reproduction of these domains were recorded at video rate in the LEEM dark-field.
Figure 1(a) shows the domain pattern recorded at 340 K.

The two-dimensional (2D) correlation function was obtained from the LEEM dark-field images.
The 2D correlation function for the images at the low-temperature phase showed a square lattice
pattern, as shown in fig. 1(b). The side length of the square is ~300 nm corresponding to the mean
domain size. It is unexpected that the four-fold symmetry is seen for the domain pattern. This indicates
that the anisotropic shape of the unit cell does not affect to the large-scale domain pattern.

The LEEM images showed no contrast at above 360 K. On cooling, the domain becomes
gradually visible. At 358 K, while the steady domains were observed, the domain boundary was
not clear and the indistinctive area occupied considerable portion of the surface. The 2D correlation
function at this temperature showed a square lattice. The side length of the square lattice was almost
same as observed at 300 K. However, the spatial pattern in the LEEM image was quite different. It is
suggested that the large-scale order of the domain pattern originates from the long-wavelength domain
fluctuation frozen at the transition temperature.

The temperature change of the short-scale order was observed by analyzing the slope of the
correlation function near the point of origin. With decreasing temperature, the slope of the correlation
function became slow, as shown in fig. 2, where the radial correlation functions are displayed. The
correlation length & (7) was evaluated from the slope at 50-150 nm. It is found that the growth of
E(T) became slow at around 350 K. This result indicates that the dynamical behavior as the domain
separation and aggregation was suppressed just below the transition temperature.

Presentations
1. In situ obsercation of the phase transition on In/Cu(001), S. Hatta, F. Z. Guo, H. Okuyama, T. Aruga,
5" International Conference on LEEM/PEEM, 2006.10.17, Himeji, Japan.
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Molecular Mechanism of the Primary Photochemical Reactions
in Rhodopsin Photoreceptor Proteins

Shigehiko Hayashi
Division of Chemistry, Graduate School of Science

Rhodopsin proteins function as photo-receptors in vision and bio-energetic processes. For
example, visual receptor rhodopsin (Rh) resides in the retina of the eye, and is responsible for vision.
The rhodopsin proteins possess inside the proteins a common chromophore molecule, the retinal
protonated Schiff base. The activation of rhodopsin proteins starts with an extremely fast (50-500 fs)
photo-induced isomerization of the chromophore around a double bond of its polyene chain, which
is one of the fastest reactions in nature. In addition to the fast rate, the photoisomerization reaction is
highly selective; e.g., the photoisomerization in Rh takes place exclusively around the C11=Ci. bond,
whereas the polyene chain includes several double bonds that are capable of undergoing isomerization.
Such ultrafast rate and high chemical selectively furnish the rhodopsin proteins with high sensitivity to
incoming light.

Unveiling the molecular dynamics in electronic and atomic details is requisite for understanding
of the reaction mechanism. For the purpose, we have developed an ab initio quantum mechanical/
molecular mechanical molecular dynamics (QM/MM-MD) method, and applied it for molecular
simulations of the retinal photoisomerization in the rhodopsin proteins. The method combines ab initio
multi-electronic state molecular dynamics of retinal chromophore models with molecular mechanics
of the protein motion, allowing us to simulate the reaction dynamics in the proteins without imposing



empirical assumptions for multi-dimensional forces of retinal in the electronically excited and ground
states.

The QM/MM-MD simulations were carried out for the photoisomerization in Rh. Similar to
another rhodopsin protein, bacteriorhodopsin (bR), which was examined in a previous study, the
simulated photoisomerization in Rh is highly bond-selective; only the Cii=Ci2 bond undergoes the
isomerization. In contrast to bR, the reaction kinetics of Rh was found to be coherent. All decays of
electronically excited states associated with the photoisomerizations complete within 100 fs without
losing the coherence. The simulations have elucidated that the photoisomerization around C11=Ci2 is
accelerated by co-rotation around the Cs-C7 bond in an extended Hula-Twist fashion, which contributes
to the fast photoisomerization.

Oral Presentations (Invited)

1. Pacifichem2005 Symposium “Photoisomerization Processes, Torsional Relaxation and the Hula-twist”
(Honolulu, USA) Dec. 15-20 (2005). Shigehiko Hayashi “Photoisomerization dynamics of retinal in
rhodopsins studied by ab initio QM/MM MD simulations”

2. SANKEN International Symposium 2006 “Advanced Science and Technology for Materials, Biology,
and Information by Quantum Beams” (Suita, Osaka) Feb. 8-9 (2006). Shigehiko Hayashi “Molecular
dynamics in electronically excited states of thodopsin photo-receptor Proteins”

3. XIllIth International Congress of Quantum Chemistry Satellite Symposium KYOTO “Reactions in
Solution and Biological Systems: Potential Energy Surface and Dynamics” (Kyoto) July 27-29 (2006).
Shigehiko Hayashi “Molecular Mechanism of the Primary Photochemical Reactions in Rhodopsin
Photoreceptor Proteins”

4. 12" International Conference on Retinal Proteins (Awaji, Hyogo) Jun 4-6 (2006). Shigehiko Hayashi
“Theoretical Studies on Spectral Tuning and Photo-chemical Dynamics of Retinal Proteins”

5. Indo-Japan Joint Workshop on “New Frontiers of Molecular Spectroscopy” (Kobe, Hyogo) Jun
24-26 (2006). Shigehiko Hayashi “Molecular Mechanism of the Primary Photochemical Reactions in
Rhodopsin Photoreceptor Proteins”
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Ab-initio free energy surfaces in the external-potential representation
and its application to proton-coupled electron transfer

Takeshi Yamamoto and Shigeki Kato
Division of Chemistry, Graduate School of Science

Chemical reactions in solution are characterized by equilibrium and nonequilibrium solvation free-
energy surfaces. A direct approach for calculating such a free-energy surface is so-called quantum mechanical
/ molecular mechanical (QM/MM) methods, in which one calculates the solute electronic energy quantum
mechanically (using quantum-chemical methods) while treats the solvent molecules with empirical force fields.
However, this QM/MM free energy calculation is usually prohibitively expensive due to the excessive number of
quantum-chemical calculations required. To avoid this difficulty, we utilized the fact that the solute wave function
does not "see" the individual positions of the solvent molecules, but rather reflects only the associated changes
in the external electrostatic potential acting on the solute molecule. Based on this fact, we defined a free-energy
surface that employs the external electrostatic potential as collective solvent coordinates, and explored how the
original QM/MM statistical ensemble can be partially factorized such that it minimizes the number of solute
electronic structure calculations without introducing any approximations. We then studied how the classical and
mixed quantum-classical rate expressions for charge-transfer reactions can be expressed in this external-potential
representation. The resulting scheme was applied to a ubiquinol oxidation reaction in acetonitril in order to obtain
mechanistic insights into the inverted kinetic isotope effects observed experimentally for related systems.
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Transition Metal-Catalyzed Selective Formation of Carbon—Carbon Bonds

Takahiro Nishimura
Department of Chemistry, Graduate School of Science

(1) Rhodium-Catalyzed Asymmetric Hydroarylation of Diphenylphosphinylallenes
Rhodium-catalyzed asymmetric hydroarylation of diphenylphosphinylallenes with arylboronic
acids proceeded in high yields with high regio- and enantioselectivity to give chiral allylphosphine
oxides. Treatment of 3-(diphenylphosphinyl)-3-methyl-1,2-butadiene (1) with p-tolylboronic acid
(2 equiv) in the presence of [Rh(OH)((R)-binap)]> (5 mol % Rh) in THF at 60 °‘C for 1 h gave the
hydroarylation product 2a with 97% ee with a small amount of internal alkene 3a (total yield 97%,
2a/3a = 96/4). The structural determination of the key intermediate, a rr-allylthodium complex, was
successful to establish the catalytic cycle of the reaction, which involves the addition of an arylrhodium
species to allene forming a 7 -allylrhodium species and protonolysis of the 7 -allylthodium giving
hydroarylation product followed by transmetalation regenerating the arylrhodium intermediate.

(2) Highly Selective 1,6-Addition of Arylboronic Acids to Electron-Deficient Dienes Catalyzed by
an Iridium Complex

It was found that highly selective 1,6-addition of arylboronic acids to electron-deficient dienes
was realized by use of an iridium catalyst, which gave high yields of the corresponding ¢ -arylated
carbonyl compounds with perfect 1,6-selectivity. Treatment of (3E,5E)-3,5-heptadien-2-one (4) with
phenylboroxine (1.0 equiv) in the presence of a catalytic amount of [Ir(OH)(cod)]. (5 mol % Ir) and
H:0 (0.5 equiv relative to B) in toluene at 80 °C for 3 h gave a mixture of 1,6-adducts, 6-phenylhepten-
2-one (5), in 88% yield. The formation of the 1,4-addition product was not detected at all under the
present reaction conditions.

Publications

1. Highly Selective 1,6-Addition of Aryl Boronic Acids to «,3,7,0-Unsaturated Carbonyl Compounds
Catalyzed by an Iridium Complex, T. Nishimura, Y. Yasuhara, T. Hayashi, Angew. Chem., Int. Ed.,
45(31), 5164-5166 (2006).

2. Rhodium-Catalyzed Asymmetric Hydroarylation of Diphenylphosphinylallenes with Arylboronic
Acids, T. Nishimura, S. Hirabayashi, Y. Yasuhara, T. Hayashi, J. Am. Chem. Soc., 128(8), 2556-2557
(20006).

3. Asymmetric Addition of Dimethylzinc to N-Tosylarylimines Catalyzed by a Rhodium-Diene Complex
toward the Synthesis of Chiral 1-Arylamines, T. Nishimura, Y. Yasuhara, T. Hayashi, Org. Lett., 8(5),
979-981 (2006).
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N (]
N N
"
5'=-CT
3'-GA

WERCH R ELN 72 77 )V FIVILREZ B T % Py-Im CBI conjugates

BCF4F R 7 IV X IIUEIC & 2 &4 a1 5T

B OE Py-Im AR Y 7 I REHO T, HERYIFFER 7 LTIV EDEE FHERE (mRNA A0
IE, EHENOMR) 5 A 528 % b MEEMRIC T GFP HEIPHE BT 2 HaEEHM - &
DT, ZOMR, BN E T AERENZ, Bn O mRNA BHIZHEsNTHWS 7OoE—
R—FEDARIZIRS T, RN EOBIGERDVEN SN TV S a3 — NEEALET 5 2 &I
U 7z, EEZAZ. BEAEERA 7L XU L > T, EBIEFOEH D — FHEEIcEE T 24
EHERA 2GR E T ENAEETHLIEER LI ETHD, 512, 2TEEHO R L
FIEREEZ O RSE Py-Im R Y 7 2 RIZWL T, DNA Fv 72O CEEFRIIIGA 5%
BT U 7SR, W OD OB FIZEU T, BRSO ZRIZHER T 2 BERENE
O LI A BRI TV 5,

BlfE, A70Y 7 NI, ERANOFFERERY 2 BE IEMET 5 2 &I XV FEEL &
HIHT % & a2aRIC T A HEMANOICHZ BB L., fFEEREYIFR#EEE B DG Py-Im R Y
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7 I ROEHMIEEED TV HRETH S, RIGHE Py-Im AR Y 7 I NI X 2B 722 By 45
TNFIALFIOEBIL, FFEBMLTFRBEGIES &L TEENCHOFTE S, WA DBFEL
TS ERH A & § % 7L UL Py-Im R YU 7 3 N OEE FIREEME, M mEEEcEls 5
FhR T — 2, Py-Im RVU 7 I FOREBZFREBEFIHE? L COFREEZ TS E5 B
DTHhb, >T, DNAIXA 7u7 L AFMaHWTarF — LB EDNA F A2 7 *
T4 7 AFMEHAEDE THWSEZ EI2L>T, RAEEEEFOKEEMITICHISHTE S
7255, MAT, TOWFRIZEED > T %2 EFED AR - {LEHE - Y20 EHnE 2B
LR REDM FIbFE L EE A 5,

The development of the alkylating Py-Im polyamides
to control specific gene expression

Toshikazu Bando
Division of Chemistry, Graduate School of Science

In recent years, many diseases including cancer, hereditary and viral diseases can be understood
by the DNA and RNA sequence. Direct control of the expression level of specific gene would provide
promising approach for therapy. N-methylpyrrole (Py) and N-methylimidazole (Im) polyamides are
new type of small functional molecules that precisely bind to the minor groove of the duplex DNA in
sequence-specific fashion: antiparallel paired Im/Py uniquely recognizing G-C base pair and Py/Py
pairs recognizing either an A-T or T-A base pair.

One important question to consider is whether the introduction of sequence selectivity to DNA-
targeting agents can improve their effectiveness as gene-regulating tools. To address this question,
we have designed and synthesized a various types of sequence-specific DNA alkylating molecules
by conjugation of Py-Im polyamides and CBI with indole linker, which selectively alkylates at
predetermined DNA sequences. We demonstrated that sequence specific alkylating Py-Im polyamides
possess gene silencing activities and a promising potency for human cancer cell lines as well as
xenograft which carries human cancer cell lines.

We will focus on recent progress of alkylating Py-Im polyamides in view of sequence specificity
and biological activities. We expect that such progress in molecular design and the functional analysis
of sequence specific DNA alkylating Py-Im polyamides steadily get close to the goal of development
of rational biological tools to control specific gene expression.
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BIF S R Sulfolobus tokodaii B3 Photolyase D% &A1& EHET

EHRRE 12 X > TDNA LA U HEBEGD
5, FIVEAR—IIRESN L I70 T Ry
My ) 39 » XA 3 —JNEY (CPD) &, Al
T )L F—%F|HT % CPD Photolyase 't[F]1E
)X ovEEsnS (Fig. 1), HEZTIZAE
- BEE - UF 2L R O Photolyase O 118 7 B
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Fig. I Reaction catalyzed by Photolyase

Z D 1O &L A Sulolobus Tokodaii strain 7 Hi3K Photolyase O #i i & i (2 HL Y S A 72,
S. Tokodaii H 3k Photolyase (St-Photolyase) % K57 B THEBL S ¥, Ni-NTA, Resource Q % 7z (3
Resource Iso column ZH W THHREL 72, Z OFHAHA KRG THBL S B 72 St-Photolyase 7%, Y&

DIZANF—ZHWOWTDNA LOF I XA T —%

YT T T T T T m@vAC &k, Fig 2 ORBRCRERAL - SR
= 60[ 1 WETCESVLARREAL T ARETESNE
2 .l 1 (Fig.3), 7¥—ZOULHEIX PF-AR NW12 U SPring-8
E‘ I | BL41XU Tf7 - 7z, (AR F BB T thermophilus HBS
% 20+ I ] - Hi 3 Photolyase (Tt-Photolyase) O ## & (1IQR) & € 7
3 | 4] VELEATRRETEELL, T ARUHE(O
g e gETTT i HEHE% Table 1 IZF &0 7z,
& -200 : 2'0 : 4'0 : 6:0 ; SIU 00 fi# #r U 7z St-Photolyase @ 4= & # i& (Fig. 4)‘ =
Time (min) I E T2 SN 7z 3 7 O Photolyase D 1 i &

Fig. 2 Photoreactive activity of St-photolyase

FEFNT L ST Tz, BB - RIGHE - 4F BE B R

in vitro. The activity was measured Photolyase & ® Ca ¥ ® RM.S.D. I 1.18-1.48 A

using the absorption difference at 265 ThHote,

nm between the normal (T-T) and Photolyase (& St [A - & Al IR K11 D — D D el
the dimerized (T<T) thymines. UV- HFZ#>D, Z0 5 bOMBERMAF& L TE £ T
irradiated oligo (dT)is (consisting TT) @ Photolyase /' Flavin Adenine Nucleotide (FAD) % i
was incubated with St-photolyase under V2 Z & AHI SN TV 5, EXMETEL TlE. A

a fluorescent lamp (open circle). The
solid circle symbols represent samples
incubated under a dark condition. Non-
photolyase containing mixtures were also

J15 B 3£ Ec-Photolyase (& MTHF (5,10-methenyl tetra
hydro folylpolyglutamate) %, & &% Hi & An-Photolyse
\Z S8HDF (8 -hydroxy-5-deaza-riboflavin) %, &f 15

incubated under a light (open square) ¥ Tt—P}ylotoly‘ase ¥ FMN (Fla\.fin MonoNucleotide) #
and a dark (solid square) conditions. oz Zenmen T % (Fig.s) .,



Table 1. Crystallographic Data Statistics

Data statistics

Space group P2
Unit-cella, b, ¢ (A)  79.9, 167.7, 89.0
BC) 91.5
Resolution (A) 50 — 2.80 (2.90 — 2.80)
Completeness (%) 97.5 (89.7) Light
Harvesting
R sym (%) 12.2 (29.6) Cofactor
Refinement statistics ;\;P
Resolution (A) 50 — 2.80 Catalytic
oy
No. of uniq reflections 72,621 Cofactor
No. of atoms 15,170
Reryst/ Rivee (%) 99.3/94.7 Fig. 4 Overall Structure of photolyase from S.
tokodaii (St-photolyase)
8-HDF "o MTHF i
HO a
L
M, Ll
FMN i E_J_n i
MO, '!. HQ

oM

ﬂl uTn "Tn =
"'I[ " ;Iﬂ/ " FAD Fig. 6 Electron density map and the structure of

the light harvesting cofactor (FAD) found
Fig. 5 Cofactors found in Photolyase in St-photolyase

AHIFFE CHi#AT U 72 St-Photolyase D&Y T-f &+ 4 MiZik, FAD (Flavin Adenin Dinucleotide)
MEEEL Tz (Fig. 6) . Z O St-Photolyase (%, i fl i S. Tokodaii 70 & E#AHH L 72 H O Tl 7z <,
KIGEZHO TALRICHEH S B b D Th 5 M, KHEEHEK Ec-Photolyase (& MTHF % S5l Al
TFELUTHRIHL TWB Z NS, KIAD St-Photolyase 7 MTHF ZF|HL T 5 L IZEFEA SN,
MTHF A9z 1%, 8-HDF, FMN, FAD 0 =# 7' St-Photolyase D&EXMR T &L TEA BN S, Th
53001 OtEE EOMESIZ. 7T = Tdh %, St-Photolyase O Tyr-45 & Tyr-341 (%
D7 T e LKFEL TH0, IS 2 DD F 0y rid An-, Tt-photolyase TIZRTFE S 1
TR I &M 5, St-Photolyase (& FAD Z4FEMIICEFL TwbEEA LGNS (Fig. 7).

An-Photolyase & ') IV (FIv) B4 X —DEEEMEE A E (2, St-Photolyase DY I ¥
v RA R =TT I ERHEL 72 (Fig. 8) . An-Photolyase 3 1) ¥ > X4 ¥ — % photolyase C
I MARTE S N7z 4 785 (Glu283an, Arg232an, Asn349an, Arg350a,) TRFF L T % A%, St-Photolyase
T Z DI H—D0D Asn349a: 7 Gly309s: (ZZEF L TWv7z, L4 D IZ An-Photolyase TIX 2 DD
KT 5D T @2, St-Photolyase 0 Asn349s WTFEIEL T2,
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Fig. 7 Superimposition of the light Fig. 8 Model Structure of pyrimidine dimer Black: Both,
harvesting cofactor of An- Cyan: An-photolyase, Dark yellow: St-photolyase

photolyase (Cyan) and St-
photolyase (Dark yellow)

St-Photolyase (& An-Photolyase & (3 & TR > TEY IV X4 X —2 1T % LRk
N5,

Crystal Structure of archaeal photolyase with two FAD molecules

Masahiro Fujihashi
Division of Chemistry, Graduate School of Science

UV exposure of DNA molecules induces serious DNA lesions. The cyclobutane pyrimidine
dimer (CPD) photolyase repairs CPD-type-lesions by using the energy of visible light (Fig. 1).
Crystal structures of three photolyases from E. coli, A. nidulans and T. thermophilus (Ec-, An-, and
Tt-photolyases) have already been determined. However, no structural information is available on
archaeal photolyase. We determined the crystal structure of photolyase from an acidothermophilic
archaeon, Sulfolobus tokodaii strain7.

Photolyase from S. Tokodaii (St-photolyase) was overexpressed in E. coli and purified using Ni-
NTA and Resource Q or Resource Iso columns. The photoreactive activity was checked as shown in
Fig 2. Crystals were obtained using sodium nitrate as a precipitant (Fig. 3). Diffraction datasets were
collected at NW12 in PF-AR and BL41XU in SPring-8. Phases were determined with a molecular
replacement method using Photolyase from 7. thermophilus HB8 (Tt-Photolyase: 1IQR) as a search
model (Table 1).

The crystal structure of St-Photolyase (Fig. 4) is very similar to the known three photolyase
structures. The superimposition of these molecules results in the R.M.S.D. of the Ca. atoms being 1.32
A (384 Ca),1.18 A (387 Ca), and 1.48 A (349 Ca) to Ec-, An-, and Tt-photolyases, respectively.

Photolyases are known to have two chromophores with independent roles to harvest the light
energy and to catalyze the reaction. Flavin adenine dinucleotide (FAD) is used as a catalytic-cofactor



in all known photolyases (Fig. 5). 5,10-methenyltetrahydrofolate (MTHF), 8-hydroxy-5-deaza-
riboflavin (8-HDF) and flavin mononucleotide (FMN) are known to used as light-harvesting cofactors
of Ec-, An- and Tt-photolyases, respectively (Fig. 5).

An FAD was unexpectedly identified at the position of the light-harvesting cofactor of St-
photolyase (Fig. 6). Since Ec-photolyase utilizes MTHF and the recombinant St-photolyase was
expressed in E. coli, St-photolyase does not seem to utilize MTHF as a cofactor. 8-HDF, FMN and
FAD remain as candidates. The biggest difference among these three chromophores are the adenine
portion. Tyr45 and Tyr341 are not found in Tt- and An-Photolyase but in St-photolyase (Fig. 7). These
two residue specifically recognize the adenine portion of the FAD molecule. These facts imply that
Tt-photolyase utilizes FAD as a light-harvesting cofactor.

We have constructed a model structure of St-photolyase recognizing a thymine dimer based on
the superimposition on An-photolyase complexed with a thymine dimer (1TEZ) (Fig. 8). Four residues
of An-photolyase (Glu283an, Arg232an, Asn349a,, and Arg350a.) bind to the thymine dimer. One of
the four residues, Asn349a,, is replaced by Gly309s; in St-photolyase. In addition, the position of the
amine group of Asn349s of St-photolyase is occupied by two water molecules in An-photolyase.

St-photolyase might recognize CPD with a different geometry from that of An-photolyase.

Publications
1. Crystal Structure of Archaeal Photolyase from Sulfolobus tokodaii with Two FAD Molecules:
Implication of a Novel Light-harvesting Cofactor; M. Fujihashi, N. Numoto, Y. Kobayashi, A.
Mizushima, M. Tsujimura, A. Nakamura, Y. Kawarabayasi, K. Miki., J. Mol. Biol. (2007) 365, 903-910
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(1) EEFHEBRZ 2 AV - BIFREKFEERBROBEN © BT EE Thermococcus kodakaraensis
FZFOEBIZHFWVKEERET LN, AT =285, 7/ L@rh s TPERENSR
#EEETlX. 7 7 = % Alanine aminotransferase (AlaAT) IZ X5 VIV R I VNS EILE VB
N7 I ) EEBMINZ L VERT S, —H, IR IVBEOEEBRBETE Yy BT &R
Jt/1L 75 % NADPH b TH 5, AEOMBER L N+ —X (Hyh) 3KFEE2EHEEL T
NADPH #4T 52056, FELKZO L Hyh (2 X 0 HRINES, 77 =2 U]
HEndZENTHENT, ZORFEEPDLT-DI2, RED 7 T = ElE H 4 % 8=
TR EVERL LU 72, T kodakaraensis KU216 £k% 75 A Mz, AlaAT &{n %1%k (PAT1) . Hyh
B EE (PHY) . B X O E S 7iEkk (DPHAL) Z2/E8 L 7z, PHY1 #Cld. —EB{Lx
RN T ERKEOREEEN LR L ENS, Hyh KEOHRINIZESL TW5b 2 & &
AL 7 (Table 1), —77. PATI %k CHKFEOREHEN LA LI &ns BEDT 7 = K

Table 1 Comparison of metabolites of 7. kodakaraensis

Strain Description H: rate * H:/CO: ratio + Alanine NH: ’
(mmolg” ') {mM) (mM)

KU216 Host strain 28.1 0.88 10.3 0.9

PHY1 Hyh knockout 28.8 (+0.7) 0.96 (+0.08) 8320 35(+28)

PAT1  AlaAT knockout 29.3 (+1.2) 0.92 (+0.04) 8.0 (23 2.4(+1.5
DPHA1 Double knockout 31.0 (+2.9) 0.97 (+0.09) 7.4 (390 3.8+29
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ZERIRIN T A— R LSRRI . IS % R, T i

AT LELTOMBA Y 8T =2 12kt $ 28757 By o RN oo B e O+
TU—FERDAD, SO HEMEMOERIE, <

GCCRS
— 4 ">
———

Translation OFF Transtation ON

FHAE D 2 BA%E D ARYE T & % MR 2 B 58 U 72 b AR A
WHER O BEEFRBM - %Lﬁﬁz{ib‘dé‘fﬁfﬁ) 5, HAa
MR EE 2 IR L 72 7 7 0 — 7 TIE(EH RNA % Fig. 2
LN ER v 71 ?r:@’]‘%;fﬁéi%ﬁféb T3,

EKPIZ1X, Molecular Beacon BIN7 V' U #iEAE H 3% RNA 70— 7 (MB-mRNA) # &, in
vitto RIZBIT 5227 POEIE-NRICRIIL 72, 7o MAN)SHIZAT 72 invivo 2L 72 3
VROWERETIE o, AL 7 aryROEMIZLY., BETREMHROREMLIIMA, M

271



272

HAN - AT BT 2 BIBRHEE OME I T 5RO NS b0 LfFsn 5,

@) RT7FRKET—PF7O-TN
TICLB 2N EOHENE AR
T F R R T — Ko7
O—=7DXRT7NHFLOLNA T A A=
YDV =IELTHEHESIN TV A,
FrizFror e EAREKE T 5
1 885 1K (Zn(11)-DpaTyr) Y EfE S % 7
AINT ¥ EEEH] (Dn, n=2 ~ 5) &K
FTL I THAMFRAT 2 ZEERY ¢ ig. 3 Specific labeling of D4 tagged protein with Zn(II)-
72U 7z, Zn(I)-DpaTyr & O FAI M1 DpaTyr probe
TANTXFUBOEUMRIFE L., 4 D

HUIETIARTF R (Dy; DDDD) (2L TIE K iZU CTIUMBEE TH S &2 ITCHIE XY
HHO DU 7z, RIZ Dy R ZEH|Z D (Ds-G-Das) T % X > /87 RNase 125 U CHANE %A FF
il 7z, ITC H{IE £V Ds Bi¥]%Z —DF T % RNase & Zn(Il)-DpaTyr & . DEE L 72 4 % HLHEE
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System biological chemistry --- Genetic and chemical approaches
to understand and utilize the system of life

Minoru Wakamori, Tamotsu Kanai, Shinsuke Sando, Akio Ojida
Department of Synthetic Chemistry and Biological Chemistry,
Graduate School of Engineering

(1) Genetic analysis of metabolic pathway relating to H: generation of a hyperthermophile: The
hyperthermophilic archaeon, Thermococcus kodakaraensis KODI1 is an anaerobic heterotroph evolving
molecular hydrogen (Hz) during growth. Based on the entire genome sequence of 7. kodakaraensis,
metabolic pathway of the strain relating to H. generation was estimated. Moreover, improvement
of the Hz-production potential of 7. kodakaraensis was achieved by the combined application of the
genome information and the gene disruption system (Table 1).

(2) Impact of an active zone scaffolding protein on inactivation of P/Q-type voltage-dependent
calcium channel: Active zones (AZs) are highly specialized sites for release of neurotransmitter
in presynaptic nerve terminals. The spacing between voltage-dependent calcium channels (VDCCs)
and synaptic vesicles at AZs is thought to influence the dynamic properties of synaptic transmission.
However, molecular determinants that maintain or regulate appropriate distance between vesicles and
VDCCs have been elusive. Recently we have demonstrated a novel molecular interaction between an



AZ scaffolding protein and VDCCs. To elucidate the functional significance of this direct coupling, we
characterized whole-cell Ba* currents through recombinant P/Q-type VDCC expressed as @1a @2/ 0B 1a
complex in baby hamster kidney cells. The AZ protein induced a pronounced deceleration of inactivation
rate (Fig. 1A) and a depolarizing shift of the inactivation curve (Fig. 1B). Currents evoked by trains of
action potential waveforms, a more physiological voltage-clamp protocol used particularly to reveal
closed-state inactivation, further support profound suppression of voltage-dependent inactivation by the
AZ protein. Thus, the AZ protein coordinates calcium signaling and spatial organization of molecular
constituents in presynaptic AZ.

(3) Effort toward in vivo genotyping using genetically-encodable unmodified mRNA as a probe:
We developed a new strategy of Molecular Beacon-mRNA for sensitive genotyping and nucleic
acid detection, based on the system of naturally occurring or engineered hairpin-shaped RNAs for
conformation-induced control of translation frequency. The sensing of nucleotide sequence can be
carried out using a genetically encodable unmodified mRNA as a probe.

(4) Peptide tag-small probe pair: A new protein labeling method for bioimaging: We developed
a new peptide tag/artificial probe pair composed of a genetically encodable oligo-aspartate sequence
(D4-tag) and a corresponding multi-nuclear Zn(II) complexes (Zn(I1)-DpaTyrs). The strong binding
affinity of the Zn(Il)-DpaTyr probes with the D4-tag was achieved by the multiple coordination bonds
and the multivalent effect. It was measured quantitatively by ITC. The high affinity between the tag
and the probe enabled the pair to be used for the labeling and fluorescence imaging of a membrane-
bound receptor protein tethering a triply repeated D4-tag ((D4);) in living cells.
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Research of novel materials and properties in extreme environments

Kazuki Nakanishi, Hiroshi Okuyama, Mitsuhiko Maesato, Chishiro Michioka
Division of Chemistry, Graduate School of Science

(1) Phase separation in silica sol-gel system incorporated with a polymer having hydrogen-
bonding side-chains (Nakanishi): Silica gels with controlled macro/mesopores can be prepared by
a sol-gel process incorporated with an additive to induce phase separation. Using tetramethoxysilane
(TMOS) as a silica source and poly(arylamide) (PAAm: MW-10,000) as a phase-separation inducer,
the reaction solution was prepared by hydrolyzing TMOS under an acidic condition, then allowed
to gel in a sealed container at 40 “C. In a limited starting composition region, macroporous gels with
co-continuous pores and gel skeletons were obtained. PAAm was preferentially distributed to the
phase rich in silica oligomers and it was also found that the solvent exchange treatment can modify
the mesopore structure of heat-treated silica gels through swelling control of PAAm chains closely
hybridized with silica network.

(2) Single-molecule study of an adsorbate on surface (Okuyama):

(2)-1 Single-molecule vibrational spectroscopy: Inelastic electron tunneling in the STM junction
realizes vibrational spectroscopy of a single molecule. Figure shows the STM-IETS spectra for
an acetylene molecule on Cu(110). The 0.35 V peak shows the C-H stretch mode. Isotope shift
is observed by substitution with deuterium. The vibrational energy indicates that acetylene is
rehybridized to nearly sp’ on Cu(110).

(2)-2 Single-molecule hopping induced by tunneling electron: STM can be used as a atomic-
scale reactor with energetic tunnel electron. The hopping of an acetylene molecule is induced by the
energetic electrons that excite the C-H stretch mode, followed by anharmonic coupling to the low-
energy translational modes.

(3) Giant magnetoresistance in a 1-d hybrid magnetic conductor (Maesato): We have investigated
the magneto-transport properties of the magnetic molecular conductor (DIETSe):FeCls. This salt has
both the quasi-one dimensional electronic structure and local moments of anions, where the interplay
between the low-dimensional 7t-electron system and d-spins is expected. At ambient pressure this salt
shows metallic behavior down to about 12 K, below which the resistance increases with decreasing
the temperature. An anitiferromagnetic (AF) transition of Fe(IIl) (S = 5/2) spins occurs at about 2.5 K,
where an additional anomaly are observed in the temperature dependence of resistance. Below 2.5 K,
we found the quite anomalous magnetoresistance: The interlayer magnetoresistance showed an abrupt
change just above the spin-flop field. The resistance change becomes very large with increasing the
hydrostatic pressure and reached to about 130 % at 1.5 K and 12 kbar. These results suggest the strong
spin-charge coupling in this novel 7t-d conductor.



(4) Spin dynamics in the water intercalated cobalt oxide superconductor (Michioka): A novel
superconductor of Na.CoO: * yHO (BLH) can be synthesized from the parent compound Nao;Co0O:.
In this study, we performed *Na NMR studies of the powder samples of Na.CoO *+ yH.O with

superconducting transition temperature of 7c < 1.8 K, 3 K and 4.5 K. The temperature dependence of

*Na nuclear spin-lattice relaxation rate 1/>T; of the non-superconducting BLH (7¢ < 1.8 K) is found

to be similar to that of the parent compound NaosCoO2, whose spin dynamics is understood by A-type

(intra-layer ferromagnetic and inter-layer antiferromagnetic) spin fluctuations. The superconducting

phase is located to the quantum critical point with A-type magnetic instability.
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Cr-MCM-41 for selective dehydrogenation of lower alkanes
with carbon dioxide

Tetsuya Shishido
Division of Molecular Engineering, Graduate School of Engineering

(1) Dehydrogenation of lower alkanes with carbon dioxide: Catalytic conversions of alkanes into
the corresponding alkenes are of increasing importance because of the growing demand for alkenes.
Chromium-based catalysts have received much attention because of their wide use in many catalytic
reactions. Silica- and alumina supported chromium oxides were industrially used for the productions
of lower alkenes such as ethene, propene, and isobutene through the dehydrogenation of the
corresponding alkanes. The reaction is endothermic and inevitably controlled by the thermodynamic
equilibrium, requiring substantial energy consumption. Supported chromium oxides have also
been investigated for the oxidative dehydrogenation of lower alkanes or oxidation of other organic
compounds with oxygen. However, the use of oxygen as an oxidant is frequently accompanied by deep
oxidation, resulting in a decrease in product selectivity. Carbon dioxide as one of the major greenhouse
gases has recently been considered as a source of carbon. Catalytic dehydrogenation of carbon dioxide
into several organic compounds has been intensively studied. In fact, carbon dioxide can also act
as a mild oxidant and utilization of carbon dioxide in some partial oxidation reactions, such as CO:
reforming of methane and oxidative coupling of methane, has been reported. Carbon dioxide was
found to enhance the dehydrogenation of ethane, propane, and isobutane over supported chromium
oxide. The reduction—oxidation property and the appropriate dispersion of chromium species on the
support are important in these catalytic reactions.

MCM-41, a typical mesoporous molecular sieve, possesses uniform and well-ordered mesoporous
channels with controllable pore sizes from 2 to 10 nm as well as a high surface area (ca. 1000 m’
g"), and thus could be used as a promising catalyst support. Studies of chromium species introduced
into MCM-41 would thus be useful in developing Cr-containing catalysts with desirable catalytic
properties. There exist several studies on the synthesis and were characterization of Cr-MCM-41. Cr-
MCM-41 prepared by an impregnation method was once used for the oxidative dehydrogenation of
propane with oxygen, but the selectivity to propene was low and the yield to propene was lower than
5%. Recently, a SBA-15-supported chromium oxide by the impregnation method has been applied
to the dehydrogenation and the oxidative dehydrogenation of propane and showed good catalytic
performance.

In this study, we report the deactivation behavior of Cr-MCM-41 prepared by direct hydrothermal
method in the dehydrogenation of propane by carbon dioxide. The catalysts before and after
the reaction are characterized in detail to obtain information about the change in structures and
coordination environments of the introduced chromium species during the reaction. Moreover
regeneration of the deactivated catalyst by oxygen or carbon dioxide is investigated and discussed
to elucidate the structure—activity relationships for the Cr-MCM-41 prepared by direct hydrothermal
method catalysts.

(2) Dehydrogenation of lower alkanes with carbon dioxide: M-MCM-41 catalysts (M: V, Cr,
Mn, Fe, Co, Ni, and Ga) prepared by direct hydrothermal (DHT) synthesis have been tested for
dehydrogenationof propane with carbon dioxide. The synthesized materials were characterized by
X-ray diffraction (XRD), N2 adsorption (77 K), diffuse reflectance UV—vis, UV-Raman, and X-ray



absorption (XANES and EXAFS) spectroscopic measurements. Cr-MCM-41 showed the highest
activity among M-MCM-41 catalysts tested, resulting in the production of propene with a conversion
of 30% and a selectivity above 90%. The rate of carbon monoxide formation increased together
with that of propene, while the rate of hydrogen formation stayed at almost constant value, with
increasing the partial pressure of carbon dioxide. The mechanism of catalyst deactivation as well as
regeneration was discussed based on the structure—catalytic property relationships. It is suggested that
Cr(VI) in tetrahedral coordination formed as an active monochromate species and reduced to Cr(I1I)
in octahedral coordination as a less active polychromate species during the reaction. Deactivated
catalyst was regenerated by a treatment with gaseous oxygen, during which a reoxidation of the Cr(III)
species to the Cr(VI) species was observed. Not only oxygen but also carbon dioxide could regenerate
Cr(VI)Os tetrahedra from reduced Cr(III)Os octahedra, even though the efficiency of carbon dioxide
was lower than that of oxygen. It is concluded that during the reaction propane is dehydrogenated to
propene by Cr(IV)O; tetrahedra, which is simultaneously reduced to Cr(II1)Os octahedra. The reduced
Cr(III)Os octahedra can be reoxidized to Cr(VI)Os tetrahedra by carbon dioxide, and thus the reduction
—oxidation cycle between Cr(VI)Os tetrahedra and Cr(III)Os octahedra has an important role in the
dehydrogenation of propane with carbon dioxide over Cr-MCM-41.

Publications

1. Cr-MCM-41 for selective dehydrogenation of lower alkanes with carbon dioxide, Y. Wang, Y. Ohishi, T.
Shishido, Q. Zhang, and K. Takehira, Studies in Surface Science and Catalysis, 2003, 146, 725-728.

2. Characterizations and catalytic properties of Cr-MCM-41 prepared by direct hydrothermal synthesis
and template-ion exchange, Y. Wang, Y. Ohishi, T. Shishido, Q. Zhang, W. Yang, Q. Guo, H. Wan, K.
Takehira, Journal of Catalysis, 2003, 220, 347-357.

3. Behavior of active sites on Cr-MCM-41 catalysts during the dehydrogenation of propane with CO2, K.
Takehira, Y. Ohishi, T. Shishido, T. Kawabata, K. Takaki, Q. Zhang, and Y. Wang, Journal of Catalysis,
2004, 224, 404-416
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Research of functional organic material

Yoshitaka Tanimura, Koji Ando and Kim Hyeon-Deuk
Division of Chemistry, Graduate School of Science

(1) 2-Dimentional IR Spectroscopy of Inter- and Intra-molecular interaction: We present an
analytical expression for the linear and nonlinear infrared spectra of interacting molecular vibrational
motions. Each of the molecular modes is explicitly represented by a classical damped oscillator on
an anharmonic multidimensional potential-energy surface. The two essential interactions, the dipole-
dipole(DD) and the dipole-induced-dipole(DID) interactions, are taken into account, and each dipole
moment and polarizability are expanded to nonlinear order with respect to the nuclear vibrational
coordinate. Our analytical treatment leads to expressions for the contributions of anharmonicity,
DD and DID interactions, and the nonlinearity of dipole moments and polarizability elements to
the one-, two- and three-dimensional spectra as separated terms, which allows us to discuss the
relative importance of these respective contributions. We can calculate multi-dimensional signals
for various configurations of molecules interacting through DD and DID interactions for different
material parameters over the whole range of frequency. We demonstrate that contributions from the
DD and DID interactions and anharmonicity are separately detectable through the third-order three-
dimensional IR spectroscopy, whereas they cannot be distinguished from each other in either the
linear or the second-order IR spectroscopies. The possibility of obtaining the intra- or inter-molecular
structural information from multi-dimensional spectra is also discussed.

(2) Exciton-Exciton Coherent Transfer: We have developed the explicit non-Markovian equation
which can describethe exciton-exciton coherent transfer(EECT). Its solutions make it possible
to derive the effects caused by EECT in the nonlinear response function for four-wave-mixing
experiments. We take into account ground and two-exciton states, static disorder and a phonon
bath coupling represented by arbitrary spectral densities. Our derivation is based on the doorway-
window representation and the projection operator method which are now developed for exciton-
exciton coherent states. Applications of our analytical expression to B850 monomers of a Light
harvest II[(LH2) antenna system are mentioned. We have shown that EECT becomes indispensable and
generates the essential contribution to the nonlinear spectroscopic signals in the molecular aggregates.

Publications
1. Multidimensional Infrared Spectroscopy for Molecular Vibrational Modes with Dipolar Interactions,
Anharmonicity, and Nonlinearity of Dipole Moments and Polarizability, Kim Hyeon-Deuk and
Yoshitaka Tanimura [J. Chem. Phys. Vol.123 224310(2005)]
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Development of a rapid line-scan and highly sensitive spectromicroscope
and its application to the study on thylakoid membrane
in chloroplasts and cyanobacteria

Shigeichi Kumazaki and Masahide Terazima
Division of Chemistry, Graduate School of Science

Thylakoid membrane is adapted in its morphology and constituion against environmental stress
in various cases. Our aim is to understand and control the physiological changes in alive cells by
developping optimized microscopic and spectroscopic tools for photosynthetic organisms.

1. Two examples of adaptation of photosynthetic cells against environmental stress

Oxygenic photosynthesis is achieved by two types of pigment-protein complexes called
photosystem I and photosystem II. The photoinduced electron-transfer chains of the two photosystems
are serially connected. There are also other pigment-protein complexes called light-harvesting (antenna)
complexes, the roles of which are primarily to absorb light and transfer the excitation energy to the two
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photosystems. The ideal situation for the serial electron-transfer systems is that the two photosystems
are equally excited, since otherwise there should be extra reducing or oxidizing state or species that
are harmful for the sophisticated pigment-protein complexes. The two photosystems possess slightly
different spectral features, and the spectral features and numbers of the light-harvesting systems
interacting with the two photosystems are different. These conditions necessitate an adjustment of the
degree of interaction between those pigment-protein complexes according to intensity and/or spectrum of
incident light for photosynthetic cells. Such adaptation is actually achieved through changes in distance
relation and number of pigment-protein complexes, and morphology of the thylakoid membrane.

Certain cyanobacteria are also able to reduce atmospheric dinitrogen gas to ammonium (N:
fixation), by which they survive poor nutritional conditions of air, water, a few inorganic nutrients, and
light. However nitrogen fixation and oxygenic photosynthesis are intrinsically incompatible, because
the enzyme responsible for reduction of Nz, nitrogenase, is impaired by a minute concentration of
oxygen. Some multicellular cyanobacteria overcome this incompatibility by differentiating nearly
anoxic cells within filamentous chains of cells. Nitrogen fixation takes place in such limited terminally
differentiated cells, which are called heterocysts, and the other cells in the same chain carry out normal
photosynthesis. Two types of cells exchange photosynthetic products and nitrogen compounds.

2. Optimum observation of photosynthetic cells and their internal structure

Highest priority is to sustain a high degree of noninvasiveness. Far-field mode seems to be
more desirable than near-field mode, since the former has 3D resolution. The relatively poor 2D
resolution of the far-field mode can be improved by optical nonlinear effects. Two-photon excitation
by near-IR pulsed laser seems to be indispensable, because photoexcitation occurs only at the focus
and 3D-resolution is improved. Pulsed excitation also enables one to adopt various time-resolved
spectroscopy, which tells us inter-complex distances on a nanometer scale in the microscopic volume.

Here is a brief description of the construction and characterization of a laser-scanning semi-confocal
microscope capable of a simultaneous detection of true spectra. A resonant scanning mirror oscillating at
7.9 kHz enables a near-infrared femtosecond pulse trains at 800 nm to be illuminated on a line (x axis),
and the whole two photon induced fluorescence from the linear region is focused on the slit of an imaging
polychrometor. An electron-multiplying CCD camera was used to resolve the fluorescence of different colors
at different horizontal pixels and the fluorescence of different spatial positions in the linear region of the
specimen at different vertical pixels. The point spread function of the system in full widths at half maxima
are 0.43(£0.06) and 0.19(%0.08) and 0.41(£0.06) .2 m for the X, y and z axes, respectively. The resolutions at
the latter two axes are comparable to those of typical laser-scanning confocal microscopes to be used in the
visible region. Biological application of this microscope was demonstrated in a study on the fluorescence
spectra of the thylakoid membrane in a cyanobacterium Anabaena PCC7120 and chloroplasts in plants.

3. Application of the microscope to a cyanobacterium Anabaena PCC7120

The second figure in the corresponding Japanese abstract shows maps of ratio of fluorescence intensities
between two wavelength regions of 653 (= 10) and 685 ( =5) nm (F685/F653 ratio maps) at different z
sections. The two wavelength regions centered at 653 and 685 nm are selected so as to probe the fluorescence
from phycobilisome (PBS) and photosyestem II (PSII), respectively. The F685/F653 ratio maps largely
indicate that the ratio value is lower at the core than the periphery of each cell. The relatively low ratio value
at the core than the periphery of cells has revealed that physiological status of PBS and/or PSII is somehow
different between the core and the periphery. There are two extreme interpretations that are not mutually
exclusive. One is that the stoichiometric ratio of PBS is higher at the core than the periphery. The other is
that the efficiency of energy transfer from PBS to PSII is somehow lower at the core than at the periphery. A
hybrid situation is that there may be more PBS at the core than the periphery and that some extra PBS in the
core domain are not closely connected with PSII, which results in higher fluorescence from PBS at the core
than the periphery. Fluorescence decay meadurements and/or excitation wavelength dependence in the future
will hopefully tell us clearer view on the subcellular physiological status of PSII and PBS.
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Fig. 1 Nighttime chemistry related to NOs and
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Fig. 2 Schematic diagram of our CRDS instrument.
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photodiode detector; PC, personal computer.
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Cavity ring-down spectroscopy
applied to atmospheric radical measurements

Tomoki Nakayama
Department of Molecular Engineering,
Graduate School of Engineering

(1) Development of in-situ detection system of atmospheric NOs and N:Os: An instrument for in-situ
detection of NOs and N»Os in the ambient air using a technique of pulsed cavity ring-down spectroscopy
(CRDS) at 662 nm has been developed. The CRDS detection technique is spreading widely as a high-
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sensitive absorption spectroscopy technique, in which high-reflectivity mirrors are used to achieve long
effective path length in a short base path, allowing in-situ detection of NOs. A schematic diagram of our
CRDS instrument is shown in Figure 2. The laser light was passed through focusing optics and injected
into the ring-down cavity through one of the cavity end mirrors. The cavity mirrors have a maximum
reflectivity of 99.996% at 662 nm and were mounted 69 cm apart. The cavity was fixed with three low-
expansion alloy rods to minimize thermal alignment drift. Light leaking from one of the cavity end
mirrors was detected by an avalanche photodiode detector through an iris and a long-wave pass color-
glass filter. Heating the cell to about 353 K induces thermal decomposition of N>Os to yield NO: and
NOs. Thus, the total amount of NOs and N»Os in the air can be detected. The titration reaction of NO
with NO; was employed for zero determination of the NO; concentration. The minimum detection limits
of 1.5 and 2.2 pptv in the 100 s interval have been achieved for NO; and N2Os, respectively.

(2) Nighttime measurements of ambient N2Os and related compounds: /n-sifu measurements of
N20s, NO, NOg, and O; in sub-urban area have been performed. A newly developed instrument based
on pulsed CRDS at 662 nm with thermal converter was used for the observation of N2Os. The N»Os
mixing ratios ranged up to 20 pptv during nighttime. By applying the steady state approximation, the
steady state concentrations of N2Os, [N2Os]ss, were estimated from the observed concentrations of
NO, NO», and Os. Figure 3 shows the observed N2Os, [N20s]obs, and [N2Os]ss (upper panel), and the
difference between [N2Os]obs and [N2Os]ss (lower panel). The observed airmass is considered to be
reached to the steady state at around 21:00 PM after sunset. To explain the time scale that the airmass
reached to the steady state, the additional loss process of NOs by reactions with VOCs that emitted only
during daytime is needed. The fact shows that the reaction with VOCs has a potential to be an important
sink of NOs, especially during several hours after sunset. From the differences after 21:00 PM, the
heterogeneous loss rate of N2Os on the aerosol surfaces was estimated to be 2 X 10 and 1.8 X 107 s™
for the air masses observed before and after 23:30 PM, respectively. Based on the mixing ratios and the
heterogeneous loss rate of N>Os, the nocturnal NOx loss was evaluated as 0.5 ppbv night™.

(3) Determination of thermal decomposition rate of N2Os: CRDS technique has been applied to
measure the thermal decomposition rate of N2Os in 1 atm of air as a function of temperature between
314 and 348 K. In our experiment, the temperature dependence of NOs formation in the NO/Os
reaction system was observed. NOs; was detected by CRDS at 662 nm. The rate constants of thermal
decomposition of NoOs were determined so that the results of the chemical kinetics simulation
consist with the observed concentrations of NO;. As shown in Figure 4, the rate constants determined
in the present study is in good agreement with the literature values. This work provides the first
determination of the rate constants at higher temperature range (>323 K) at 1 atm. The Arrhenius
expression of the thermal decomposition rates measured, which is incorporated with literature values
down to 263 K, is given by 7.69 X 10" exp(-11130/7) s™" over the range 263 and 348 K.
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Development of a high-pressure microscope and its application to
biological systems.

Masayoshi Nishiyama

Division of Chemistry, Graduate School of Science
Yoshifumi Kimura

International Innovation Center

(1) Development of a high-pressure microscope: We have developed a novel microscope that
enables us to monitor biological objects under high hydrostatic pressure. The high-pressure optical
cell was designed to be used with a commercially available microscope and optics for the observation
of epi-fluorescent images. By reducing the thickness of the observation window, we can get a large
aperture of the optical window (ca. 70°), which enables the microscopic observation with a high
resolution. The observation window was made of BK7, because this material is suitable for preparing
appropriate surface condition in our experiments.

The high-pressure optical cell was composed of two optical windows, six metal parts, and two
O-rings. The metal parts were made of hastelloy C276 and SUS316. The observation and rear windows
were attached to their window supports (3 and 4) by adhesion bond, respectively. These were fixed in
the cell body by the window support screws and sealed by O-rings, respectively. The high-pressure
optical cell was connected to a high-pressure hand pump, via a separator. The hand pump was filled
with silicone oil and the oil pressure could be increased up to S00MP. The main body of the separator
was a cylindrical tube (SUS316). The inside was separated into two spaces by a thin teflon cap. The
one part was filled with silicon oil, and connected to the high-pressure pump. The other part was filled
with assay buffer, and connected to the optical cell. The oil pressure was transduced to the buffer
solution through the deformation of the Teflon cap. The pressure was measured with a pressure gauge
with an accuracy of IMPa. The high-pressure optical cell can be used up to 200 MPa (~2000 bar) and
it was mounted on a commercial inverted microscope to observe epi-fluorescent images of individual
microtubules tethered to kinesin molecules on observation window of the high-pressure optical cell.

(2) Depolymerization of the microtubule: Microtubule is a cytoskeleton that arranges the shape of
the cell and internal components. Microtubule has a long filamentous structure and is composed of
tubulin molecules. The dynamics of the polymerization and de-polymerization reactions is strongly
dependent on the temperature. The thermodynamic analysis has been performed to study the regulation



mechanism on the microtubule.

We studied the pressure effects on the filamentous structure of the microtubule. The polarity-
marked microtubules were attached to kinesin adsorbed on the observation window of the high-
pressure optical cell. The epi-fluorescent images of the polarity-marked microtubule were monitored at
high hydrostatic pressures. As applying the pressure, all of the microtubule started to shorten from the
both ends even in the presence of 101 M Paclitaxel. The shortening velocity is constant against a time.
The shortening velocity exponentially increased with the pressure and it reached to ~1 . m/min at 150
MPa. The shortening reaction took place similarly from the both ends of the microtubule. The pressure
dependence of the shortening velocity, &, can be expressed by

k= ko exp(-PAV*/ksT), €))
where, ko is the intercept of y-axis and AV is the activation volume of the pressure-induced reaction.
The plots were fitted by Eq. 1 with ko= 1.8x107 s™ and A V* = -90 cm’/mol. In addition, the breakage
of microtubules was also observed at relatively high-pressure levels (>100 MPa).

Salmon reported that the spindle length of Chaetopterus egg is changed by the application of the
pressure. When the pressure was reduced to the normal pressure level (0.1MPa), the spindle structure
was reconstructed. Therefore, the pressure-induced shortening reaction of the individual microtubules
could be caused by the disassembly of tubulin molecules from the ends of microtubule, but not by the
denaturation of microtubule. The depolymerization of microtubules could be caused by inserting the
water molecules into the binding sites of tubulin molecules. In cells, the length of the microtubule is
properly regulated by some microtubule-binding proteins. Kinesin-8 proteins shorten the filamentous
structure from the end of the microtubule. On the other hand, katanin molecules sever the filamentous
structure. Our results indicate that the microtubule disassembly in cells is caused by modifying the
protein hydration.

(3) in Vitro motility Assay for kinesin motors: Kinesin is an ATP-driven molecular motor that
moves processively toward the plus end of a microtubule. The processive movement is explained by
a hand-over-hand model in which the two heads of kinesin work in a coordinated manner. According
to this model, the rear head detaches from a microtubule, and then attaches to the next binding site.
The interaction between the head and tubulin is important for generating the sliding movement. The
intermolecular interaction could be changed by applying the pressure. Here, we investigated how the
high pressure affects on the motility of kinesin motors.

The polarity-marked microtubule was adsorbed on the kinesin motors attached to the observation
window of the high-pressure optical cell. The microtubule-gliding assay was performed in the presence
of ATP. Most of the microtubules on the observation window moved smoothly and continuously,
even under the high pressure. However, the velocity changes by the application of pressure. When
the pressure was reduced to the normal pressure level (0.1MPa), the microtubule-gliding velocity
recovered to the normal level. Thus, the high pressure reversibly inhibits the motility of the kinesin
motors. The similar inhibitory action has been reported from the experiment by using local anesthetic.

To study the reversible inhibition mechanism, we carried out the motility assay at various
pressures and ATP concentrations. The microtubule-gliding velocity decreased with the pressure,
and increased with the concentration of ATP. The relationship between the velocity, V, and ATP
concentration, [ATP], was fitted to the Michaelis-Menten kinetics equation,

V = Vyar /(1+K*/[ATP]), (2)
where Vi is the gliding velocity at saturating concentration of ATP and K" is the apparent Michaelis
constant. As increasing the pressure, Vi and K,,' decreased. The ATP binding reaction and following
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hydrolysis reactions would be modulated by the application of the pressure. To understand the
pressure effects on the kinetic profile, we performed the kinetic analysis with 3-state model, which
was originally proposed for the stepwise movements at the normal pressure level. The kinetic pathway
is as follows,
ko k s )
[K]+ATP—[K.T]—[K.D]—[K]+ADP,

where [K], [K.T] and [K.D] are no nucleotide, ATP and ADP bound state, respectively. We assumed
that k; and 4; are dependent on the pressure, but k2 is independent of the pressure in convenience.
The reason is that the pressure-velocity relation at saturating ATP concentration (ImM ATP) is well
explained by the pressure-independent and -dependent rate constants. We performed the kinetic
analysis of the microtubule-gliding velocity under high pressures. Our results showed that the
activation volume of k; and &; are 7.4 and 48 cm’/mol, respectively. The pressure-induced inhibition
on the ATP binding reaction was smaller than the following hydrolysis reaction. We consider that
functional perturbations are caused by penetration of water molecules into the intermolecular binding
sites.
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[PACI(m3-C3Hs)], (5 mol% of Pd)
PPh; (10 mol%)

RO—H + Me;SiSiMe; - RO—SiMes
. DMA, 80 °C, 3h
1:0.6
R = primary, secondary and tertiary alkyl yield > 90%

(3) D7 IUEFHESFMIESL AV IX VEIRIAFE Diels-Alder IS DB : Diels-Alder X
IE OO RRE—REREES L. BRATHUODOAFHLONTERENEZ ENE, AR

296



BOTHREATRNBEFEOVEDER > TS, TNETIZ, FIINMEHBFICAFILA
AW fih it A F Uy 72 A 35 Diels-Alder RGBT Z KME SN TV BN, V7 A7 L AEREIZEL
T, EEREN2E 2RO TE o3 #&IRA) 72 Diels-Alder ISIFIFE A EHRESNTHRL,
F 72 2000 F 2 LB A BFZE & L C. MacMillan 5 12 & o TH g% FH W 72 A 3% Diels-Alder X
B HRESN TV SN, RFRTtr FAEREE NI 7 A7 L A@RERIFIE 11 &
FEEIENEORMEBL T, A70Y 227 bTIE, MEE L TEF7FILY 7 I VEFEER
lo7abrBEEEZHN2Z8I0X0, afitEBREZR 0 o,3- A7V T Fern
Ry RZRY T2 O Diels-Alder G E ¥ V@ IRNNICHET I 2 &2 R L 72,

diamine 1 (12 mol%) OO
TfOH (10 mol%) CHO Ph NHCH
X CHO . @ / + /[ ’
Ph CH,Cly, r.t. NHCH3
- e | OO
99% vyield

exolendo = 8.9/1 1

Flo, RS AT LEANFRISNEEH U, ER N ORICERTFOREL 2727 & 25,
FLE EIROD» DR T > FAERIN ISP HETT S5 &b R L 7.

Ar
diamine (R)-2 (12 mol%) CHO ‘O
Ph/\/CHo + @ p-TsOH-H0 (10 mol%) /7 N ilx\\(/Ph NHCH;
CgHs5CF3, -20°C NHCH;3
) o | I
Ar

80% yield
exolendo =12.8 (92% ee) / 1 (91% ee)|  (R)-2 (Ar=4-Bu-CgH,)

Novel methodology in organic synthesis and development

Hiroshi Shinokubo, Eiji Shirakawa, and Taichi Kano
Department of Chemistry, Graduate School of Science

(1) Regioselective Modification of Corroles by Means of Transition Metal Catalysis: Transition
metal catalyzed transformation of corroles has been developed. Corroles are quite attractive 18 7
aromatic pigments, but suffer from lack of effective modification reactions. Iridium catalyzed direct
borylation of triarylcorroles provides mono-borylated corroles in excellent yields with perfect
regioselectivity. On the basis of this method, novel doubly fused corrole dimers, which contain planar
cyclooctatetraene, have been synthesized efficiently through palladium catalyzed oxidative homo-
coupling of borylcorrole followed by the oxidative fusion reaction of a singly linked corrole dimer.
ESR and SQUID measurement as well as theoretical calculation elucidated that the oxidized form of
doubly fused corrole dimers exists as an exceptionally stable biradical in air at room temperature, not
as a normal closed shell molecule.
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(2) New Reactions Utilizing Activation of Si—Si Bonds by a Palladium Catalyst: Disilanes are
known to be good substrates for transition metal-catalyzed reactions. However, hexamethyldisilane
(MesSiSiMes), one of the most easily available disilanes, has been a rather poor substrate because of
its low reactivity. We found that PAH(CI)(PPhs)., generated from easily available [PdCI(7’-CsHs)]> on
treatment with Me;SiSiMes in the presence of ROH (alcohol, water,:-+), readily catalyzes the cleavage
of the Si—Si bond of the disilane to give Me;SiH and Me;SiOH. Here we report new reactions utilizing
this new method of activation of MesSiSiMes. Use of deuterium oxide is used instead of ROH in this
reaction gives PAD(CI)(PPhs): and MesSiD. We disclosed that, utilizing the thus generated deuterium-
containing catalyst and reagent, dideuteration of alkynes can be accomplished with deuterium oxide,
the most inexpensive deuterium source. In addition, we developed a new trimethylsilylation method of
alcohols using only 0.6 equiv of MesSiSiMe;. This highly atom-economical reaction proceeds under
essentially neutral conditions without adding any additive but [PdCI(7)>-CsHs)].—PPhs as a catalyst.

(3) exo-Selective Asymmetric Diels-Alder Reaction Catalyzed by Diamine Salts as
Organocatalysts: A novel binaphthyl-based diamine (R)-2 was designed and synthesized. A protonic
acid-(R)-2 salt catalyst has the advantage of exhibiting unprecedented high exo selectivity in the
asymmetric Diels-Alder reaction of « , 8 -unsaturated aldehydes. For instance, the reaction between
cinnamaldehyde and cyclopentadiene in the presence of 12 mol% of binaphthyl-based diamine
(R)-2 and 10 mol% of p-TsOH-H:0 in «,a,a-trifluorotoluene at —20 “C gave the corresponding exo
cycloadduct with 92% ee as a major diastereomer (exo/endo = 12.8/1).
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Structural and functional study on a chromatin insulator protein

Mariko Ariyoshi
Department of Molecular Engineering,
Graduate School of Engineering

Insulators are regulatory elements that establish independent chromatin domains of transcriptional
activity within eukaryotic genomes. The insulator action is essential for activation and silencing
of genes according to its own distinct program in each cell. Recent studies highlight a link of the
insulator action to genomic imprinting, X-activation and human disease. The protein CTCF plays a
crucial role in the insulator action in vertebrates. CTCF interacts with several insulators including a
methylation-sensitive element in imprinting control regions. Genetic and biochemical studies to date
suggest that CTCF employs its multivalent interaction ability to various DNA and protein elements for
regulation of the chromatin boundaries. I plan to pursue biochemical and structural studies on human
CTCEF using a combination of X-ray crystallography and spectroscopic techniques such as NMR and
ESR. New structural and biochemical insight of the CTCF protein will increase our understanding
of development and epigenetics both in normal and cancer cells, which may be eventually applied to
gene therapy.

Biochemical and structural analysis require a relatively large amount of homogeneous protein
material. First I established the efficient protein expression and purification systems for preparation
of the recombinant CTCF functional domains; a DNA binding domain (MW 32 kDa) composed of
11 Zn finger motifs, the N-terminal region (CTCF-N27, MW 27 kDa) responsible for the interaction
with nuclear matrix proteins, and the C-terminal region (CTCF-C22, 22 kDa). The proteins with GST
affinity tag were expressed in E.coli cells. In order to introduce spin labels for ESR measurement,
the cysteine mutants were produced. The DNA binding ability of each recombinant DNA binding
domain was confirmed by an electrophoresis mobility shift assay. The CTCF-N27 was subjected to
crystallization and small crystals were obtained although crystallization conditions need to be refined
for further structural analysis. In addition, computational and biochemical analysis on CTCF-N27
allowed us to identify a novel core domain. The interaction of this core domain with a nuclear matrix
protein will be investigated using biochemical techniques and NMR.
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In-cell NMR spectroscopy of proteins inside Xenopus laevis oocytes

Hidehito Tochio
Division of Molecular Engineering,
Graduate School of Engineering

In-cell NMR is an application of solution NMR that enables the investigation of protein
conformations inside living cells. We have measured in-cell NMR spectra in oocytes from the
African clawed frog Xenopus laevis. "N-labeled ubiquitin and its derivatives were injected into
Xenopus oocytes and two-dimensional 'H-""N correlation spectra of the proteins were obtained.
While the spectrum of wild-type ubiquitin in oocytes had rather fewer cross-peaks compared to its
in vitro spectrum, ubiquitin derivatives that are presumably unable to bind to ubiquitin-interacting
proteins gave a markedly larger number of cross-peaks. This observation suggests that protein-protein
interactions between ubiquitin and ubiquitin-interacting proteins may cause NMR signal broadening,
and hence spoil the quality of the in-cell HSQC spectra. In addition, we observed the maturation of
ubiquitin precursor derivative in living oocytes using the in-cell NMR technique. This process was
partly inhibited by pre-addition of ubiquitin aldehyde, a specific inhibitor for de-ubiquitinating enzyme
(DUB). Our work demonstrates the potential usefulness of in-cell NMR with Xenopus oocytes for the
investigation of protein conformations and functions under intracellular environmental conditions.
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