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[Part I]

A new measurement system for Ultraviolet Resonance Raman (UVRR) spectra was designed so
as to achieve 1) high throughput, 2) low possibility of sample démage, 3) high sensitivity, and 4)
no interference by visible fluorescence. To satisfy these requirements, the author adopted the
following ideas; 1) the use of a single spectrograph for a high throughput, 2) the use of quasi CW
excitation light based on a mode-locked laser to reduce a peak power, 3) the use of a
spinning cell with a stirring function of the sample to protect denaturation cased by illumination
of the UV light, and 4) the use of a solar blind multichannel UV detector for high efficiency in
accumulation of Raman signals and to reject visible light emitted from the sample, if any.

As an excitation light, the author adopted a frequency doubled mode-locked Ar™ laser (Spectra
Physics, 2045 laser and 342A mode-locker). The mode-locking was operated at ~82 MHz and
the average power at 488.0 nm was typically 1 W with the pulse width between 200 to 500 ps.
The peak power of each pulse was over 100 W. This visible light was frequency-doubled with
an AR-coated BBO (B-BaB,0,) crystal. The average and the peak powers at 244.0 nm were
~1 mW and ~100 mW, respectively. Raman scattering was collected by UV microscope lens,
which was expected to reduced the incorporation the light arising from scattering at unnecessary
part of the sample such as the bottom of the cell. For dispersion scattered light, the author
adopted a SPEX 1269 single monochromator (f=1260 mm, F=9) with a 3600
grooves/mm holographic grating blazed at 250 nm. As a solar-blind multichannel detector, the
author adopted an intensified charge-coupled device (Princeton Instruments, 1024MG-E/1, 1024
x 256 pixels) with CsTe as the photocathode, which has sensitivity only between 200 and 300
nm. '

Regarding the capability of spectrometer it is noted that the new system has made it possible
to observe a RR spectrum of rhodamin 6G solutions with sufficiently high S/N ratios, although
the measurements of RR spectra of its solutions in the visible region has been practically
impossible due to strong fluorescence. This is owed to the use of the solar-blind detector and
partly due to the use of the 250 nm-blazed grating. This system 1is also applied
to cytochrome ¢ with a molecular weight of 12 kDa and its spectrum, which was same as report,
was observed without Raman saturation effect. By the use of a liquid filter to reject the stray
light due to Rayleigh scattering, the application of the new system has further been extended to
a much larger enzyme, cytochrome ¢ oxidase (CcO) with an apparent molecular weight Mr = 420
kDa. Whereas the amount of sample is limited, continuous illumination of the probe light to the
sample for long time may denature the protein. Even when a spinning cell is used,
the molecules on the cell surface, which are mainly illuminated by laser light, are little
exchanged with molecules inside. To over come this problem, the author has added a stirring
function to a spinning cell during spinning of the cell. The effective exchange of the sample in
the cell protected from losing the enzyme activity by the illumination of UV light and enabled
high quality UVRR spectra of CcO.



[Part 1]

Cytochrome ¢ oxidase (CcO, EC 1.9.3.1) is a terminal enzyme of respiratory chain, having
redox-active two iron centers (heme a and heme a;) and two copper centers (Cu, and Cug),
and catalyzes the four electron reduction of dioxygen to water at the heme a;-Cup binuclear site.
The O, reduction is coupled with proton translocation across the mitochondrial inner membrane
against the concentration gradient of protons to generate electrochemical potential for synthesis
of ATP from ADP. The ratio of the number of protons to that of electrons transferred were
determined to be 4 to 4 in one catalytic cycle, but this does not mean that every electron transfer
is accompanied by a proton transfer. The reaction mechanism of this enzyme has been studied
extensively using time-resolved absorption, EPR, and resonance Raman spectroscopy. One of
important problems to be solved is the determination of proton carriers and the structural changes
of protein moiety caused by the redox and coordination changes at the metal sites. UVRR
spectroscopy is also expected to serve as a powerful tool for exploring protein structural changes,
particularly on aromatic amino acid residues like Tyr-244 which is covalently bound to His-240
at the ortho position of phenoxy ring and expected to serve as an acid/base catalysis for dioxygen
reduction.

The new UVRR measurement system described in Part I, brought about successful observation
of high quality UVRR spectra of CcO excited at 244 nm. The RR bands of tryptophan (Trp) -
and tyrosine (Tyr) - residues dominated the observed spectra with an extra band appeared
at 1656 cm'. The extra band was assigned to the cis C=C stretching mode of linoleoyl
side chains of phospholipid by using model compounds of some phospholipids. The UVRR
spectra of CcO excited at 244-nm was almost the same as that of the amino acid mixed solution
in which Tyr and Trp are mixed in the same ratio as that in CcO, except to the presence of
the 1656 cm’'. Therefore, titration experiments of the linoleyol phospholipid to the amino
acid mixed solution were carried out and Raman intensity of Trp/Tyr band at 1618 cm™' was used
as an internal intensity standard. On the basis of the 1656 ¢m™' band intensity vs number of cis
C=C double bands curve, the intensity ratio observed for C¢O means that there are 42 cis C=C
bands per CcO molecule, indicating the presence of 21 linoleyol side chains. This corresponds
to 5 cardiolipin molecules, if all come from -cardiolipins. The redox difference
spectrum (a**a;*" - @**a,*") exhibits a small positive peak at 1656 cm™, indicating that the cis
C=C stretching band of the fully reduced form is weaker than that of the fully oxidized form,
while the peak position remains unaltered. This change in the intensity of cis C=C
stretching mode of linoleoyl type presumably reflects a change in a torsion angle around the
CH,-CH, single-bond adjacent to the CH=CH double bond, since the presence of weak coupling
between the vibrations of the polymethylene chains at both ends and central CH = CH-CH,CH =
CH group has been noted. On the other hands, the ligation difference spectrum (a**a;*" -
a**a;*" - CO) did not give any peaks for the 1656 c¢cm”’ mode as well as for the Tyr and
Trp modes. The intensity change of the 1656 c¢m™' band would suggest that
some conformational change of the polymethylene chains of the phospholipid takes place

in coupling with the redox change of the metal centers. It is reported that



some cardiolipin molecules cannot be removed from the enzyme preparation without loss of the
enzyme activity. There is a suggestion that some cardiolipin in CcO may be functioning in the
internal electron transfer between heme a and heme a;-Cugy site. If the cardiolipins have
linoleoyl side chains, the conformational change in the acyl chains of phospholipids discovered
in the present study could have a crucial role in controlling the internal electron transfer.

The pH difference spectra, pH 9.1 minus pH 6.8, yielded a positive peak at 1600 cm™ and a
negative peak at 1620 cm. This difference peak demonstrated the decrease of tyrosine
(1620 cm™') and the corresponding increase of tyrosine (1600 cm™') at alkaline pH, although
the 1600 cm’' band is not so intense as that of ordinary tyrosinate. The same pH difference
spectra for the fully reduced form and fully reduced- and CO-bound form of CcO generated no ‘
such a differential peek, indicating deprotonation of a Tyr residue near heme a;. It is likely that
only Tyr-244 which was covalently bound to His-240 at ortho position of phenoxy ring and
located at heme a;-Cug site, was deprotonated at pH 9.1, because the pKa value
of mode compound of Tyr-244 was deduced to be lower than those of other Tyr residues by 1.3 in

the next part.

[Part III]

Recent crystallographic analysis of cytochrome ¢ oxidase has revealed that Tyr-244
is covalently bound to the ¢ nitrogen of His240, which is one of the ligands of Cug, at ortho
position. The covalently linked imidazole group, which is expected to work as a n electron-
donor to a phenolic n orbital, would reduce the acid dissociation constant of the phenolic OH
group than that of normal tyrosine, of which pKa at 10.5. And Tyr-244, which is located at the
end of a possible proton channel of the surface (K-channel), is expected to serve as an
acid/base catalysis for dioxygen reduction. Since the author detected deprotonation of a
tyrosine residue(s) in the previous part, which is most likely to be Tyr-244, the author tried
to characterize the physical properties of Tyr-244 by using a model compound, which is 2-
imidazole-1-yl-4-methylpenol. A member of Prof. Y. Naruta's group (Kyushu Univ.) kindly
synthesized the model compound.

To evaluate the modulation induced by the cross-link, the author examined UVRR spectrum of
2-imidazole-1-yl-4-methylpenol, its phenol-'*0 and imidazole-d; isotopomer, which can be
a model compound of Tyr244 of CcO. This model compound has a lower pKa than that
the covalent linkage; 9.2 for phenolic OH group than pKa of 10.5 in 4-methylpenol. For
Radical form, the character of 1587 and 1530 cm™! bands are similar to 4-substituted phenoxyl
radicals. The C=0 double-bound character, which frequency is known sensitive for density of n
electron on a phenol ring, is highest among all 4- and 4,2-substituted radicals. The lower pKa
and the highest frequency of C=0 double-bound of modes compounds represents imidazole group
should work as a © electron-donor to a phenolic & orbital. The bands of imidazolic vibrations
are intensified by the mixing of phenolic = orbital with imidazolic © orbital and its intensities
depended on dihedral angle of the phenolic and imidazolic rigs in the 240-nm excitation. For

anion and neutral forms, the bands of phenolic vibrations, which are insensitive to



different mixing of phenolic 7 orbitals with imidazolic 7 orbitals, are observed in addition
imidazolic vibrations. The band of 1610 cm™ in the spectrum of anion form is sharp and 4
times stronger than that neutral form, but the frequency is almost same. In case of 4-
methylpenol, the band of 1610 cm™ in the spectrum of anion form is 20 times stronger than that
neutral form and the frequency is 14 cm™ lower. The relative intensity of the 1610 cm™ band
between anion and neutral form of the model compound is closed to the difference spectra
between those of fully oxidized CcO at pH 9.1 and 6.1, except for behavior of frequency. The
bands of deprotonated of tyrosine revealed, reviled by the difference spectra between those of
fully oxidized CcO at pH 9.1 and 6.1 should arise form Tyr244, based on the character of anion

and neutral form of the model compounds.

[Part IV]

Heme-Binding Protein 23 (HBP23) is a protein with a molecular mass of 23 kDa, which is
purified from rat liver cytosol using heme-affinity chromatography, and binds heme
(ferriprotoporphyrin IX) with a high affinity (Ky = 55 nM). Although its heme affinity is higher
than that of abundant cytosolic heme-binding proteins like liver fatty acid-binding protein and
the glutathione S-transferases, the function of heme is not known. According to X-
ray crystallographic studies and the analysis of mutation for the heme-free form, it forms a homo
dimer through a disulfide bond between Cys-52 of one monomer and Cys-172 of the other, and
these residues are associated with peroxidase activity. However, the heme-bound form has not
been crystallized so far and a heme-binding site is not deduced from the structure of heme-free
form. HBP23 binds heme in a 1:1 molar ratio of heme/protein. In order to know structures of
heme bound form, the author examined visible resonance Raman and absorption spectra.

The Soret band of Fe3>"-heme bound HBP23 was observed at 410 nm, and its resonance Raman
spectrum excited at 413 nm provided the v; (spin state maker) band at 1510 cm™.
However many preparations yielded two bands in the v; region (1501 - 1490 cm), and the
intensity of the low frequency components was varied with every preparation. The Soret band
of Fe?"-heme bound form was observed at 425 nm, and its Raman spectrum excited at 413
nm gave v, and v, (oxidation state maker) bands at 1468 and 1355 cm™!, respectively. These
frequencies suggest that the heme adopts the five coordinate high-spin state. Nevertheless, no
band appeared between 200 and 230 cm™ where Fe-His stretching band is expected. The Fe-CO
stretching mode of Fe?* + CO-heme bound form was observed at 492 cm™ upon excitation at 423
nm. This frequency is similar to that of the Fe-CO stretching mode of mutant myoglobin in
which distal His is replaced by hydrophobic residues but is distinctly lower than that of native
COMb. It indicates that the environments in the distal side of heme-pocket of distal side are

non-polar.
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