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Hydrogen peroxide binding to ferric cytochrome c oxidase in proteoliposomes brings about a red-shift of the enzyme 
Soret band and increased absorption in the visible range with two prominent peaks at approx. 570 and 607 nm. The 
molar absorptivity of the H202-induced difference spectrum is virtually pH-independent in the Soret band and at 570 
nm, whereas the peak at 607 nm increases approx. 3-fold upon alkalinization in a narrow pH range 6.0-7.2, the effect 
being reversible. The pH profile of this transition indicates ionization of two acid-base groups with close pK values of 
6.7. The iineshape of the peroxide compound difference spectrum is found to respond to pH changes inside the 
proteoliposomes. It is suggested that peroxide-complexed enzyme can undergo a pH-dependent transition to a form with 
increased extinction at 605-607 nm, possibly corresponding to the 420 nm (or 'pulsed') conformer of the ferric 
cytochrome oxidase formed as an early product of the enzyme oxidation. Accordingly, relaxation of the '420 nm' form 
to the resting state would be linked to an uptake of two protons from the M-aqueous phase. This protolytic reaction 
might be a partial step of the cytochrome oxidase proton pumping mechanism or it could serve to regulate 
interconversion between the active 'pulsed' and less active 'resting' states of the enzyme in the membrane. 

Introduction 

Reaction of H20 ~ with the oxidized cytochrome c 
oxidase has received considerable attention in the recent 
years [1-9]. The interest in the subject is inspired by 
peroxide intermediate formation in the forward (for 
reviews, see Refs. 10 and 11) and energy-reversed 
[10,12,13] cytochrome oxidase turnover. 

All the earlier studies on H20 2 combination with 
ferric cytochrome oxidase have been carried out with 
isolated enzyme in detergent solution [1-9]. According 
to our previous experience with other ligands, such as 
cyanide or azide, there may be significant differences in 
the reactivity of the membrane-bound and solubilized 
cytochrome oxidase [14-16] and whenever possible, it is 
better to carry out ligand-binding studies with proteo- 
liposome-reconstituted enzyme. 

Recently we described H202 combination with mem- 
brane-bound cytochrome oxidase, determined K d val- 
ues of the peroxy complex at pH 6-8 and provided 
evidence for two H202-binding sites in the enzyme with 
different affinities for the ligand at acid pH [16-18]. It 
was found that the magnitude of the peak at approx. 
605 nm in the H202-induced difference spectrum can 
vary without correlated changes in the Soret or 570 nm 
absorption bands [2,16-18]. 

Here we describe effect of pH on the size and shape 
of H202-induced spectral changes of cytochrome oxidase 
in proteolipos6mes. The data obtained differ signifi- 
cantly from the results of the earlier work [3] carried out 
with solubilized enzyme and provide further evidence 
for 'independent' behaviour of the 605-607 nm band in 
the H202-induced difference spectrum. The height of 
this band appears to depend on pH inside proteolipo- 
somes. 

Abbreviations: Hepes, 4-(2-hydroxyethyl)-l,l-piperazineethanesul- 
phonic acid; Mes, 4-morpholineethanesulphonic acid; Mops, 4-mor- 
pholinepropanesulphonic acid. 

Correspondence: A. Konstantinov, Department of Bioenergetics, A.N. 
Belozersky Laboratory of Molecular Biology and Bioorganic Chem- 
istry, Moscow State University, Moscow 119899, U.S.S.R. 

Materials and Methods 

Chemicals. Bile acids (Sigma) were crystallized from 
a charcoal-treated solution in 70% ethanol as described 
[15]. 30% H202 (Merck, 'Suprapur' grade) was diluted 
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to stock solutions of appropriate concentrations before 
experiments. Concentrat ion of hydrogen peroxide was 
checked periodically by measuring extinction at 240 nm 
[19]. Asolectin was purchased from Sigma and monen- 
sin from Calbiochem-Behring. Other chemicals were 
commercial products of the highest purity available 
from Serva, Sigma, Merck, Fluka and Pharmacia. 

Preparations. Cytochrome c oxidase (a Fowler-type 
p r epa ra t i o n )  was isolated f rom bov ine  hear t  
mitochondria and purified essentially according to Refs. 
20 and 21. The enzyme was reconstituted in asolectin 
proteoliposomes by a cholate dialysis method [22] as 
described earlier [15,231 at a lipid-to-protein ratio of 
30:60;  the latter ratio was preferred for experiments 
with monensin-catalyzed pH gradient formation. 

Four  routine experiments proteoliposomes were pre- 
pared in a medium containing 2% cholate, 50 mM 
sodium phosphate (pH 7.5) and 2 mM MgSO 4 and 
dialyzed against the same buffer but without cholate. 
When monensin-catalyzed perturbation of intralipo- 
somal H+-activity was to be applied, the procedure was 
modified as follows. 

Na +-loaded proteoliposomes (for acidification inside). 
50 mM phosphate was replaced by 5 mM Hepes-Tris 
(pH 7.4) and 50 mM Na2SO 4 in the reconstitution 
buffer. Before experiments, the proteoliposomes were 
centrifuged through Sephadex G-25-filled plastic syr- 
inges [24] to remove external Na +. 

Na +-free proteoliposomes (for alkalinization inside). 50 
mM phosphate was replaced by 5 mM Hepes-Tris (pH 
6.8-7.0), and 0.1 M choline chloride. 

Assays. Protein was measured by the biuret method. 
Cytochrome oxidase concentration was determined from 
the difference spectra (reduced minus oxidized) using 
A%05_630 value of 27 mM -1 • cm - t .  

H zO 2 binding with cytochrome c oxidase was studied 
spectrophotometrically in an Aminco DW-2a or a 
Hitachi 557 spectrophotometer operated in a double- 
beam spectra scan mode. Standard 10 nun light path- 
way cuvettes were therrnostatted at 25 ° C. If not stated 
otherwise, the basic reaction medium contained 50 mM 
Mes, Mops, Hepes or Tris buffer depending on pH (the 
buffer with pK nearest to the desired pH value was 
used), 2 mM MgSO4, 100 ixM K3Fe(CN)6 and 1 IsM 
the uncoupler, carbonyl cyanide m-chlorophenylhy- 
drazone. 

Suspension of proteoliposomes in an appropriate 
medium was divided between the sample and reference 
cells. Baseline adjusted, saturating concentration of 
H202 was added to the sample and difference spectra 
were recorded one after another for an observation 
period of up to 1 h. In the visible range, the heights of 
the peaks at 570 and 607 nm in the H202-induced 
difference spectra were measured relative to an empyri- 
cally chosen baseline connecting the points at 650 and 
500 nm. In the Soret, a peak-to-trough amplitude was 
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measured. In most cases, the values of absorption dif- 
ference are given in the paper normalized to cytochrome 
oxidase concentrat ion and are referred to for the sake of 
brevity as At values although they may not necessarily 
be true extinction coefficients. 

Results 

When H202 is added to the oxidized cytochrome 
oxidase the Soret peak of the enzyme shifts to 427-428 
nm (data not shown) and spectral changes occur in the 
visible range which give rise to the peaks at approx. 570 
and 607 nm in the difference spectrum (Fig. l a  and b; 
Fig. 3). In some works including our own previous 
publication [5,7,18] the 607 nm peak was found to be 
located at 605-606 nm; whether this minor discrepancy 
is due to different enzyme preparations or to some 
deviations in the spectrophotometer  setting is not clear. 

Inspection of the literature reveals considerable vari- 
ation of the size and shape of H202-induced cyto- 
chrome oxidase spectral changes as reported by differ- 
ent workers [3-9,18]. Therefore, before proceeding to 
the main issue of this paper, we would point out several 
complications inherent in the measurements of cyto- 
chrome oxidase reaction with H202 revealed in the 
course of our preliminary studies [2,16]. These compli- 
cations demand a careful choice of experimental condi- 
tions. 

First, the initial peroxide adduct of cytochrome 
oxidase (' peroxy'  complex) can further react with higher 
concentrations of H202 to form a spectrally distinct 
compound (Fig. I, cf. Refs. 5, 7 and 9), presumably an 
'oxyferryl '  F e 4 + = O  complex [13,25]. Accordingly, 
titration curves of H202-induced absorption changes in 
the visible range are biphasic, e.g., the peak at 607 nm 
first rises with K d 2 -20  IxM [18] and then decays with 
[H202]0 s of 0.1-1 mM depending on pH and some 
other conditions [17]. Therefore, care must be taken to 
select at each pH a minimal H202 concentration which 
would be saturating with respect to the peroxy complex 
formation * and yet would not yield the oxyferryl form 
to a significant extent. Generat ion of the oxyferryl 
complex in the present experiments was further di- 
minished with the aid of ferricyanide included in the 
reaction medium [17]. This also allowed to avoid reduc- 
tion of cytochrome oxidase by H202 at pH > 7 ob- 
served in Ref. 5. Under  these conditions we were able to 
employ H202 concentrations greater than 10 x K d at 

* As shown previously, the cytochrome c oxidase absorbance changes 
induced by H202 at 605-607 nm saturate at higher HzO 2 con- 
centrations than those in the Sorer band or at 570 nm at pH < 7.5 
[18] which might indicate the presence of two different H2Oz-bind- 
ing site in the enzyme. The 'saturating' H202 concentrations used 
in this work are meant to induce full development of all bands of 
the peroxy complex difference spectrum at a given pH. 
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each pH without significant interference from the 
oxyferryl compound formation or heme reduction. 

Second, we found it necessary to work with as low 
cytochrome oxidase concentrations as possible to mini- 
mize interference from the catalase activity of the en- 
zyme. This activity can diminish stability of H202-in- 
duced responses even at submicromolar cytochrome 
oxidase concentrations (e.g., Fig. 2d) and it can become 
a serious problem at 5-40 ~tM of the enzyme as used in 
Refs. 3, 5 and 7, especially when large excess of H202 is 
to be avoided as mentioned above. It is noteworthy in 
this connection that K a = 10 FM determined for, the 
peroxy complex in experiments with 10 I~M cytochrome 
oxidase [3] is about 4-fold higher than the value found 
in our experiments with 1-0.5 ~tM enzyme [18]. 

Third, spectral responses of cytochrome c oxidase to 
saturating H202 concentrations often comprise slower 
secondary changes of absorption (e.g., Fig. 2 and Ref. 
16). These can be due in part to a minor proportion of 
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Fig. 1. Formation of two different peroxide compounds of 
membrane-bound cytochrome oxidase at low and high H202 con- 
centrations. The sample and reference contained cytochrome c oxidase 
proteoliposomes ([aa3] =1 IxM) in a basic medium (pH 7.8) (see 
Materials and Methods). After correction of a baseline (dashed line) 
H202 was added to the sample at concentrations of 1.6, 30, 150 and 

1200/xM (spectra a-d,  respectively). 
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Fig. 2. Time stability of the cytochrome oxidase spectral responses 
induced by H202. Cytochrome oxidase proteoGposomes, 0.6 ~M in 
a a  3. At the zero time H202 was added to the sample at the concentra- 
tions indicated in the Figure. Open circles show a typical decay of the 
H202-induced AA607 at [H202] = K d due to the cata]ase activity of 

the preparation. 

the enzyme binding H202 much slower than the bulk of 
cytochrome oxidase (cf. Ref. 9); however, there appears 
to be contribution from additional processes as revealed 
by time-dependent alterations in the form of the dif- 
ference spectra, especially at pH above 7 (data not 
shown [16]). 

At present we are not ready to give a fully consistent 
analysis of these secondary processes. Therefore this 
paper is confined to initial observation period less than 
10 min durin~ which the rapid phase of absorption 
changes reaches completion (cf. Ref. 9) whereas contri- 
bution of the secondary processes remains negligible 
throughout the pH and H202 concentration range 
studied. Most of the data in the paper refer to dif- 
ference spectra recorded 5 min after addition of H202. 

Effect of pH on the 1-120 e induced spectral changes 
Fig. 3 shows typical difference spectra induced by 

saturating concentrat ions of H202 added to 
liposome-reconstituted ferric cytochrome oxidase at acid 
and alkaline pH. 

In the Soret band the two spectra are very similar; 
also the 570 nm peak appears to be unaffected. At the 
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Fig. 3. Effect of pH on the spectral characteristics of cytochrome 
oxidase peroxy complex. The sample and the reference contain cyto- 
chrome oxidase proteoliposomes ([aa3] = 0.8 i.tM) in the basic medium 
with pH 6.0 (dashed line) or 8.0 (bold line). Saturating H,O2 con- 
centration has been added to the sample (500 p.M for pH 6, 30 ~M 

for pH 8). 

same time, significant increase in the amplitude of the 
607 nm band is observed at alkaline pH. 

The effect of pH is reversible (Fig. 4). The same 
reversible increase of the 607 nm band upon alkaliniza- 
tion was also observed in an experiment analogous to 
that in Fig. 4 but carried out in a single cuvette so that 
the difference spectra were scanned in a dual-wave- 
length mode (AA x - AA630) (data not shown [16]). This 
result indicates that the effect of pH on the difference 
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Fig. 4, Reversibility of the pH-dependent changes in the spectrum of 
peroxy complex of cytochrome oxidase. The sample and reference 
cells contained cytochrome oxidase proteoliposomes ([ aa3] = 0.4 F M) 
in the basic medium with pH 6.4. 20 #M H202 added to the sample 
(spectrum a), pH was adjusted to 7.3 in both cells (spectrum b) and 

returned back to 6.4 (spectrum c). 
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Fig. 5. pH dependence of absorption changes at three principal bands 
of the cytochrome oxidase peroxy complex difference spectrum. Cyto- 
chrome oxidase proteoliposomes were suspended in the basic medium 
at indicated pH values. Saturating amount of H202 was added to the 
sample and the spectral changes were measured 5 rain after the 
addition. The final H zO2 concentrations at different pH were 300 p.M 
(6.2), 100 i.tM (6.2-6.8), 50 i.tM (6.8-7.2) or 30 t~M (7.2-8.5). These 
concentrations were chosen so as to provide for minimal interference 
from the secondary processes. Absorption changes in the Sorer and 
visible range were measured in separate experiments. Where indicated, 
the points are mean values+ mean deviations for 3-6 experiments 
with different preparations of proteoliposomes. The bold line in panel 
C is a theoretical curve for a transition linked to ionization of two 

acid-base groups with the same pK of 6.7. 

spectrum is due to pH-dependence of the absorption of 
the peroxide compound rather than of the free enzyme. 

pH-dependence of the cytochrome oxidase peroxy 
complex absorptivity at the three principal bands of the 
difference spectrum is shown in Fig. 5. In contrast to 
Ref. 3, we found no significant pH-dependence of the 
Soret band effect amplitude (panel A). The size of the 
570 peak proved fairly constant under these conditions 
as well (panel B). At the same time, the ampfitude of 
the 607 nm band increases several-fold as pH is raised 
above 6 reaching a plateau at approx. 7.2 (panel C). 

Thus, the peroxy complex of cytochrome oxidase is 
likely to undergo a reversible transition to a state with 
increased intensity of the 607 nm peak, the transition 
being associated with deprotonation of two ionizable 
groups with very close pK values of 6.7. As suggested in 
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Fig. 6. Effect of alkalinization (A) and acidification (B) inside proteoliposomes on the spectral characteristics of cytochrome oxidase eroxy complex. 
(A) Na+,K+-free proteoliposomes ([aa3] = 0.5 ItM) with low internal pH-buffering capacity were suspended in a buffer containing 25 mM 
Mes-KOH (pH 6.4), 50 mM Na2SO 4 and 100 I~M ferricyanide and preincubated for 20 min. a, baseline; b, 30 ~tM HzO 2 added to the sample; c, 5 
min after addition of monensin (5 ng/ml) to both cells; d, spectrum c recorded, 20 mM NHdCH3COO was added to the sample and reference. (B) 
Proteoliposomes ([aa3] = 0.6 p.M) loaded with 50 mM Na2SO 4 were suspended in a K+,Na+-free buffer containing 50 mM Mops-Tris buffer (pH 
7.4), 100 mM choline chloride and 100 lsM potassium ferricyanide, a, baseline; b, 20 p.M H202 added to the sample; c, 5 min after addition of 

monensin (5 ng/ml) to both cells; d, spectrum c recorded, 20 mM NH4COOH was added to the sample and reference cells. 

Ref. 18, it is tempting to relate this state to a so-called 
'420 rim' conformat ion of the free ferric enzyme char- 
acterized by  a very similar peak at 605-607 nm in the 
difference spectrum versus the resting cytochrome 
oxidase [6,7,26,27] (see Discussion). 

Subsequently, we at tempted to find out whether it is 
p H  inside or outside proteoliposomes that affects the 
spectrum of the peroxy compound of cytochrome 
oxidase. To  this end a method of p H  per turbat ion 
inside proteoliposomes by virtue of monensin-catalyzed 
N a + / H + - a n t i p o r t  was used [23,28]. 

In Fig. 6A, Na+,K+-free  proteoliposomes were sus- 
pended in a 50 m M  Na2SO4-containing buffer at p H  
6.4. A typical two-band difference spectrum was ob- 
served in the visible region upon addition of HzO 2 
(spectrum b). It  can be seen that monensin  which under 
these conditions brings about  alkalinization inside the 
vesicles [28], induces marked increase in the height of 
the 607 nm peak (spectrum c) which is reversed by  

a m m o n i u m  acetate (spectrum d). Reversal and preven- 
tion of the monensin- induced effect were observed also 
in the presence of carbonylcyanide m-chlorophenylhy- 
drazone (C1-CCP), the uncoupler  (not shown [16]). 

In experiments  of this kind collapse of A p H  by 
N H a C H 3 C O O  often resulted in the 607 nm peak some- 
what lower than in the initial difference spectrum of the 
peroxide compound  (e.g., Fig. 6A, spectra b and d). It 
has to be ment ioned that in order to obtain well-cou- 
pled proteol iposomes we found it necessary to prepare 
the vesicles at p H  > 6.6, i.e., above that of the final 
reaction mixture. Although a 20 min incubation was 
allowed before the experiment  in Fig. 6A for equilibra- 
tion of proteol iposomes with the medium, it is possible 
that p H  inside the vesicles was still slightly higher 
initially than the ambient  6.4. 

Results of a complementary  experiment with Na  +- 
loaded proteol iposomes suspended in an essentially 
N a + / K + - f r e e  medium are shown in Fig. 6B. In this case 



monensin brings about acidification inside the vesicles 
[28] and, accordingly, the 607 nm peak of the peroxy 
complex difference spectrum declines (spectrum c), the 
effect being reversed by the permeant base (spectrum 
d). In the absence of Na ÷ gradient (50 mM Na2SO4 
added to the medium) or in the presence of C1CCP 
monensin exerted no effect (data not shown). 

The experiments in Fig. 6 indicate that the spectral 
characteristics of cytochrome oxidase peroxy complex 
depend on pH of proteoliposome interior which is 
equivalent topographically to the matrix aqueous phase 
of mitochondria [23,28]. 

D i s c u s s i o n  

The magnitude of H2Oe-induced spectral changes 
In contrast to earlier studies on H202 combination 

with the oxidized cytochrome oxidase [1-7,9], this work 
has been carried out with the membrane-bound (or, 
more accurately, the liposome-bound) enzyme. 

It seems likely that in proteoliposomes cytochrome 
oxidase becomes more homogeneous with respect to 
ligand reactivity as compared to the detergent solubi- 
lized enzyme (Ref. 16, see also Konstantinov, A. and 
Musatov, A., unpublished results). For instance, a great 
scatter (approx. 20-fold) in the magnitude of the H202- 
induced cytochrome oxidase spectral changes was re- 
ported by Bickar et al. [3] and confirmed by Gorren et 
al. [9]. The & , , o ,  values in our experiments also varied 
for different preparations but to a significantly lesser 
extent, i.e., 22-50 mM -~ cm -~ for the Soret peak-to- 
through amplitude and 2.2-4.5 mM -~-cm -~ for the 
607 nm peak * (Table I). Notably, these values are 
markedly higher than the maximal effects observed for 
the solubilized enzyme, resting or 'pulsed', in Refs. 3 
and 5 and are equal to or exceed those obtained by 
Kumar et al. [6,7] for their '420 nm form' (Table I). 

Our data are also in good agreement with the A~ 
values reported by various authors for the difference 
spectrum of the 'oxygenated' or 'pulsed' cytochrome 
oxidase (428 nm form) versus the resting state (Table I). 

The reason for the approx. 2-fold variability of Ac 
values observed in this and earlier works (cf. Table I) 
could be at least partly due to a well-known lability of 
the free ferric enzyme spectral characteristics. 

At the same time, even the highest of our Ac values 
for the 607 nm peak are still much lower than the 
coefficient of approx. 12 mM -1. cm -t reported by 
Wikstr~Sm for the 607 nm peak of the peroxy compound 
('compound P') formed by an energy-linked reversal of 
cytochrome oxidase reaction in rat liver mitochondria 
[12]. A A~ value of approx. 12-20 mM -1 . cm -1 was 

* These A%07 values refer to the plateau level above pH 7.5 (see Fig. 
5C). 
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TABLE I 

Molar extinction ualues for difference spectra of  H202-complexed cyto- 
chrome oxidase and related enzyme species versus the "resting' state 

The figures were taken as given by the authors  or were calculated 
from the drawings in the papers. 

Enzyme species, reference AA/[aa3] 
(mM-I.cm-1) 

Soret 605-607 nm 

Peroxide complex (428 nm form) 
Bickar et al. [3] 12 " 1.6 " 
Wrigglesworth 151 - 0.6 
K u m a r  et al. [6,7] 25 2 
this work 22-50  h 2.2-4.6 b 

'Oxygena ted '  enzyme (428 nm form) 
Whar ton  and Gibson [29] 22 
Tiesjema et al. [30] 50 3.0 
Orii and King [31] .24 2.1 

'Pulsed" enzyme (428 nm form?) 
Brunori et al. [32,33] 50 3 

'Recent ly  oxidized enzyme'  (420 nm form) 
Rosen et al. [26] 3.4 
Armst rong  et al. [27] 5.2 
K u m a r  et al, 17] 2.1 +0.3  

Energy-dependent  peroxy complex 
(compound P) 
Wikstr~Sm [121 - 12 
Wilson et al. [34] 46 ~ (17) d 

a The maximal  values obtained in the paper. 
h The minimal  and the maximal  values are indicated. 

In Ref. 34 an energy-dependent  oxyferryl rather than peroxy com- 
plex formation was observed: however, according to our data, the 
oxyferryl and peroxy complexes have very similar Soret band spec- 
tra [17]. The  value has been calculated from Fig. 1 in Ref. 34 
assuming  aa 3 specific content  of  0.5 n m o l / m g  protein, which is 
probably a lowest est imate for pigeon heart  mitochondria;  accord- 
ingly, A~ values may be in fact lower. 

d Calculated for the energy-dependent  peroxy complex taking the 
A 605 - ~  580 ratio of  /.X~peroxy/a¢oxyrerry I of  approx. 3 [12]. 

also calculated for the 607 nm peak of 'compound C' 
[10,351. 

This discrepancy may indicate the H202-adduct to 
be not fully identical with compounds P or C. Several 
possibilities are considered below. 

First, one could suggest only part of cytochrome 
oxidase to have reacted with hydrogen peroxide in the 
H202-adduct. It has to be mentioned here that H202 
may bind with cytochrome oxidase in two sites, tenta- 
tively identified as Fe,., and Cu B [18]. There are prob- 
ably no large differences between the H202 adduct and 
energy-linked compounds P or F in the Soret band 
(Table I, cf. Refs. 12, 16, 17, 34 and 36). Therefore, low 
binding site occupancy is not likely with respect to 
H202 coordination at the 6th axial position of heme a 3 
iron (possibly, as a bridging ligand between F%., and 
CuB) which is responsible for the red shift of the 
y-band of the enzyme [18]. On the other hand, partial 
occupancy of the second H202 binding site (Cu B ?) [18] 
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cannot be ruled out at present and could account in 
principle for the low apparent %~7 value of the peroxide 
adduct as compared to compound P. Notably, energiza- 
tion was reported to increase capacity of cytochrome 
oxidase oxygen binding pocket from one to two ligand 
molecules [37,38]. However, such an explanation implies 
significant heterogeneity of liposome-reconstituted 
Fowler type cytochrome oxidase, which has not been 
revealed so far by our experiments with other ligands. 
Moreover, the same low A%07 values up to approx. 4 
mM -a.  cm -t  have been observed for H202 adduct in 
submitochondrial particles (Ludvig, N., Vygodina, T. 
and Konstantinov, A., unpublished results) for which 
cytochrome oxidase heterogeneity is very unlikely_ 

Second, high extinction of compound P at 607 nm 
could be a marker of a special thermodynamically un- 
stable conformation of ferric enzyme favoured by both 
energization and H202 binding. In such a case even full 
occupation of the binding sites might be insufficient for 
complete conversion of the enzyme to the form with 
AI~607 = 12 mM -t  • cm -t by exogenous H202 under de- 
energized conditions. 

Third, the peak at approx. 607 nm in the difference 
spectra of various cytochrome oxidase compounds may 
comprise more than one optical effect and in our opin- 
ion it is the most likely explanation. A moderate in- 
crease in A607 typical of the H202-adduct or pulsed 
enzyme (A%07 ~< 5 mM -1 - cm -I)  could originate in an 
a-band red shift associated with a conformational tran- 
sition of ferric cytochrome oxidase. Spectra simulations 
show that such a shift gives rise to an asymmetric 
difference spectrum with a major peak at 607-608 nrn 
and a minor trough around 590 nm; for instance, A%o 7 
of 4 mM -1, cm-1 corresponds to a shift of the ferric 
enzyme a-band to the red by approx 2 nm (Kons- 
tantinov and Vygodina, unpublished results). 

In compounds P or C this effect may be overlapped 
by a strong charge-transfer band arising from interac- 
tion between Fe,3 ' Cu B and peroxy ligand (see pp. 
124-127 in Refs. 10 and 35 and references therein). 
Notably, such a charge-transfer band should be sensi- 
tive even to subtle changes in the O2-binding site and, in 
particular, to protonation state of the peroxy ligand, 
which can provide a plausible explanation for the ab- 
sence of this electronic transition in the H2Oz-adduct 
(see next section and Scheme I). 

pH-dependence of the H202-induced spectral changes 
We were not able to confirm the observation [3] that 

the magnitude of the H202-induced spectral changes in 
the Sorer band increases 5-fold upon alkalimzation from 
pH 6-8. In view of low A~ values obtained by Bickar et 
al. [3] for their peroxide complex, as compared to this 
and other works (Table I), it is likely that alkalinization 
in Ref. 3 simply increased proportion of cytochrome 

oxidase interacting with H202 *. At the same time, the 
amplitude of the 607 nm peak in our experiments 
increased significantly upon alkalinization. The follow- 
ing questions may be concerned in this connection. 

(1) Is it neutral (H202) or ionized (02,-) hydrogen per- 
oxide bound with the a 3 /  Cu n site in the peroxy complex? 

Generally, the pH-dependence of the peroxide com- 
plex spectrum could be due to ionization of either the 
enzyme, or the ligand in either of the two H202 binding 
sites. Thus, according to Bickar et al. [3] it might be 
H zO 2 which binds cytochrome oxidase below pH 6 but 
the conjugated base (O~-) that reacts with the enzyme 
at pH above the neutral. Doubly deprotonated state of 
peroxide bound to the oxygen-reducing centre of cyto- 
chrome oxidase has been assumed also by most other 
workers (e.g., Refs. 10, 25, 35, 39 and 40). However, K d 
for hydrogen peroxide binding to heme a 3+ is pH-in- 
dependent, which indicates H202 to be the species 
bound throughout the pH range studied 6-8.5, and 
there is only a weak pH dependence of H202 affinity 
for the second binding site [18]. Incidentally, this fact 
implies that 02 reduction to 02-  during the catalytic 
cycle of cytochrome oxidase should be coupled to an 
uptake of two protons, and this protonation of the 
reduced oxygen intermediate might be one of the partial 
electrogenic steps of the reaction (Scheme I) [18,41,42]. 
This is at variance with the mechanism suggested by 
WikstriSm according to which the proton uptake takes 
place at a later step of the peroxy intermediate reduc- 
tion to the oxyferryl complex [12,13,43]. 

In this connection it is interesting to speculate that 
compound C and energy-dependent compound P may 
indeed contain a deprotonated O]-  species rather than 
H202 (Scheme I). Notably, this could account for the 
above-discussed higher extinction of these compounds 
at 607 nm as compared to the H202-1iganded enzyme, 
since it is the deprotonated O,_ 2- ligand, much more 
electronegative than H202, which can be expected to 
give a strong ligand-to-metal charge-transfer band (see 
p. 126 in Ref. 10). 

Deprotonation of bound peroxide could be a conse- 
quence of a hi'gbly energized membrane state in experi- 
ments of Wikstrrm I12,13], since Aq, has been shown to 
raise local pH in heme a3//Cu B-surroundings relative to 
the M-aqueous phase [23,28,43]. As to compound C, 
protonation of O22- is very likely to be prevented in this 
case due to the frozen state of samples. 

It is possible that in a catalytic cycle, protonation of 
the bound 02-  is prerequisite for its subsequent rapid 

* It has to be pointed out that the pH dependence of Acs,~re t values 
in Ref. 3 was reported for H202 concentrations as high as 1 mM, 
which certainly gave rise to a variable mixture of peroxy and 
oxyferryl compounds depending on pH [17]. 
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Scheme 1. Possible relationships between various pc:oxy compounds 
of cytochrome oxidase. See text for discussion. Binding of the second 

H202 molecule [18] is not included in the scheme. 

reductive cleavage to the oxyferryl compound. In such a 
case the proton uptake linked to double electron reduc- 
tion of O z to 0 3- could well look as if being a~sociated 
with the oxyferryl state generation, as observed by 
WikstrSm [44]. 

(II) pH-dependent 'resting' ~ 'pulsed' interconversion of 
ferric cytochrome e oxidase 

As concerns pH-dependence of the H2Oz-induced 
difference spectrum, we suggest that the hydrogen per- 
oxide-complexed cytochrome oxidase (with both HzO 2 
binding sites occupied) can undergo a reversible transi- 
tion to a conformation with increased extinction at 
605-607 nm (or, as discussed above, with a red-shifted 
u-band), the transition being linked to deprotonation of 
two ionizable groups of the enzyme with pK 1 = pK 2 = 
6.7. 

As already mentioned above, it is tempting to suggest 
that such a transition does exist in the unliganded 
enzyme as well, since a conformation of the oxidized 
cytochrome oxidase with increased absorption at ap- 
prox. 605 nm but essentially unchanged Soret band has 
been identified as an immediate product of the enzyme 
oxidation [6,26,27]. Being thermodynamically un- 
favourable, this 'tense' ('pulsed') conformation under 
common conditions is known to decay virtually irre- 
versibly to a stable 'relaxed' ('resting') state. Presuma- 
bly, in the peroxy complex the free energy difference 
between the two conformations is. diminished so that it 
becomes possible to observe pH-dependent equilibrium 
interconversion between the 'relaxed' and 'tense' forms 
(Scheme II and Ref. 18). 
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Scheme II. pH-dependent  interconversions of spectrally distinct con- 
formers of ferric cytochrome oxidase, ox, stable ' relaxed'  (or 'resting') 
form of the oxidized cytochrome oxidase, ox~'0~, denotes "tense' (or 
'pulsed ')  conformation of cytochrome oxidase formed as an early 
product of the enzyme oxidalion and characterized by moderately 
increased extinction at 605-609 nm (a red shift of the a-band?) and 
by Soret band in the unliganded state at approx. 420 nm [26,27,71. 
H,_O 2 ligation at the two putative binding sites [18] has been com- 
bined into a single step for simplicity with a maximal difference in the 
K d values indicated. Whereas the " tense ' - -- ' re laxed '  transition ap- 
pears to be thermodynamically favourable for the free enzyme, in the 
H202-complexed cytochrome oxidase the two conformations may 
have comparable stabilities. Conversion of the ' tense '  form to the 
' relaxed'  one is suggested to be linked to an uptake of two protons 
from the M-phase as found in this work for the H202-complexed 

enzyme. 

This pH-dependence accords with the observations 
that 'oxygenated' conformation of cytochrome oxidase 
is stabilized by alkaline pH kinetically [45] (but el. Ref. 
30) and thermodynamically [46]. 

Implication for cytochrome oxidase functions 
As found here, the magnitude of the 607 nm peak in 

the H202-induced difference spectrum of cytochrome 
oxidase depends on pH of the intravesicular aqueous 
phase corresponding to the matrix phase of 
mitochondria. Accordingly, WikstrSm has reported re- 
cently compounds P and F to be stabilized by alkaline 
pH inside rather than outside the mitochondria [43]. 
These data may be indicative of protonic communica- 
tion between the oxygen-reducing centre of the enzyme 
and M-phase and corroborate a conclusion on the ex- 
istence of a cytochrome %-associated input proton well 
inferred earlier from cyanide binding studies [41,23,28]. 
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In addition, the present results indicate that relaxa- 
tion of the '607 rim' (pulsed) form of the oxidized 
cytochrome oxidase to the stable conformation may be 
associated with an uptake of two protons from the 
M-phase. Implications of such protonation may be 
two-fold. 

First, as suggested in Ref. 18 it could be a one more 
step of the cytochrome oxidase protonmotive mecha- 
nism. 

Second, the pH-dependence of cytochrome oxidase 
conformational transition might serve to control an 
equilibrium between the active 'pulsed' and inactive 
'resting' forms of the ferric enzyme in the mitochondrial 
membrane [47,48]: 

'resting' ,%--4 'pulsed' (607 nm) 

2H~ 

Scheme III 

Energization (at least, ApH component of A/2H+) 
can be envisaged to favour the 'pulsed' state. Such an 
effect could compensate for increased tendency of the 
enzyme to escape from the catalytic cycle in the en- 
ergized membrane when electron flow through cyto- 
chrome oxidase diminishes. 
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