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Protonation changes accompanying conversion of oxidised (O state) cytochrome ¢ oxidase to the 2-electron-reduced P state, and
3-electron-reduced F state at pH 8.0 have been measured. It was found that 2 and 3 protons, respectively, were taken up. The
fourth proton required for the reduction of O, to H,O must therefore be consumed in the remaining F — O portion of the

catalytic cycle.

Introduction

Cytochrome ¢ oxidase catalyses the transfer of elec-
trons from cytochrome ¢ on the outer, cytoplasmic side
of the mitochondrial membrane to oxygen, along with
four protons from the inner side to form water. These
processes are accompanied by the transfer of addi-
tional protons, probably four, from the inner to the
outer side. While a measure of agreement now exists
on the spectral characteristics and reaction sequence of
some of the oxygenated enzyme intermediates, and
several models have been proposed to account for the
proton translocation across the membrane, published
data that would assist identification of the reaction
steps involved in proton uptake and release are scanty.

An essential preliminary requirement for identifying
the proton uptake associated with translocation ap-
pears to be to establish the steps in the catalytic cycle
where the water protons are taken up. This should also
be a valuable aid in elucidating the chemical structures
of the intermediates. The measurements of protona-
tion changes reported here provide new information,
particularly when considered in the context of previ-
ously published data [1-3].

Materials and Methods

Fast beef-heart cytochrome ¢ oxidase was prepared
by a modified Kuboyama method (as preparation C of
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Ref. 4, except final concentration of bicine buffer was
only 5 mM). All reagents were of analytical grade and
were obtained from Sigma or other commercial sources,
except methyl hydrogen peroxide, which was kindly
donated by Dr A. Konstantinov, Moscow.

Optical measurements were carried out with a sin-
gle-beam spectrophotometer as previously described

[4].
Results

When fully-oxidised (O-state) oxidase is mixed with
carbon monoxide, a slow 2-electron reduction of the
binuclear centre occurs according to the reaction [5]:

CO+H,0 - CO, +2H" +2e~ M

Each CO, molecule passing into solution at pH 8.0
releases almost one (approx. 0.98) proton owing to
hydration and dissociation. Thus very nearly 3 protons
per oxidase should be released. If oxygen is present,
the two-electron-reduced oxidase immediately reacts to
form the 607-nm compound (P state). Fig. 1 shows the
time-course of P formation measured at 606-500 nm
and the corresponding pH change measured at 578-622
nm in the presence of cresol red. Based on an extinc-
tion coefficient of 12 mM ™' cm~! at 607-630 nm [1],
conversion to P appears to be 86% complete. Proton
release, averaging 8 similar experiments, was 0.48 +
0.07 (S.E.) H* per oxidase present, i.e., approx. 0.6 H™
released per P formed. (Identical results were obtained
with carbonic anhydrase present.) Although some un-
certainty exists regarding the extinction coefficient for
P, and therefore regarding its precise concentration, it
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Fig. 1. Proton release associated with CO-induced O — P transition.

1.0 ml 3.0 uM cytochrome oxidase in 50 mM K ,50, at pH 8.0+ 50

1M cresol red was bubbled approx. 10 s with CO (arrows). The 1.0

pl calibrations of 5 mM H,SO, and 10 mM KOH caused pH

changes of about 0.09 unit. Trace A, 606-500 nm; B, 578-622 nm; C,

578-622-nm no-indicator control. Inset is the CO-induced difference
spectrum of the no-indicator control.

seems clear that not all of the 3 released protons are
consumed in the formation of P, but that at least 2
protons are taken up.

In Fig. 2 we show the case where reduction of the
oxygen complex is taken a step further to the three-
electron-reduced F state by addition of a high concen-
tration of hydrogen peroxide to the O-state enzyme.
Since the redox midpoint of the P /F couple is high [1],
hydrogen peroxide is able to reduce P to F with forma-
tion of superoxide, which then dismutates, particularly
in the presence of superoxide dismutase, with the
overall release of one proton [6]:

H,0,—=H* +e” +HO,- @
HO,-—1/2H,0, +1/20, &)

Assuming that P formation from oxygen requires about
2 protons (see above), so that the peroxide hydrogens
are retained, if no additional protons are taken up as F
is formed, we expect to see release of about 1 H* per
F. In fact, the mean of 7 experiments was only 0.18 +
0.03 (S.E.) HY released per oxidase present, indicating
uptake of a further proton. Conversion to F, assuming
an extinction coefficient of 6.0 mM~! cm~! at 580-630
nm [1], was about 80 % with fresh enzyme. Since the
cresol red and F absorbance peaks overlap consider-
ably, the wavelength pairs required to avoid cross-in-
terference do not measure the full extent of the peaks.
Hence the decreased signal-to-noise ratio in these
traces.

In order to check the deduction that no pH changes
accompany P formation with hydrogen peroxide, lower
concentrations of hydrogen peroxide were used, giving
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Fig. 2. pH change accompanying H,O,-induced O — F transition. As
Fig. 1, except 60 U/ml superoxide dismutase present, 2.0 ul addi-
tions of M H,0, /160 uM KOH as shown by arrows. Trace A,
580-564 nm; B, 570-590 nm; C, 570-590-nm no-indicator control.
The inset shows the H,0O,-induced spectral change in a no-indicator
control. :

a mixture of P and F. Typically the yields of P and F
formed within the first minute by addition of 0.15 mM
H,0, were about 48 and 46% respectively (see inset
spectrum), based on the extinction coefficients given
above and the spectra obtained under the conditions of
Figs. 1 and 2. This was followed over a period of
several minutes by a gradual decline of P and slight
increase of F. No significant pH changes occurred (Fig.
3). Six experiments gave a mean value of 0.01 + 0.02
H* per oxidase present, confirming that 2 and 3 pro-
tons respectively are taken up on reduction of O to P
and F. The wavelength pair used to measure pH,
although isosbestic for P formation, was sensitive to F.
The no-indicator control therefore shows a small ab-
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Fig. 3. pH change accompanying H,0,-induced formation of P and

F. As Fig. 1, except 3.0 pl additions of 50 mM H,0, as shown by

arrows. Trace A, 606-500 nm. The no-indicator control has been
subtracted from the 578-622-nm trace B.
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sorbance increase following the first peroxide addition,
which has been subtracted from trace B of Fig. 3.

We have also investigated the reaction of methyl
hydrogen peroxide with O-state oxidase (not shown).
With 50 M methyl hydrogen peroxide instead of
H,0,, conditions otherwise as in Fig. 3, approx. 80%
of the enzyme was converted to a state spectrally
similar to P, taking 2 min. Subsequent formation of
what appeared to be the F state was very slow, taking
more than 20 min. As with hydrogen peroxide, net
protonation changes of the medium during formation
of ‘P* were insignificant.

Discussion

Oliveberg et al. [3] found no pH change on flash
photolysis of the mixed valence CO compound in the
presence of oxygen to form P; an observation that we
have confirmed under conditions where O, was al-
lowed to displace CO without photolysis (not shown).
We found also that anaerobic photolysis of the reduced
CO complex caused no pH change (data not shown).
At first sight, these results might appear inconsistent
with the above findings. However, the initial state is
different in the two cases. P formation from the O
state appears to be accompanied by the uptake of
about two protons at pH 8; whereas when the binu-
clear centre is first reduced, as in the Oliveberg experi-
ments, no protons are required. We therefore infer
that two protons are taken up on reduction of the
binuclear centre with two electrons. This is not unex-
pected in view of the pH sensitivity of the anaerobic
midpoints [7,8). This might involve protonatable groups
on nearby amino acid side chains, e.g. the conserved
residues Glu-241, Tyr-243 (helix VI) or Lys-318 (helix
VIII); or direct ligands of haem a; or Cug, e.g.:

Fe3*-OH~ — Fe2*-H,0 and Cu}*-OH™ — Cu{-H,0

These protons are, however, not necessarily directly
involved in the chemistry of oxygen reduction, and
participation of bases on the protein has already been
postulated [3]. When the fully-reduced CO complex
was photolysed in the presence of oxygen, Oliveberg et
al. [3] found that one net proton was taken up. Our
data support their suggestion of a protonation associ-
ated with formation of F. The fact that only one proton
was observed in their experiments indicates that three
protons are already taken up on complete reduction of
the enzyme.

We suggest the following simplified model for the
binuclear site reaction sequence, where the protona-
tions on reduction are presumed directly to involve the
metal ligands.

Fe3+ Fez+ Fé}+ FeJ+
SOH- “OH, ~o-—O0H No2-
OH~™ OH OH~™ OH™
- 2
Cudt Cug g culyt” Cu%{/

2H* 2e” [0}

2 H*e™
O State —— R State + P State + F State
H,0 H,0

H*e~

Other possibilities obviously exist, for example the
water molecules might be lost earlier in the sequence,
or another base might be involved, as postulated above.
This might be sufficiently close to provide the hydro-
gen bond to the ferryl oxygen indicated by resonance
Raman data [9). Since the transition O — F appears to
be accompanied by uptake of 3 protons at pH 8, we
suggest that the fourth proton in the complete turnover
is associated with the final F — O stage of the catalytic
cycle.

Wikstrém [1] found that during ATP-dependent re-
versal to the F and P states in mitochondria, the
external pH dependence of the F/O and P/F equilib-
ria were such as to suggest that all four water protons
are associated with the P/F and F/O transitions.
However, since these protons communicate with the
inner aqueous phase, the validity of the method de-
pends on the maintenance of a constant pH difference
across the membrane over the measured range of outer
pH. Also, if transmembrane proton translocations are
involved in the relevant state changes, as is likely, it is
necessary that the protonmotive potential be pH-inde-
pendent. The underlying concern, which applies also to
observations on the effect of pH on P/F ratios in
isolated oxidase [10], is that under such steady-state
conditions, the result may be distorted by kinetic fac-
tors. If our measurements of the number of protons
taken up during the P/F and F/O transitions are
correct, an important consequence is that the numbers
of translocated protons associated with these steps
would need to be recalculated [11].

Acknowledgements

This work was funded by a grant from the Wellcome
Trust, to whom we wish to express our thanks. We are
grateful also to those who have given general financial
support to the Glynn Research Foundation, to Robert
Harper for preparing the cytochrome oxidase, and to
Simon Brown and John Moody for their comments on
the manuscript.



References

N —

Wikstrom, M. (1988) Chemica Scripta 28A, 71-74.

Nilsson, T., Hallén, S. and Oliveberg, M. (1990) FEBS Lett. 260,
45-47.

Oliveberg, M., Hallén, S. and Nilsson, T. (1991) Biochemistry 30,
436-440,

Moody, A.J., Cooper, C.E. and Rich, P.R. (1991) Biochim. Bio-
phys. Acta 1059, 189-207.

Bickar, D., Bonaventura, C. and Bonaventura, J. (1984) J. Biol.
Chem. 259, 10777-10783.

191

6 Ksenzenko, M.Yu., Vygodina, T.V., Berka, V., Ruuge, E.K. and
Konstantinov, A.A. (1992) FEBS Lett. 297, 63-66.

7 Blair, D.F.,, Ellis, W.R., Wang, H., Gray, H.B. and Chan, S.I.
(1986) J. Biol. Chem. 261, 11524-11537.

8 Moody, A.J. and Rich, P.R. (1990) Biochim. Biophys. Acta 1015,
205-215.

9 Han, S., Ching, Y. and Rousseau, D.L. (1990) Nature 348, 89-90.

10 Vygodina, T. and Konstantinov, A. (1989) Biochim. Biophys. Acta
973, 390-398.

11 Wikstrom, M. (1989) Nature 338, 776-778.



