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Metal ions are present in biological system in the form
of metal-binding proteins and enzymes, and are involved in
physiologically important actions such as biological redox
reactions, cellular signal transductions and so on. Research
in this Laboratory focuses on understanding the functions
of such metalloproteins and metalloenzymes at molecular
and atomic levels on the basis of their molecular structures,
which are determined by the SPring-8 RIKEN beam lines.

1. Structural and functional analyses of several
metalloenzymes

We are studying some redox metalloenzymes such as
indoleamine 2,3 dioxygenase, cytoglobin, bacterial nitric
oxide reductase, cytchrome c oxidase and peroxygenase
P450.

(1) Indoleamine 2,3 dioxygenase (IDO) is a hemopro-
tein distributed in many tissues of mammals. IDO cat-
alyzes the incorporation of dioxygen atoms of molecu-
lar oxygen (O2) into indole rings that is the first and
rate-limiting step in the main pathway of human trypto-
phan catabolism. We determined the crystal structure of
IDO. IDO folds into two domains and the heme locates in
their interface. The active site in distal pocket is formed
by mainly hydrophobic residues and no charged residues
which could abstract the proton of substrate. The kinetic

00 1500



measurements revealed that the substrate affinity is inde-
pendent to the pH and the heme iron state. The structure
suggested the electrophilic reaction involving the Oz at-
tacking the double bond between C-2 and C-3 atom in the
substrate.

(2) Cytoglobin (Cgb) is a newly discovered heme-
portein belonging to the globin superfamily together with
hemoglobin, myoglobin and neuroglobin. We determined
the crystal structure of ferric form of human Cgb. The
structure shows a typical three-over-three alpha helical
globin fold. Cgb forms a dimeric association through two
disulfide bonds. The hexacoordination of the heme is evi-
dent in the electron density map. The E helix of Cgb falls
2.3 A onto the distal side of heme pocket when it is com-
pared with that of myoglobin. We also characterized the
heme environmental structure using various spectroscopic
(resonance Raman, EPR, IR) methods and site-directed
mutagenesis.

(3) Bacterial nitric oxide reductase (NOR) is a mem-
brane bound cytochrome bc complex that catalyzes the
two electron reduction of NO to N2O in bacterial denitri-
fication. This enzyme is considered as an ancestor of CcO.
To propose a possible mechanism of the NO reduction re-
action, the reaction intermediate in the single turnover of
NO reduction by NOR from Pseudomonas aeruginosa was
characterized by the time-resolved EPR spectroscopy com-
bined with the originally designed freeze-quench device. In
addition, we have obtained single crystals of NOR which
diffracted X-rays to 7 A resolution.

(4) Spectral change was observed when the crystal of
cytochrome ¢ oxidase (CcO) was exposed to X-rays for
more than several seconds. Thus, the structure which was
exposed to X-rays only for 1 second was determined to
clarify the structure without spectral change. In the re-
fined model with the residual electron density of the heme
a3-Cusg site, a peroxide ligand was observed to bridge the
two metals.

(5) Peroxygenase P450 is a unique cytochrome P450
type enzyme which catalyzes the hydroxylation reaction of
fatty acid using hydrogen peroxide (HzO2) as an oxidant.
For elucidation of the catalytic mechanism, determination
of the crystal structure of the intermediate is tried using
X-ray analysis.

2. Structural and functional analyses of metallo-
proteins relating to cellular signal transduction

The two-component regulatory system is widely dis-
tributed in bacteria, fungi and plants. It is well known
that sensory histidine kinases (HK) sense individual en-
vironmental stimuli, and the cognate response regulators
(RR) transduce their signals downstream upon receiving
the phosphoryl group. However, it has been still unknown
how HKs are autophosphorylated upon ligand-binding,
and how RRs are activated upon phorphorylation.

(1) Taking advantage that FixL possesses heme as a
ligand-binding site and its ligand-bound states are spec-
troscopically detectable, we discovered that ADP reduces
the oxygen-binding affinity of FixL in the presence of FixJ
when it binds to the catalytic site of the ATP-dependent
kinase domain. Then, ADP seems to exert the allosteric
effect when it is produced during the phosphorylation re-
actions. Based on these observations, the “two-cylinder
reciprocating engine” model of deoxygenation-linked phos-
phorylation reaction is proposed to explain the efficient
turnover reactions of FixL/FixJ phosphorylation.

(2) Using small angle X-ray scattering (SAXS) tech-
nique, we obtained the low-resolution structure of HK from
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thermophile. We also obtained crystals of the HK-RR com-
plex, which gave X-ray diffraction at 4.5 A resolution.

(3) ETRI1 belongs to the plant two-component systems,
and mediates perception of plant hormone ethylene. To
understand the ethylene signal transduction in plants, we
have constructed a large-scale expression system of recom-
binant ETR1 of Arabidopsis. We have used E. coli, the
transgenic Arabidopsis, culture cell (T87) as host to obtain
the recombinant protein with “in vivo membrane topol-
ogy” and with incorporation of Cu into the ethylene bind-
ing site. Western-blot analysis performed on membranes
indicated high-level expression of ETR1 in the transgenic
Arabidopsis and culture cell (T87) systems.

3. De novo protein design

(1) The consensus sequence of natural cytochromes c, -
CXXCH-, was used for the heme-binding site of a designed
four-helix bundle, and the apoproteins with either histi-
dine residue or methionine residue positioned at the sixth-
coordination site were synthesized and reacted with iron-
protoporphyrin IX to create de novo c-type cytochromes.

(2) A variant of natural ACro, in which the fluc-
tuated carboxyl terminal residues were truncated, was
constructed and its functional and structural properties
were investigated to clarify the physiological role of these
residues. They were revealed to be involved in recogni-
tion of the DNA sequence rather than maintenance of the
conformational stability.

4. Development and application of new methods
to protein structural determination

(1) In the filed of molecular and cell biology, green
fluorescent protein (GFP) and several GFP-like proteins
(FPs), such as DsRed and Kaede, are commonly used as a
biological marker, FRET-based application and so on. To
understand better the photochemistry of absorption and
fluorescence emission of the proteins, it is imperative to
have structural information. We have started the study of
structural genomics of FPs, aimed at providing informa-
tion for rational design of variants with desired fluorescence
properties. As far, two new structures of FPs have been
solved at high-resolution.

(2) X-ray absorption spectroscopy (XAS) is a powerful
tool to study the local structure of active site in metal-
loproteins. We have succeeded in a development of the
micro-volume XAS measurement system, which enable us
to perform XAS measurements with the sample volume less
than 1 pL. The performance of the system was checked by
the study of the Fe K-edge of a protein containing [2Fe-
28] cluster. The XAS results indicated that Fe-S bond
distances vary upon mutations of the protein.

Research Subjects and Members of Biophysical
Chemistry Laboratory

1. Molecular structures and functions of metalloenzymes

2. Structural and functional analyses of signal transduc-
ing metalloproteins

3. De Nowo protein design

4. Development and application of new techniques of
protein crystallography
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