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In order to clarify changes in the structure and surface properties of photoactive yellow
protein (PYP) upon light absorption, the spectroscopic properties and solution struc-
ture of its photo-intermediate (PYP,) were examined in the presence of various anions.
At identical ionic strengths, citrate slowed the decay rate of PYP,; more than acetate.
Although the absorption spectrum in the dark was not affected by organic anions, cit-
rate induced a 5-nm blue shift of the absorption maximum for PYP,,. Solution X-ray scat-
tering experiments indicated that the radius of gyration (Rg) and apparent molecular
weight in the dark were constant in all buffer systems. However, the Rg of PYP,, in cit-
rate buffer at high concentration was 16.2 (+ 0.2) A, while the Rg of PYP,, in acetate
buffer was 15.6 (+ 0.2) A. The apparent molecular weight increased 7% upon PYP,, for-
mation in citrate buffer at high concentration compared to other conditions. These
results suggest that citrate molecules specifically bind to PYP,,. A cluster of basic amino
acid residues with a hydrogen bond donor would be exposed upon PYP,, formation and
responsible for the specific binding of citrate.
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Photoactive yellow protein (PYP), a soluble photoreceptor
protein for negative phototaxis of Ectothiorhodospira halo-
phila (1, 2), has been studied as a model system of receptor
proteins. PYP is a novel type of receptor protein that con-
tains p-coumaric acid as the chromophore. High-resolution
crystal structure studies indicate that PYP is a typical o/B
protein (3-6) and contains a PAS domain, a sequence motif
conserved among sensing and signal transduction proteins
(7-10).

PYP is composed of 125 amino acids and p-coumaric acid
covalently bound to Cys69 (3, 11-13). The photoreaction
cycle of PYP has been identified by time-resolved spectros-
copy and low-temperature spectroscopy (14-22). Among the
intermediates, PYP,, (also called L, or pB) has an extremely
blue-shifted spectrum (A, ~ 360 nm) due to the protona-
tion of the chromophore, for which Glu46 is a proton donor
(22, 23). PYP,, returns to the original state in about 500 ms
at room temperature under neutral pH. PYP,, is considered
to be a physiologically active state.

It is expected that tertiary structural changes alter the
surface structure upon the formation of PYP,,, resulting in
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binding to a downstream transducer. Several lines of evi-
dence suggest a conformational change in PYP occurs upon
light absorption. Multidimensional NMR measurements
demonstrated the loss of some signals, suggesting the con-
formation around the N terminal domain is highly disor-
dered (24, 25). Thermodynamic studies suggest that the
hydrophobic domain buried inside the protein in a dark
state is exposed to solvent during the formation of PYP,,
(15, 26). Conformational changes in the main chain have
been shown by FTIR (27-30). In contrast, the crystal struc-
ture of PYP,, revealed by time-resolved Laue diffraction
shows no large conformational changes (4). The change is
confined to the vicinity of the chromophore. These findings
make it necessary to conduct structural studies of PYP,, in
solution to understand the surface properties responsible
for target recognition and binding.

Our previous study about urea-induced unfolding of PYP
and PYP,, showed that the stability of PYP,, is affected by
the buffer system, while that of PYP is not (31). Citrate
buffer stabilizes PYP,, against urea more than acetate
buffer. This result suggested the possibility of a specific
interaction of citrate molecules with PYP,,. The surface pro-
perty change in PYP,, should be involved in the down-
stream signaling if a target molecule interacts with the
photolyzed PYP. In order to elucidate the surface properties
and structural changes during PYP,, formation, we exam-
ined the effect of vartous anions, including citrate, on the
photoreaction and the solution structure of PYP,; using UV-
visible spectroscopic and solution X-ray scattering methods.
The results showed the specific interaction between PYP,
and some species of organic anion molecules, causing a pro-
longation of the lifetime of PYP,,. The solution structure is
swollen during PYP,, formation, and an extra structural
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change was also observed in the anion-bound form of PYP,,.
The configuration and number of charges on acidic mole-
cules are critical to the specific binding to PYP,.. On the
basis of these results, we will discuss a model for the sur-
face property change in PYP,,.

MATERIALS AND METHODS

Purification of PYP—Apo-PYP was overexpressed in
Escherichia coli BL21(DE3) (Novagen) and solubilized with
urea, as reported previously (32). Holo-PYP was reconsti-
tuted by adding p-coumaric anhydride to apo-PYP (32).
PYP was purified by DEAE-Sepharose column chromatog-
raphy. The final purity index value (A,,/A ¢ was 0.44. The
purified PYP was dialyzed against the buffers described
below. PYP was concentrated on an ultrafiltration mem-
brane (Centricon YM10, Millipore). All procedures were
performed under red light.

Buffers—The buffer systems used were citrate—citrate
Na, 1,2,3-propane-tricarboxylate-1,2,3-propane-tricarboxy-
late Na, glutarate—glutarate Na, and acetate—acetate Na.
The concentration of each buffer varied between 1 mM and
1 M. The effects of chloride and sulfate were examined in
10 mM acetate buffer containing NaCl (1 mM-1 M) or
Na,SO, (1 mM-1 M). The pH of the sample solution was
adjusted to pH 5.0 at 5°C. In water, ionic strength, p, is
generally described by the concentration of each ion in solu-
tion, ¢, and the electric charge number of the ion, z, as

1
po= QZciz,z,

where [ denotes the ion species. Therefore, the resulting
value is obtained by the summation of all types of ions in
solution. In our experiments, weak acidic reagents were
used. Several species with different numbers of charges
derived from multivalent acidic molecules are in a balanced
state. To calculate the ionic strength, the concentration of
each species at 5°C, pH 5.0, was evaluated using the Hend-
erson-Hasselbalch equation. The values of pK,, ratios of the
coexistent species, and effective charge for each weak acidic
molecule used here are summarized in Table 1.
Spectroscopy—UV-vigible spectroscopy was carried out
with a UV2400 spectrophotometer (SHIMADZU). The tem-
perature of the sample cell was kept at 5°C using an RTE-
111 coolnics circulator (NESLAB Instruments). The excita-
tion light was introduced from the top of the cell by an LA-
60Me (60 W) cold light source (Hayashi Watch Engineering)
through a Y43 glass filter (Asahi Techno Glass). UV-D36A
glass filters (Asahi Techno Glass) (300 nm < A < 390 nm)
were placed in front of the detector windows of the spectro-
photometer to protect the detector from the excitation light.
Solution X-Ray Scattering—Solution X-ray scattering
measurements were carried out at BL-10C, Photon Factory,

TABLE I. The values of pK,, ratios of coexistent species, and
effective charges for acetate (A), glutarate (G), 1,2,3-propane-
tricarboxylate (P), and citrate (C) at pH 5.0, 5.0°C.

Valence (%) Effective
PK,, pK,, Pk, i 5 3 charge
A 4.78 — — 62.4 — — —0.62
G 4.04 65.41 — 609 237 — -1.08
P 3.57 4.69 5.94 304 614 7.1 -1.74
C 3.2 4.82 6.39 386 584 2.4 -1.63
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Tsukuba (33, 34). The wavelength of the X-rays was ad-
justed to 1.488 A with a Si monochrometer. The scattering
intensities I(q) were recorded with a one-dimensional detec-
tor, PSPC (RIGAKU), with a 4 mm aperture slit, where g =
4msin®/\ is scattering vector, 20 is scattering angle, and X is
wavelength of the X-rays. In a very small angle region, 1(g)
can be approximated by the following equation:

1(q) = I0)exp[-Rg*q*3)],

where I(0) is scattering intensity at 6 = 0 and Rg is the
radius of gyration (35, 36). Therefore, the slope and Y-inter-
section of In I(q) versus q* give —-Rg¥3 and In K0), respec-
tively.

The exposure time was 5 min. Three to five sets of inde-
pendent measurements were averaged to improve the sig-
nal-to-noise ratio. The protein concentration was varied
from 4 to 12 mg/ml. The excitation light (HILUX-HR slide
projector lamp, Tokyo Master) through a Y43 glass filter
was directed to the sample from the side of the cell window
using a small bent cylindrical mirror. The temperature of
the cell was kept at 5°C.

RESULTS

Prolongation of the Lifetime of PYP,, under Conditions of
Acidic pH and High Salt Concentration—Figure la shows
the absorption spectrum of PYP in the dark and under con-
tinuous illumination (>430 nm) in 300 mM acetate buffer
at pH 5.0. The spectrum under illumination is limited to
between 300 and 390 nm due to the band-pass filter that
prevents exciting light from getting into the detector. The
absorption spectrum in the dark was completely identical
to that at neutral pH. The absorption maximum under illu-
mination was 360 nm, indicating an accumulation of PYP,,.

Figure 1b shows the effect of acetate on the time course
of the absorbance change at 350 nm before and after irradi-
ation for 60 s (from —60 to 0 s in figure). The curves (1-5)
were obtained at various concentrations of acetate using
the same concentration of PYP. The intensity of the exciting
light was kept constant for all spectroscopic measurements.
The absorbance at 350 nm increased during illumination
due to the formation of PYP,, and then decreased immedi-
ately after turning off the light due to its decay. The absor-
bance increase reached a plateau in 20 s, indicating that a
photo-steady-state was formed. The absorbance increase at
the photo-steady-state and the decrease in decay rate were
in proportion to the concentration of acetate.

The Relationship between Ionic Strength and the Lifetime
of PYP,—As acetate caused a concentration-dependent
prolongation of the lifetime of PYP,,, we further examined
the concentration effects of some other inorganic salts on
the decay constant of PYP,, (Fig. 2a). In these experiments
10 mM acetate was present in the solution as buffer (pH
5.0). The decay constant of PYP,, was estimated from the
absorbance decrease at 350 nm after shutting off the exci-
tation light. Every decay curve can be fitted to a single ex-
ponential curve (Fig. 1b). The decay rate of PYP,, decreased
by increasing the concentration of all salts tested. The rate
constants were plotted against ionic strength (Fig. 2b). The
three curves were almost superimposable (Fig. 2b), indicat-
ing that the lifetime of PYP,, depends on the ionic strength.

The Lifetime of PYP,, in the Presence of Various Organic
Acid Molecules—We also examined the effect of organic
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Fig. 1. (a) Absorption spectra of dark PYP and PYP,, in 300 mM
acetate at pH 5.0, 5.0°C. PYP,, accumulated under continuous illu-
mination (>430 nm). The spectrum of PYP,, was measured using an
optical filter to prevent the excitation light from damaging the detec-
tor. (b) Time chart of absorption changes at 350 nm. The excita-
tion light (>430 nm) was irradiated in the interval (from —60 to 0 8).
The curves (1-5) were obtained at various concentration of acetate.
1, 1 mM; 2, 50 mM; 3, 100 mM; 4, 400 mM; 5, 1 M.

salts other than acetate on the decay rate of PYP,, (Fig. 3a).
The concentration effect on the decay rate differed among
the organic salts tested. When the rate constant is plotted
against the ionic strength, however, the curves do not over-
lap (Fig. 3b), in a marked contrast to the effects with inor-
ganic salts shown in Fig. 2b. Prolongation of the decay rate
took place in the order of citrate, 1,2,3-propane-tricarboxy-
late, glutarate, and acetate. These results suggest that, in
the case of organic salts, the molecular properties also
affect the prolongation of PYP,, in addition to the effect of
ionic strength.

The Effect of Citrate on the Absorption Spectrum of
PYP,—The spectra of PYP and PYP,, were measured in
acetate and in citrate to characterize further the effects of
these salts on the lifetime properties of PYP,,. At low con-
centrations (1 mM citrate and 10 mM acetate), in which
the lifetime of PYP,, is comparable to that in the absence of
salts, no significant difference in the spectra of PYP and
PYP,, were observed between acetate and citrate (Fig. 4, a
and b). The spectrum of PYP was independent of the con-
centration of acetate and citrate (Fig. 4a). Therefore, these
salts do not affect the chromophore environment of dark-
state PYP. In contrast, a remarkable difference was ob-
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Fig. 2. (a) The dependence of the decay constant of PYP,, on the
concentration of various salts [acetate (0), sodium chloride (e),
sodium sulfate (0)]. (b) For the sake of comparison, the x-axis
represents ionic strength.

served for the PYP,, spectrum between acetate and citrate
at higher salt concentrations. Figure 4, ¢ and d, shows the
difference absorption spectra for PYP,, in the presence of
various concentrations of acetate and citrate, respectively.
From these figures it is clear that the spectral changes with
citrate are different from those with acetate. The existence
of the isosbestic point at 386 nm in acetate suggests a two-
state transition from PYP to PYP,,. The spectral shape of
PYP,, in acetate is independent of concentration, even
though the amount of PYP,, changed due to the difference
in lifetime. In the case of citrate, a distinct feature was the
lack of a clear isosbestic point (Fig. 4d). This means that
PYP,, in citrate buffer comprises multiple species. The A,
of PYP,, blue-shifted from 360 to 350 nm as the concentra-
tion of citrate increased, and a shoulder at 330 nm was
prominent at concentrations higher than 50 mM. These re-
sults suggest that citrate affects the chromophore environ-
ment of PYP, at high concentration. In the present data,
each spectrum in Fig. 4d can be reproduced by a linear
combination of two typical curves: the difference spectrum
of the lowest concentration and that of the highest concen-
tration. This result suggests that these two components for
PYP,, are enough to explain the present spectroscopic data.
Thus, at least two states of PYP,, are present. One is ob-
served with acetate and at low concentrations of citrate,
and the other is observed at high concentrations of citrate.
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Fig. 3. (a) The dependence of the decay constant of PYP,, on
the concentration of various salts [acetate (0), glutarate (o),
1,2,3-propane-tricarboxylate (@), and citrate (m)]. (b) For the
sake of comparison, the x-axis represents ionic strength.

The PYP,, observed at higher concentrations of citrate is
hereafter called PYP,,.

Solution Structures of PYP,, and PYP,,  as Determined
Using Solution X-Ray Scattering—The solution structures
of PYP,, and PYP,, were characterized by solution X-ray
scattering. PYP was suspended in 10 mM acetate buffer,
100 mM acetate buffer, 1 mM citrate buffer, and 50 mM cit-
rate buffer, at pH 5.0 and 5°C. Solution X-ray scattering
measurements were carried out with and without illumina-
tion.

Figure 5 shows the Guinier plots for PYP and PYP,, in
10 mM acetate buffer (a) and in 50 mM citrate buffer (b) at
pH 5.0 and 5°C. The protein concentrations were 4, 6, 8, 10,
and 12 mg/ml, from bottom to top. PYP,, accumulated suffi-
ciently under illumination (>95%). For each concentration,
PYP,, gave a steeper line than PYP in both acetate and cit-
rate buffer. These results indicate that the radius of gyra-
tion (Rg) increases upon illumination. Thus, PYP,, is con-
sidered to be swollen upon illumination compared to the
dark state independent of the buffer system.

The intrinsic values of Rg and I(O¥c were obtained by
extrapolation to a concentration of zero (Table II). The Rg
values of the dark state are 15.2 + 0.2 A, and independent
of the solvent conditions. Since Rg is increased by illumina-
tion under all solvent conditions, we conclude that PYP is
swollen upon the formation of PYP,,. Further, the Rg val-
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Fig. 4. (a) Absorption spectra of dark PYP in acetate solution
(10 and 300 mM) and citrate solution (1 and 50 mM). All spectra
are superimposed. (b) Difference in the absorption spectra of
PYP,, in 10 mM acetate solution (solid line) and 1 mM citrate
solution (dashed line). Difference absorption spectra for
PYPM at various concentrations of acetate (c) and citrate (d),
where the intensity of excitation light and the concentration
of PYP were fixed. (¢) 1, 10 mM; 2, 50 mM; 3, 100 mM; 4, 400 mM;
5,1 M.(d) 1, 1 mM; 2, 5 mM; 3, 10 mM; 4, 50 mM; 5, 300 mM. The
baseline for each spectrum was the corresponding absorption spec-
trum of each dark state.

ues of PYP,, vary from 15.5 to 16.2 + 0.3 A dependent of
solvent conditions. The increase in Rg in high concentra-
tions of citrate is larger than that under other conditions,
indicating that the Rg of PYP,/ is larger than that of PYP,,.
It should be noted that, at 50 mM citrate, [[(0¥c],,._, of
PYP,/ is about 7% larger than that of PYP. The increase of
I(0Vc was observed in Guinier plots (Fig. 5b). Although the
y-intersection was unchanged in 10 mM acetate buffer, the
value of the y-intersection of PYP,, was slightly higher
than that of PYP in 50 mM citrate buffer. Since protein
conformational changes do not cause changes in molecular
weight, [[(0¥c] ..o Should remain constant. The increase in
I(0¥c for PYP,, is, thus, interpreted as the binding of cit-
rate molecules to PYP,,. As the molecular weight of PYP is
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14 kDa, the increase is equivalent to the binding of 4-5 cit-
rate molecules (M.W. 210). Solution X-ray scattering dem-
onstrates that PYP,’ that accumulates at high
concentrations of citrate has a different shape and size
than PYP,,.

DISCUSSION

The lifetime of PYP,; is prolonged as the concentrations of
acetate, sodium chloride, and sodium sulfate are increased.
However, the ionic strength dependencies of the decay con-
stants are identical. Under these conditions, the absorption
spectra of both PYP and PYP,; exhibit no ionic concentra-
tion dependencies.

Ln(1(Q) )

Ln( i(q))

0.01 0.02 003 0.04
qa* (A%
Fig. 5. Guinier plots for dark PYP (0) and PYP,, (e) at 10 mM ac-
etate (a) and 50 mM citrate (b), pH 5. Each plot shows data ob-
tained at 4, 6, 8, 10, 12 mg/ml PYP in order from the bottom. X-ray

scattering profiles of PYP and PYP,,, measured using the same stock
sample.
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However, glutarate, 1,2,3-propane-tricarboxylate and cit-
rate all produce another effect in addition to the ionic
strength effect. The lifetime of PYP,, is prolonged in in-
creasing order in the presence of glutarate, 1,2,3-propane-
tricarboxylate, and citrate. The ionic strength dependencies
on the rate constant differ (Fig. 3b), and are completely dif-
ferent from those in the presence of inorganic salts (Fig.
2b). The spectra of PYP,,” obtained at high concentrations
of organic ions are different from those of PYP,,, suggesting
that these organic acid molecules affect the microenviron-
ment of the chromophore. SAXS measurements revealed a
molecular weight increase during PYP,,” formation. Neither
the absorption spectra nor X-ray scattering profiles are
affected by any solute condition in the dark. Therefore, we
consider that the lifetime of PYP,, is further prolonged by
conversion to PYP,,” with specific binding of organic acid
molecules. The stabilization of PYP,, against urea in cit-
rate buffer, as shown in our previous study (31), is, thus,
considered to be mediated by citrate binding to PYP,,.

We observed the swelling of the protein structure during
PYP,, formation, with an increase in Rg of about 0.4 A. A
previous crystallographic study of PYP, showed that the
structural changes are very small and confined to the vicin-
ity of the choromophore. The calculated Rg values for the
crystalline structures of PYP and PYP, (2pyp.pdb) are
identical (14.5 A). The calculated value is slightly smaller
than the observed values (15.2 A in the dark), which is
understood to represent the contribution of hydration (37—
39). Although the crystal structure does not suggest that
Rg increases upon PYP, formation, the present SAXS
experiment clearly shows the increase in Rg, suggesting
that the PYP,, structure in solution is different from the
crystal structure. The discrepancy between the solution
structure and the crystalline structure of PYP,, has been
observed by various techniques including NMR (24, 25),
and thermodynamic (15, 26) and FTIR studies (27-29). We
consider that the force constraint of a crystalline lattice
suppresses large-scale conformational changes.

Extra structural changes were observed in PYP,,, name-
ly, an increase in the Rg value to 16.2 A, which is signifi-
cantly larger than that of PYP and PYP,,. The increase is
partly due to the specific binding of organic acid molecules,
as supported by an increase in I(0¥c. Differences in the
spectroscopic properties and stability against urea between
PYP,, and PYP, suggest that the structure of PYP,,” may
be different from that of PYP,,. A urea unfolding experi-
ment indicated that the major difference between PYP,
and PYP,/ is observed in the m-value, the proportional con-
stant for the increase of AG, against urea concentration
(31). The m-value for PYP,, is larger than that for PYP,.
The m-value is interpreted as the difference in the solvent
accessible surface area between the native and unfolded

TABLE II. The radius of gyration and the forward scattering intensity of PYP under dark and light in acetate solution (10 and
100 mM) and citrate solution (1 and 50 mM). (c—0) means extrapolation to concentration of zero. The value in the parenthesis shows the

€rTor.
Rg(c—0) (A] 1(0Vc(c—>0)
Dark Light Dark Light
Acetate 10 mM 15.2 (0.2) 15.6 (0.3) 9,000 (200) 9,000 (300)
100 mM 15.2 (0.2) 15.8 (0.2) 9,000 (200) 9,000 (200)
Citrate 1 mM 15.1 (0.2) 15.5 (0.2) 8,800 (200) 8,800 (300)
50 mM 15.2 (0.2) 16.2 (0.2) 8,900 (100) 9,500 (100)
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states (40). Therefore, the solvent accessible surface area of
PYP,/ in citrate is considered to be larger than that of
PYP,, in acetate. Thus, we can expect further structural
change at PYP, from PYP,,. In the present study, we were
able to distinguish two PYP,, states. We suggest that PYP,,
in acetate is the state capable of target recognition and
PYP,/ in citrate is the target-bound state.

The mid-concentration of the kinetics changes decreases
in the order of acetate, glutarate, 1,2,3-propane-tricarboxy-
late, and citrate, suggesting that the binding affinity of
these ions should increase in this order except for acetate.
Note that acetate does not bind to PYP. These organic mole-
cules can possess the same number of negative charges as
the number of carboxyl groups they contain, i.e., 1 for ace-
tate, 2 for glutarate, and 3 for 1,2,3-propane-tricarboxylate
and citrate. The effects of inorganic salts clearly indicate
that the number of electrical charges is not responsible for
the specific interaction of ionic molecules with PYP. There-
fore, a property other than the number of electrical charges
determines the formation of PYP,,.

Citrate is widely used to crystallize proteins under acidic
conditions, and thus many crystal structures coordinated
with citrate molecules have been registered on PDB. In
some cases, citrate is specifically bound to a protein via hy-
drogen bonds (41-43). The crystal structure of the RNA 3
terminal phosphate cyclase is a typical case (41). In this
protein, the citrate molecule interacts simultaneously with
geveral basic residues through hydrogen bonds. The basic
residues are spatially separated from each other on the sur-
face of the protein and constitute a cluster. Such a cluster of
basic residues may explain the difference in the binding
stability to PYP,, between acetate, glutarate, 1,2,3-propane-
tricarboxylate, and citrate. All these weak acids contain
carboxy! group(s) and can be bound to a cluster of basic res-
idues similar to citrate. The numbers of possible hydrogen
bonding sites are 2 for acetate, 4 for glutarate, 6 for 1,2,3-
propane-tricarboxylate, and 7 for citrate. Therefore, the
binding stability could be related to the number of sites for
hydrogen bonds between the acid and protein. This would
then give a binding stability in increasing order of acetate,

Fig. 6. Schematic model of citrate binding site in PYP,,, based
on the crystal structure previously reported (PDB ID: 2PYP, 4).
A citrate molecule and the residues bound to the citrate molecule via
hydrogen bonding are represented by a ball-and-stick model. Two
conformations shown as black and white are superimposed at Arg52,
and represent the conformation of Arg52 in PYP,, and that in the
dark-state, respectively.

N. Shimizu et al.

glutarate, 1,2,3-propane-tricarboxylate, and citrate. Sulfate
ions cannot interact with proteins because the distance
between the charges is much smaller than that of glutarate
despite the fact that sulfate has the same number of hydro-
gen bond acceptor sites as glutarate. Previous crystallo-
graphic studies on PYP,, proposed that the only change on
the protein surface is the exposure of Arg52 to solvent (4).
To deduce about the citrate-binding cluster composed of
basic residues, we carefully searched in the vicinity of
Argh2 using the crystal structures of PYP and PYP,
(2pyp.pdb) (4). Although such a cluster cannot be seen in
the dark state, the exposure of Arg52 on PYP,, generates a
cluster with a size similar to a citrate molecule, which is
composed of Arg52, Lys60 at the edge of B3 and Tyr98,
Glu99 on loop B4 and B5 (Fig. 6). The cluster composed of
Arg52 and some amino acid residues proposed here are the
putative interactive sites in PYP,, under physiological con-
ditions. However, Arg52 is not conserved in other PAS do-
main sequences. Therefore, the exposure of the cluster of
positive charges observed in PYP may not be a common
event among PAS family members. This hypothesis merits
further study. In order to elucidate candidate residues of
the target binding site, we are investigating the citrate
binding area on PYP,, using a site-directed mutant of PYP.

The experiments at Photon Factory BL-10C were performed under
the approval of the Photon Factory Advisory Committee (Proposal
No. 98G191 and 2000G162).
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