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This thesis describes the infrared (IR) study of cytochrome c¢ oxidase (CcO) regarding its
proton pumping function and reduction by CO. Chapter 1 gives a background of CcO, and the aims
of this study. Chapter 2 describes the main results of this thesis on the proton pumping mechanism
of CcO. Chapter 3 describes the elucidation of a reduction mechanism of CcO with CO by
examining isotope distribution of product CO,.

CcO is the terminal enzyme in the respiratory chain and it has four active metal centers: Cu,,
heme a, heme a; and Cuy in the order of electron flow. CcO receives electrons from cytochrome ¢
and transports them via the active metal centers to O, which is bound to heme a;. CcO catalyzes to
reduce O, to H,O and at the same time pumps a proton in coupling with the O, reduction. A
carboxylic side chain is a most likely candidate for a proton carrier in the proton translocation
activity. Accordingly, this study focuses on IR spectra of COOH groups. Certainly, the results from
X-ray analysis or mutation studies show that Glu and Asp play an important role in proton pumping.
As the O, catalytic reaction starts from O, binding to Fe; and finishes at leaving an OH group from
Fe,;, ligation to Fe ,; seems to be an important factor associated with proton pump. CcO can be
partially reduced to mixed valence state (MV) by CO and CO adducts of MV state (MV-CO) and
CO, are generated during reduction of oxidized CcO with CO. This reaction is a unique reaction for
binuclear site of CcO but does not occur to general mononuclear hemeproteins. MV is a kind of
intermediate in the catalytic cycle.

IR spectroscopy is a useful method to identify molecular species and their structures.
Especially, since the C=0 stretching mode of protonated carboxylate is not overlapped with other
vibrational modes, IR spectroscopy is suitable for the measurement of the structural change of
carboxylate. The CO stretching bands of Fe,;C-O and CO, in solution also are easily observed
without overlapping with other bands. Therefore, this technique is suitable to investigate CcO about
the mechanism of proton pumping and reduction by CO. These are described in Chapter 1 as the
general introduction of the thesis.

The structural changes of carboxylate upon redox and ligation changes are described in
Chapter 2. The difference spectra between fully reduced state (FR) and oxidized one and between
FR-CO and MV-CO were measured. The redox of heme a and Cu, moiety mainly affected two
carboxyl groups. Two bands were observed at 1749 and 1737 cm™ for H,0 solution only in the
oxidized state of heme a and Cu,. In D,O solution, a single peak was present around 1742 cm™ only
for the oxidized form of heme a and Cu,. From the results of X-ray analysis and mutants of
bacterial CcOs, these bands were assigned to Glu242 and Asp51, respectively. The difference
spectra between CO photodissociated and CO bound forms of FR-CO and MV-CO were measured
in a photo-steady state by CW laser illumination at 590 nm. In the light-minus-dark difference
spectra of FR-CO, Fe,;C-O and CuyC-O stretching were observed at 1963 (-) and 2063 (+) cm™,
respectively, while the carboxylate band was observed at 1749 (+) and 1741 (-) cm™ as a differential
pattern. These peaks were shifted to lower wavenumbers (1743/1735 cm™) in D,O solution but the
intensity of positive peak was weakened. This asymmetrical pattern was not attributed to slow
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deuteration, but most likely to be ascribed to the presence of more than two carboxylates with
different susceptibility to deutration. On the other hand, for MVCO, Fe ;C-O and CuyC-O stretching
were observed at 1965 (-) and 2061 (+) cm’, respectively. Furthermore, an extra band of Cu,CO
was found at 2040 cm™. This band was not due to o/ conformers as seen for bacterial CcO, but was
ascribed to the species in which electrons were flowed back from heme a;** to heme a*. In the
carboxyl region, while a small positive peak at 1749 cm™ and a swelled negative peak at 1743 cm™
were seen for the H,O solution, only a negative peak was observed at 1735 cm™ for D,O solution.
The spectral change of carboxyl bands for MV was satisfactorily interpreted in terms of the sum of
the spectral changes by just ligation change (for FRCO photolysis) and a proportion of by 25 %
back transfer of electrons from heme a; to the heme a and Cu, moiety upon CO dissociation from
heme a;. The carboxyl groups that exhibited a frequency change and deprotonation upon redox
change were assigned to Glu242 and Asp51, respectively. The carboxyl side chains which exhibited
a frequency shift upon ligation change were distinct from Glu242 and Asp51.

The reduction of CcO by CO and generation of CO, are described in Chapter 3. Oxidized CcO
was converted into MV by incubation under CO atmosphere in the absence of O,. Accordingly, CO
acted as a reductant for CcO and CO, was generated. Although it is known that the conversion of
oxidized CcO into MV state is faster in high pH than in low pH, it was found that the amount of
generated CO, was less in high pH than that in low pH. The generation of CO, was promoted by the
presence of O,. Unexpectedly, however, the use of isotope C'®0/'®0, in this reaction resulted in only
the formation of C'®0,. Dissolution experiments of isotopically labeled CO, into water demonstrated
that the oxygen atom of CO, is rapidly exchanged with oxygen atom of H,O. Therefore, it is
understandable why isotopically labeled CO, (C'*0'™0 or C™®0,) could not be detected when
C"0/"®*0,was used.

CcO i1s a versatile enzyme. One feature is an ability of proton pump coupled to O, reduction,
and the other is an enzymatic activity to catalyze the CO oxidation during reduction of oxidized
CcO by CO (conversion to MV). MV is a two-electron reduced state and can be regarded as a kind
of intermediates of the O, reduction cycle. Therefore, MV is necessary to investigate a certain
intermediate of the catalytic cycle. Two calboxylic groups are involved in pumping a proton and
other calboxyl groups are affected by a ligation to heme a;.
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