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Summary

1. The turnover number and apparent K, of isolated beef-heart cytochrome
¢ oxidase were found to increase continuously when the pH was lowered from
8.6 to 4.6 (turnover number 32—630 s7'). In this pH range neither irreversible
denaturation of the enzyme nor an optimum for the turnover number was ob-
served,

2. The turnover number of cytochrome ¢ oxidase was found to be indepen-
dent of ionic strength. It was concluded that the dependence of the activity of
cytochrome ¢ oxidase on ionic strength is caused by a change in the value of
K., for cytochrome c.

3. The pH dependence of the turnover number of cytochrome ¢ oxidase can
be described by a simple model in which at least three sites on the complex of
cytochrome ¢ oxidase with cytochrome ¢ (pK, 8.0, 6.5 and 4.8) can take up
a proton,

Introduction

The effect of pH on the activity of cytochrome ¢ oxidase has frequently
been investigated, but the results seemed often contradictory [1—10]. This
may be due to differences in reaction conditions, such as the concentrations of
cytochrome c¢ and buffer at which the activity was measured. In most cases an
optimal pH for the enzymic activity of cytochrome ¢ oxidase was found, but
the position of the optimum varied considerably in the reports.

The effect of pH on the activity of cytochrome ¢ oxidase is particularly im-
portant because protons are used as substrate in the steady-state oxidation of
ferrocytochrome c by dioxygen, as shown by the reaction equation:

cytochrome ¢ oxidase

4 ferrocytochrome ¢ + 4 H' + O, — 4 ferricytochrome ¢ + 2 H,0
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Furthermore, cytochrome ¢ oxidase may be involved in proton transport
across the mitochondrial inner membrane [11,12] and may act as a proton
pump.

Therefore, we investigated in detail the effect of pH and ionic strength on
the activity of cytochrome ¢ oxidase at various concentrations of cytochrome
¢. The activity at infinite cytochrome ¢ concentration was found to increase
continuously with the proton concentration (pH range 4.6—8.6), but it was un-
affected by ionic strength. The effects causing an apparent pH optimum in the
activity of cytochrome ¢ oxidase will be discussed.

Materials and Methods

Preparation and determination of the concentration of cytochrome ¢ and
cytochrome ¢ oxidase have been described previously [13]. Cytochrome ¢ was
reduced at pH 8.0 by incubation with excess potassium ascorbate, after which
the #scorbate was removed by gel filtration (Sephadex G-25, medium). Ionic
strength (I} of potassium phosphate, varying in concentration from 25 to 125
mM in the pH range 4.6—8.6, was calculated from:

Kal [1 +3Ka2 (1 +2Ka3)} Pi

7= I;w +[H+]K [H'] [H']
’ al Ka2 Ka3
o 1-F[_Iq:] [1+[H"] (1+[H’])]

where P; is the total phosphate concentration. The dissociation constants used
were: pK,; = 2,12, pK,, = 7.21, pK,3 = 12.67 and pK,, = 14.0.

At low buffer capacity the pH was checked with a micro pH electrode before
and after the reaction. The pH change never exceeded 0.1 unit.

The enzymic activity (v/e) of cytochrome ¢ oxidase was determined spectro-
photometrically at 550 nm and 25°C, using a Zeiss PMQ II spectrophotometer
equipped with a logarithmic converter and a recorder [14]. The reaction was
started by adding cytochrome ¢ oxidase, that was previously diluted to a con-
centration of about 2 uM in a mixture of 0.25 M sucrose, 2 mg/ml Asolectine,
0.5% (v/v) Tween 80 and 10 mM potassium phosphate (pH = 7.0). The turn-
over number of cytochrome ¢ oxidase was extrapolated from the rate of ferro-
cytochrome c¢ oxidation (6.5—37.3 uM) and was expressed as uM ferrocyto-
chrome ¢ oxidized per second per uM cytochrome ¢ oxidase (2 heme a) at
infinite cytochrome ¢ concentration,

Results

Fig. 1A shows the oxidation of cytochrome ¢ catalyzed by cytochrome c
oxidase at extreme low pH (4.6). It is evident that also at this low pH the oxida-
tion of ferrocytochrome ¢ follows the same type of first-order kinetics as found
at physiological pH [14,15]. Fig. 1B shows the Lineweaver-Burk type plot of
the enzymic activity of cytochrome ¢ oxidase versus the cytochrome ¢ concen-
tration at several potassium phosphate concentrations (pH 4.6). Obviously, the
enzymic activity at infinite cytochrome ¢ concentration is unaffected by ionic
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Fig. 1. A, Effect of phosphate on the oxidation of ferrocytochrome ¢, catalyzed by cytochrome ¢ oxidase
at pH 4.6. The absorbance was followed at 550 nm; 100 mM potassium phosphate, 0.5% (v/v) Tween 80;
25°C. Cytochrome ¢ oxidase, 20 nM; cytochrome ¢, 37.3, 23.3, 14.0, 9.3 and 6.5 uM (from top to bot-
tom). B. Effect of ionic strength on the enzymic activity of cytochrome ¢ oxidase at pH 4.6. Potassium
phosphate: ¢ ——@ 50 mM; A————4 75 mM; O———, 100 mM; » & 125 mM,

strength; thus the ionic strength dependence of the cytochrome ¢ oxidase activ-
ity at finite substrate concentrations is due to a change in the apparent K,
value, These phenomena were observed over the entire pH range investigated
(4.6—8.6). Control experiments were carried out in which part of the potas-
sium phosphate was substituted by potassium chloride without changing the
ionic strength of the medium. This substitution did not affect the enzymic
activity, indicating that an ionic strength effect was observed [16] and not a
specific phosphate effect (cf. Refs. 17—20).

Fig. 2A shows that the activity of cytochrome ¢ oxidase at infinite cyto-
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Fig. 2. A, Effect of pH on the turnover number (TN) of cytochrome ¢ oxidase, ®, experimental data,
The solid line is a simulation of Eqn, 2 using the constants presented in Table I. B. The apparent K, for
cytochrome ¢ as function of pH. The apparent Ky, was determined from plots as shown in Fig. 1B and
interpolated to the following ionic strength values: 4———4A 125 mM; e——— 100 mM; »
75 mM.
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chrome ¢ concentration increases when the pH is lowered to 4.6, whereas above
pH 8.0 cytochrome ¢ oxidase is almost inactive. At these extreme pH values, no
denaturation phenomena were observed: the enzyme, incubated for 30 min at
either pH 5.0 or pH 8.0, showed the same activity determined at pH 7.0 as the
preparation that was not subjected to pH treatment. Fig. 2B illustrates that the
apparent K, of cytochrome c¢ oxidase for cytochrome c¢ also increases upon
lowering of the pH and is clearly affected by ionic strength.

The increase in turnover number upon lowering of the pH can be interpreted
with a model in which protonation of sites on the cytochrome c-cytochrome ¢
oxidase complex is essential for activation:

Ky Koy Ky
ES = ESH «— ESH, <> ESH,

H H H
ko Ry Ry kp

EP <= EPH < EPH, ~ EPH,
H H H

The turnover number (TN) of an enzyme reacting according to this model
will be a function of rate constants (ko, ki, k2, ..., By, ..., k) and the dis-
sociation constants (K, K,, ..., K;, ..., K,,) of the various enzyme-substrate
complexes. This function can be expressed as (cf. Ref. 21):

TN = {ko +121 (k,[H*]l/jlj1 K,)}/{1 +121 ([H*]’/J_li[1 K,)} 1)

In a range where one of the sites becomes protonated, this expression can be
simplified if the values of the rate constants are of the same order of magni-
tude, and the dissociation constants differ at least one order of magnitude, i.e.

K, ... K-, <[H71<Ky, .., K, and
Ky, . ,K 1<K <Kpy,..,K,.
The following expression is obtained under these restrictions:
TN — k= {ky —ky }/{1+K,/[H']} (2)

and a plot of (TN —k;_,)"! versus [H"]! will result in a straight line with inter-
sections that yield k; and K,.

At high pH all enzyme will be in unprotonated ES-form and hence TN = &,.
The data shown in Fig. 2A indicate that for pH > 9 the enzymic activity
becomes negligible small (kq =~ 0). Thus in the pH range where the first activity
stimulating site becomes portonated, i.e. [ =1, the turnover number will be
dependent on concentration and reactivity of ESH. For /=1 and k, = 0 Eqn. 2
can be written as:

TN = {kl[H+]/K1}/{1 + [H+]/K1} (3)

As shown in Fig. 3A, the plot of TN™! versus [H"] ! yields a straight line and
values of k, =105 s™! and K, = 1073 M are found. With these values the experi-
mental data for /=2 and /=3 can be plotted according to Eqn. 2 (Figs. 3B
and 3C, respectively).
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Fig. 3. Determination of dissociation and rate constants of various activity-regulating acid-base sites,
Double reciprocal plot of (TN —kj_y) versus [H'] according to Eqgn, 2 are shown, A. I=1, TN =k/

(1 + K1 /[H']); from Eqn. 1 with kg =0 and [H'), Ky < K3, ..., K,. B.1=2, (TN —ky) = (k3 —k1)/
(1 + K43 /[H'D); from Eqn.1 with Ky <[H'], Ky < K3, ..., K. C. 1=3, (TN —k3) = (k3 —k)/(1 +
K3/[H']); from Eqn. 1 with K| , Ky < [H"], K3 < Kq,..., K.

TABLE I

PARAMETERS USED FOR THE SIMULATION OF THE TURNOVER NUMBER VERSUS pH CURVE
(FIG. 2A, SOLID LINE) USING EQN. 1 WITH kg = 0O AND THREE ACTIVITY-REGULATING ACID-
BASE SITES

! 1 2 3

k) (s71) 120 340 850
pK; 8.0 6.5 4.8

The set of reaction and dissociation constants obtained from Fig. 3 can be
used for the calculation of a turnover number versus pH profile (cf. Eqn. 1)
which fits the experimental data well. However, as shown by the solid line in
Fig. 2A, a very close fit to the experimental data is obtained with the set of
slightly corrected constants, presented in Table I.

This result indicates that at least three acid-base sites are required with pK
values of 8.0, 6.5 and 4.8 to explain the pH-dependence of the turnover
number, When protonated, these sites promote the enzymic activity.

Discussion

Our results show that in the pH region of 4.6—8.6 the enzymic activity of
isolated cytochrome ¢ oxidase at infinite cytochrome ¢ concentration is inde-
pendent of ionic strength, in contrast to the Michaelis constant with respect to
cytochrome c. This is in line with observations in literature where it was shown
that the enzymic rate is dependent upon ionic strength when measured at a
single cytochrome ¢ concentration [1—6,8].
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The independence of the turnover number and the dependence of K,, upon
ionic strength point to an electrostatically governed binding reaction between
cytochrome ¢ and cytochrome ¢ oxidase, as was also observed for the reduction
of cytochrome ¢ by cytochrome b5 [22,23]. It has frequently been reported
that in the association reaction of cytochrome ¢ oxidase and cytochrome c
charges of opposite sign are important [7,20,24,26].

The pH-dependence of cytochrome ¢ oxidase activity has often been investi-
gated at a single cytochrome ¢ and at a single buffer concentration [1—6,8,27].
Under these conditions three effects of pH can be discerned: a direct effect of
pH on the turnover number and K,,,, as well as an indirect effect of pH on ionic
strength and thus on K,. In such an experiment the appearance of a pH opti-
mum (also found by us) is caused by the opposite effect of pH on the turnover
number and on K,,. It is evident that the position of the pH optimum of the
activity is not constant, but depends on concentration, pK, and electrical
charge of the applied buffer. When using the polarographic assay method addi-
tional pH effects, due to reactions in which ascorbate and/or N,N,N',N’-tetra-
methyl-p-phenylenediamine are involved, must be considered [25].

Several authors [1—3,5,6,10,27] have reported a pH optimum in the activity
of cytochrome c¢ oxidase at low pH; however, in the turnover number of our
enzyme preparation no such optimum was found. It is conceivable that our
preparation is more stable at low pH.

The dependence of the turnover number of pH has been explained in a
model in which three proton-binding sites affect the reaction rate. For enzymic
activity the protonation of the site with a pK, of 8.0 is required. This site
might be the same as that which affects the redox potential of the high-poten-
tial heme [28]. From our kinetic data we cannot discern whether a proton acts
as an activator of the enzymic activity, or that a hydroxyl ion forms an inhibi-
tory complex with the oxidase. Lanne et al. [ 29] have suggested that a hydro-
xyl ion can bind to cytochrome a; as the sixth ligand to the heme iron. If the
binding of a hydroxyl ion to the site with pK, 8.0 causes cytochrome ¢ oxidase
to become inactive, a K; of 1 uM can be calculated from our results. The nature
of the two other sites (pK, 6.5 and 4.8, respectively) is not clear yet. Maybe
the rate of proton uptake by oxygen intermediates increases upon protonation
of these sites.

An alternative explanation of the pH-dependence of the turnover number is
that the rate-determining step in the steady-state mechanism is a conforma-
tional change in the cytochrome ¢ oxidase molecule, induced by binding of
cytochrome ¢ [30,31]. Protonation of the three sites may cause formation or
breaking of salt bridges. This will govern the rate of the conformational change
of cytochrome ¢ oxidase, thus facilitating the electron transfer by the enzyme.
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