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1. Mechanism of Biological luminescence — Re-
action mechanism of firefly luciferase analyzed by
kinetic X-ray crystallography

To elucidate the bioluminescence mechanism of fire-
fly, reaction mechanism of the firefly luciferase has been
studied. The firefly luciferase catalyzes an oxidative re-
action involving ATP, firefly luciferin and molecular oxy-
gen, yielding an electronically excited oxyluciferin species.
This excited species emits visible light. The quantum
yield is the highest known for any bioluminescent reac-
tion, with nearly one photon of light emitted for every
luciferin molecule oxidized. The aim of the study is to
capture the structures of the enzyme during the reaction
by kinetic crystallography. Previous studies indicated that
it is important to achieve the enzymatic reaction in the
crystalline state to perform the kinetic X-ray crystallog-
raphy of firefly luciferase. Thus, we prepared the crystals
of the enzyme complexed with ATP, corresponding to the
state prior to the reaction initiation. The X-ray diffrac-
tion data sets of crystals prepared by co-crystallization
of ATP and the enzyme were collected by a RIGAKU
imaging-plate area-detector, R-AXIS-V at SPring-8 beam-
line BL45PX. Structural analysis provided that the elec-
tron density showed all three phosphate groups of ATP,
especially the 8- and 7-phosphate moieties were in the in-
line conformation that favorable for the phosphoryl trans-
fer between the carboxy group of luciferin and B-phosphate
of ATP. This is the first time to capture the structure of
the bound ATP molecule at the active site of an enzyme
that belongs to the adenylate-forming enzyme family.

2. Mechanism of molecular motion of nucleotide
dependent protein machinery

(1) Mechanistic aspects for the function and molecular
motion in ABC proteins

ATP-binding cassette (ABC) proteins comprise a fam-
ily of structurally related membrane proteins sharing well-
conserved nucleotide binding domains. Although their pre-
dicted secondary structures are very much alike, they have
divergent functions and can be classified as transporters,
channels, and regulators. They commonly use ATP hydrol-
ysis as an energy source for various functions. Therefore,
determination of three-dimensional structure at high reso-
lution is important to elucidate their functional differences.
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In this project, we have two aims in mind. First, we study
P-glycoprotein, also termed as MDRI1, that contributes to
the multi-drug resistance developed in the course of the
AIDS and cancer chemotherapy, in order to understand the
mechanism of the multi-drug resistance. Second, we also
try to find out ways to overcome the difficulties for overpro-
duction of properly folded membrane proteins. Our idea
is to utilize the peroxisome as a folding and storage device
for overproduced membrane proteins. Since PMP70 and
ALDP are the peroxisomal ABC transporters, successful
over-expression of these proteins would prove our strategy.

(i) Structural basis of multi-drug resistance ABC trans-
porter P-glycoprotein form human

Large-scale production of P-glycoprotein (MDR1) was
conducted by baculovirus/insect cell expression system
and sable MDR1 expression was thus confirmed. On the
other hand, the conditions that keep the protein stable
were explored. Cholesterol addition was particularly effec-
tive for maintaining the protein stability. Furthermore,
MDR1 was genetically engineered to reduce conforma-
tional flexibility and consequently to increase crystalliz-
ability. The baculoviruses containing the mutant MDR1
genes were constructed. Characterization of the purified
mutant MDR1 and scale up of the expression system are
in progress.

(ii) Construction of crystallography-oriented overex-
pression system for membrane proteins derived from per-
oxisomal translocation

PMP70 is a peroxisomal ABC transporter that is as-
sumed to responsible for the metabolism of very long chain
fatty acids. During the cellular localization of PMP70, a
peroxin protein Pex19p seems to function like a chaperone
to carry PMP70 toward another peroxin Pex3p on the per-
oxisomal membrane. To evaluate the specific interaction
between Pex3p and Pex19p, we established the expression
and purification procedures of Pex3p. The purified prepa-
ration allowed us to measure the dissociation constant be-
tween Pex3p and Pex19p by the intrinsic fluorescence in-
tensity change. We also established the preparation of
PMP22 or the Pex19p-PMP22 fusion protein. Our investi-
gation of the protein-protein interactions (Pex3p-Pex19p-
PMP) will be expected to explore protein samples suitable
for the crystallization.

(2) Structural biology studies on the other nucleotide
dependent proteins—Crystal structure of the C-terminal
clock-oscillator domain of the cyanobacterial KaiA protein

Circadian rhythms, the daily activity cycles exhibited
by most organisms, are sustained even in the absence
of outside cues. Cyanobacteria are the most primitive
organisms known to exhibit circadian rhythms. KaiA,
KaiB and KaiC constitute the circadian clock machin-
ery in cyanobacteria, and KaiA activates kaiBC expres-
sion whereas KaiC represses it. We observed that KaiA
was composed of three functional domains, the N-terminal
amplitude-amplifier domain, the central period-adjuster
domain and the C-terminal clock-oscillator domain. The
C-terminal domain was responsible for dimer formation,
binding to KaiC, enhancing KaiC phosphorylation and
generating the circadian oscillations. We determined the
X-ray crystal structure of the C-terminal clock-oscillator
domain of KaiA from the thermophilic cyanobacterium
Thermosynechococcus elongatus BP-1 at 1.8 A resolution.
Native and selenomethionine MAD data were collected at
SPring-8 beamlines, BL26B2 and BL26B1, respectively,
using a RIGAKU Jupiter210 detector. The structure
showed that residue His270, located at the center of a KaiA
dimer concavity, is essential to KaiA function. KaiA bind-
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ing to KaiC probably occurs via the concave surface. On
the basis of the structure, we predict the structural roles
of the residues that affect circadian oscillations.

3. Capture of hydrogen behavior in enzymatic
reaction by ultra-high resolution crystallography

The availability of high-intense synchrotron X-ray
beam and efficient X-ray image detectors has also led to
open the determination of three-dimensional structure at
ultra-high resolution. In such a resolution, more than 1.0 A
resolution, we can recognize hydrogen atoms and identify
the protonation state of functional residues in enzymes.
On the other hand, neutron beam is suitable to analyze
the structure of hydrogen atoms since neutron is diffracted
by the nucleus instead of electron.

Endopolygalacturonase (endoPG) is an inverting gly-
cosidase, which is involved in the degradation of pectin
by hydrolyzing the a-1,4 glycosidic bonds. It is consid-
ered that the reaction is accelerated by acid-base catalyst.
To visualize hydrogen atoms and/or protons involved in
the reaction, we started neutron crystallography and sub-
atomic resolution X-ray crystallography of endoPG from
Stereum purpureum.

For the neutron crystallography, the crystals with
4.4mm?® volume were prepared. Prior to the data col-
lection, the crystals were soaked into the D2O mother
liquor containing galacturonate to prepare the galactur-
onate complex. The neutron diffraction data was collected
at BIX-4, JRR-3 (JAERI). The data had a R-merge of
11.7% at 1.5 A resolution. Further structural analysis of
the data is in progress.

For sub-atomic resolution crystallography, we obtained
0.68 A resolution X-ray diffraction intensity data of en-
doPG T crystal. The data collection was performed at
beamline BL41XU using a RIGAKU R-AXIS V imaging
plate detector. The model building and refinement are in
progress.
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