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Cytochrome oxidase-catalyzed superoxide generation from hydrogen
peroxide
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Superoxide dismutase is shown to affect spectral changes observed upon cytochroma ¢ oxidase reaction with H,O,, which indicates a possibility

of Gy radicals being formed in the reaction. Using DMPO a5 a spin trap, generation of superoxide radicals from H,0, in the presence of cylochrome

oxidase is directly demonstrated. The process isinhibited by cyanide and is nol observed with a heat-denatured enzyme pointing to a specific reaction

in the oxygen-reducing centre of cytochrome ¢ oxidase. The data support a hypolhesis on a catalase cycle catalyzed by ¢ytochrome c oxidase in
the presence of excess H,0, (Vygedina and Konstantinov (1988) Ann. WY Acad. Sci., 550, 124-138);

H.0;

Felll ;S__g Fe“l H’O_)_% Fe =0 % Fe“'

Cytochirome ¢ oxidase; Superoxide radical; Spin trappmg. Oxygen mlerrnedme. Respiratory chain

1. INTRODUCTION

Cytochrome ¢ oxidase (COX) is a terminal enzyme of
the mitochondrial respiratory chain which catalyses the
four electron reduction of dioxygen to water [1]. The
overall reaction proceeds via a number of intermediates,
some of which have been identified by means of time-
resolved optical, EPR and resonance Raman spectro-
scopy (see [2] for a brief review of the recent data and
basic references).

An easy way to obtain stable oxygen intermediates of
COX consists in the addition of partially reduced
oxygen species to the oxidized enzyme. In particular, at
least two different spectral intermediates have been ob-

served upon H.O, addition to the ferric enzyme [3-11].

At micromolar concentrations, H,O, forms a re-
versible adduct of heme «,*" with the spectral charac-
teristics closely resembling those of the peroxy inter-
mediate (compound P) [4,7-9]:

Fe:“- + HzOz F33+ - HzOz (1)

(the protonation state of the bound peroxide remains
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uncertain and can be H,0,, HO,” or O, as discussed
in [7,8]).

Increasing the H.O, concentration above ~107* M
results in a conversion of this initial adduct with a typi-
cal high extinction at 607 nm to an oxoferryl complex
(compound F) with a peak of the difference spectrum
at ~580 nm [4--11]; the reaction was suggested to occur
by virtue of a reductive cleavage of the bound peroxide
[4,8,12):

Feh-' 505'1' Ho()a__'> FeH- 0- "‘H10+Os + ’)H (2)

As proposed in [8], the oxoferryl complex formed in
this reaction can be further reduced by H.,O, to the free
ferric enzyme:

Fe'* = 0¥ + H,0,— Fe"*+ H,0+05" (3)

Altogether reactions (1-3) would form a ‘catalase’
cycle [8] in which COX oxidizes two H.O, molecules to
two superoxide radicals by a third, heme-bound, H.O,
which is reduced to 2 H,O (see eq. 4 in section 4).

Here we show, using a spin trap DMPO, that super-
oxide radicals are indeed formed when COX is in-
cubated with excess H,O,.

2. METHODS'

Fowler-type cytochrome oxidase was isolated from beef-heart mi-
tochondria [13,14}. H,O, (*Suprapur*) was from Merck. DMPO
(Aldrich) was purified by a charcoal treatinent. Other chemicals were
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commercial products of high purity. Optical measurements were made
in a Hitachi 557 spectrophotometer in standard i-em cells, EPR
measurements were made in a Varian E-4 spectrometer in a stundard
0.2 ml flat quartz cell for aquous liquid samples. Standard EPR spec-
troscopy conditions were as follows, Clystron frequency, 9.13 GHze;
modulation (requency, 100 kHz; modulation amplitude, 1 G; micro-
wave power, 10 mW; receiver gain, usually 5-10% scan range, 100 G;
scan rate, 100 G/min; time constant, 0.3 5; T = 300 K.

3. RESULTS

Fig. 1 shows spectral changes induced by H.O. addi-
tion to isolated cytochrome c oxidase at pH 7.5, At low
H.O. concentration a difference spectrum is observed
with a peak at 607 nm typical of the peroxy complex and
a weaker band at ~570 nm (A). Increase of the H-O,
concentration results in the peroxy complex conversion
to an oxoferryl state (Fig. 1B).

Interestingly, whereas a complete disappearance of
the 607 peak was observed at high [H.O,] in experiments
with liposome-reconstituted COX [7,8], contribution of
this band to the spectrum of the high-peroxide com-
pound of COX remains significant in case of the solubil-
ized enzyme (Fig. 1B, [4,5,15]) indicating admixture of
compound P. However, in the presence of SOD, the
shoulder at 607 nm is no longer observed in the differ-
ence spectrum of the oxoferryl complex (Fig. 1B). A
similar effect of SOD was noted earlier for bacterial
COX by B. Zimmerman in her PhD thesis. There is no

-------- +S0D pH=7.5
—no S0P 607
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Fig. 1. Effect of SOD on the specirum of cytochrome oxidase peroxide
complex. 1 M COX in a basic medium containing 0.5% Tween 80,
50 mM HEPES-KOH pH 7.5, 0.1 mM EDTA, 0.1 mM ferricyanide
and, where indicated, 100 ug/ml of Cu,Zn-superoxide dismutase. H,0,
has been added to the sample at the concentrations indicated.
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effect of SOD on the spectral changes at low peroxide
concentrations (Fig. 1A).

Additional evidence for interference of superoxide
with COX interaction with H,O, is given in Fig. 2.
Whereas the reaction of the liposome-bound enzyme
with H,0, is fully reversible [8], significant irreversible
loss of absorbance was reported in case of the solubil-
ized enzyme [16]. We confirmed the latter observation
and found the irreversible changes to increase at low
pH. Fig. 2A shows that at pH 6.5, the H,0,-induced
difference spectra are very asymmetric and catalase
abolishes only a minor part of the response. In contrast,
if the experiment is carried out in the presence of SOD,
a symmetrical difference spectrum is observed which is
reversed by catalase (Fig. 2B). Presumably, Os radicals
generation in the reaction mixture promotes the
destruction of heme a,. To probe possible formation of
the superoxide radicals we used a conventional spin-
trapping technique with DMPO as the spin trap.

Aerobic incubation of DMPO with ferric COX or
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Fig. 2. Os-dependent irreversible spectral changes of cytochrome

oxidase at acid pH. 1 uM COX in the basic medium containing 0.5%

Tween 80, 50 mM MES pH 6.5, 0.1 mM EDTA, 0.1 mM fervicyanide

and, in (B), 100 ug/ml of SOD. 4 mM H,0, is added to the sample

(spectra /), Subsequently 2 nM calalase was added to both saumple and

reference cells and difference specira recorded at the indicated time
intervals after the addition.
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Fig. 3. Superoxide generation by cylochrome oxidase. The basic reaction medium conlains 0.5% Tween 80, 25 mM of MES and HEPES pH 6.5,

2.5 mM DETAPAC und 100 mM DMPO. (A) Additions: (/) 10 4uM COX; (2) 7.3 mM H,0;; (3) COX + H,0,; (4) heat-denatured COX (10 min

at 100°C) + H,0,. The spectra shown were recorded 4 min afler the additions. (B) The following additions to the sample were made in sequence:

(1) 10 uM COX; (2) 7.8 mM H,0,; (3) 150 gg/ml of SOD; the spectra were recorded 4 min afler the additions (Z,2) or as indicated (3). Inset:

pH-dependence of the cylochrome oxidase-catalyzed superoxide generation. H,O, concentration, 7.8 mM. The peak-lo-trough amplitude of the
low-field component of the DMPO-OOH EPR signal recorded in 13 min after H;0, addition is plotted vs, pH.

with H,O, does not result in radical generation (Fig. 3A,
1,2). However, addition of H,0, to DMPO in the pres-
ence of COX gives rise to an EPR signal typical of the
superoxide adduct of the spin trap (Fig. 3A, 3). The
signal grows with time reaching a plateau level in 4-10
min. Generation of the DMPO-OOH signal is pre-
vented by 5 mM cyanide (not shown) and is not ob-
served with COX inactivated by heat treatment (Fig.
3A, 4).

SOD prevents the H.,O,-dependent DMPO adduct
formation (not shown) and brings about a loss of the

EPR signal when added after COX and H,O, (Fig. 3B).

Generation of Oy radicals increases greatly with aci-
dification (Fig. 3, inset) which could account for aug-
mentation of the H,O,-induced irreversible spectral
changes at acid pH (Fig. 2).

4, DISCUSSION

Qur data show that O; radicals are formed from
H,0, in the presence of COX. The reaction is not likely
io be caiaiyzed by adventitious transition metal ions
as neither EDTA nor DETAPAC inhibits the process.
Moreover, heat inactivation of COX results in a loss of
the radical generation. Therefore we are inclined to

think that the process is catalyzed by COX. Since the
reaction is blocked by cyanide the O; generation
ap-
pears to be associated with the a,/Cuy site of COX.
Accurate quantitation of the radical formation rate
remains to be done; preliminary evaluation indicates
DMPO-0OOH adduct concentrations to be in the <10
M range*. Thus, the reaction is rather slow (about |
turnover per minute or less) and we do not imply COX
to be a physiologically significant source of O radicals
in the cell. Rather, the reaction might be interesting in
the context of the enzyme oxygen compound chemistry.
Presumably, the mechanism of the superoxide gene-
ration consists in one-electron oxidation of H;O, to O3,
This redox transition is characterized by an E7, value
of 0.8-0.9 V [19,20]. None of the known redox centres
in COX has a midpoint potential sufficiently high to
serve as an electron acceptor in such a reaction. How-
ever, the peroxy and oxoferryl compounds of COX are
supposed to be powerful one-glectron oxidants with
E'(P/F)=1.2 V and E!(F/Ox)=1.1 V (Wikstrom and
Morgan, in preparation; of. Ref. [21]), which agrees with

“The amount of O5 radicals formed can be underestimated because
of the SOD activity inherent in COX [17,18].
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the E,, values of ca. | V determined for the Compound
1/Compound 11 and Compound II/ferric transitions of
peroxidases [22]. Therefore, H,O, oxidation by COX
compounds P and F (eqgs. 2 and 3) should be thermo-
dynamically [easible.

When COX reacts with excess H,Q,, stable levels of
compounds P and F are observed which depend re-
versibly or quasi-reversibly on the H,O, concentration,
pH and some other factors [6-8]. This could imply that
P and F are reaction endproducts in equilibrium with
the free enzyme and each other; alternatively, the stable
levels of P and F could correspond to steady-state con-
centrations of the compounds forimed as intermediates
in the catalase-type cycle run by COX [8] (see eqs. 1-3):

H,0, H,0, Or H,0, Or

Fe"! S Fe"'- H,0, > Fe"*=0" > Fe"!
H.0 Ho @

Ox’ P F Ox

Experimental confirmation of H,O, oxidation to Oy
supports the latter explanation and indicates that rela-
tionships between Ox, P and F in the presence of excess
H,O; would be viewed in terms of steady-state kinetics
rather than thermodynamic equilibrium as discussed
below.

4.1, Effect of SOD

At pH>7 and high concentration of H.,O, SOD
decreases the steady-state concentration of compound
P (Fig. 1B). Within a framework of scheme (4) this
could mean that

(i) SOD promotes the P—F transition removing
Oy; as the reaction product of this step;

(ii) SOD inhibits the F—>Ox transition. This might be
the case if F reduction to Ox could use O;, released at
the preceeding P—F step of the cycle, as electron donor
in addition to (or instead of) H,O. (cf. Ref. [8]). 1t seems
to be a meaningful possibility since O3 is a much better
reductant than k.0, [19,20].

4.2. Effect of pH

It is noteworthy that the pH-dependent increase in
O generation (Fig. 3, inset) correlates with a decrease
of compound P steady-state concentration (cf. Fig. 5C
in Ref. 7). Presumably, the rate of the O; -yielding
P—F transition increases at acid pH.

The data obtained on COX proteoliposomes [7] and
confirmed recently on the solubilized enzyme with both
H,O, (23] and alkyl peroxides as the reactants (Vy-
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godina et al., in preparation) indicate the P—F conver-
sion to require the uptake of two protons with the ap-
parent pK values of 6.7 in the case of H,0, or 7.7 in the
case of alkyl peroxides, the protons coming from the
matrix side of the membrane [7,24]. These results corro-
borate the hypothesis that the conversion of P to F is
linked to proton pumping by COX {1,21].
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