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SUMMARY

1. Ferricytochrome ¢ acts as a catalyst in the peroxidation of ferrocytochrome
¢ thereby giving rise to an autocatalytic reaction.

2. The rate of the peroxidation reaction is proportional to the concentration of
H,0, and ferricytochrome ¢ but is independent of the concentration of ferrocyto-
chrome ¢ in the concentration ranges studied.

3. Integration of the rate equation, d[¢3*+]/d¢ = £[¢®+][H,0,), gives a theoretical
expression which fits the experimental time courses for the ferrocytochrome ¢ peroxi-
dation reaction.

4. No direct spectral evidence was found for the formation of a catalytically
active ferricytochrome ¢—H,O, derivative. Kinetic evidence is presented, however,
which indicates the existence of such an intermediate.

5. Ferricytochrome ¢ was more susceptible than ferrocytochrome ¢ to an appar-
ent degradation reaction caused by excess H,0,, thus supporting the idea that the
cytochrome ¢ heme iron is more accessible in the oxidized form.

INTRODUCTION

In addition to the common peroxidases many other hemoproteins, such as
hemoglobin!, myoglobin?, and cytochrome ¢%%, catalyze peroxidation reactions. The
present report demonstrates that ferricytochrome ¢ can catalyze the peroxidation of
ferrocytochrome ¢ in a manner which may be analogous to the classical peroxidases.
Because the catalyst, ferricytochrome c, is also the reaction product, the peroxidation
is autocatalytic. The peroxidase activity of ferricytochrome ¢ towards ferrocytochrome
¢ is considerably lower than that of yeast cytochrome ¢ peroxidase®. It is, however,
large enough to complicate the time courses for the peroxidation of ferrocytochrome
¢ catalyzed by both yeast>=7 and horseradish peroxidases®.

MATERIALS AND METHODS

Horse heart cytochrome ¢ (Sigma Type 1II) was employed directly without
further purification. No marked effects of CO on the present reaction kinetics were
observed. This indicates a negligible contribution by possible trace amounts of modified

cytochrome c. The reduced form (approx. 93%,) was prepared by passing a dithionite-
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reduced sample through a Sephadex G-25 column®. The oxidized form was prepared
by the addition of a 10-fold excess of K3Fe(CN), followed by dialysis against 0.5%
NaCl. H,0, (30 % Superoxol obtained from Merck) was calibrated using cytochrome
¢ peroxidase®. Spectrophotometric measurements were carried out with a Cary (Model
15) recording spectrophotometer. The kinetics of ferrocytochrome ¢ oxidation were
measured by following the decrease in absorbance at 550 mu. The temperature was 26°.

RESULTS

Fig. 1, Trace A illustrates the oxidation of ferrocytochrome ¢ by H,0,. As can
be seen, a low initial rate is followed by an acceleration. This suggested that the
reaction was catalyzed by a reaction product. Accordingly, when the experiment was
repeated with the addition of ferricytochrome ¢, it was found, that the peroxidation
rate was increased (Trace B).
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Fig. 1. Time course of cytochrome ¢ oxidation by H,0,. Ferrocytochrome ¢ oxidation was fol-
lowed by measuring the decrease in absorbance at 550 my upon the addition of 176 yuM H,0, to
solutions containing a mixture of ferro- and ferricytochrome ¢ in o0.05 M sodium acetate buffer
(pH 6.0, 26°). Trace A was obtained with 23.8 uM ferrocytochrome ¢ and 1.8 uM ferricytochrome
¢, Trace B with 23.8 uM ferrocytochrome ¢ and 15.8 uM ferricytochrome c.

Fig. 2. Inhibition of the peroxidation of cytochrome ¢. Effect of inhibitors on the oxidation of
20.0 pM ferrocytochrome ¢ by 176 uM H,0, observed in the presence of 9.0 uM ferricytochrome ¢
in 0.2 M potassium phosphate buffer (pH 6.0): A, 4 3.3mM KCN; B, + 3.3mM NaN,; C, + 3.3 mM
NaF and without inhibitor.

Further evidence for the participation of ferricytochrome c in the peroxidation
of ferrocytochrome ¢ comes from the inhibition studies shown in Fig. 2. Cyanide and
azide, ligands that form complexes with ferricytochrome ¢, are inhibitors of the oxi-
dation reaction®. On the other hand, fluoride, another classical heme binding ligand
which does not, however, form a complex with ferricytochrome ¢ at this pH, has
no effect on the rate of peroxidation of ferrocytochrome ¢. From the degree of inhibi-
tion by cyanide and azide, the respective approximate values for the dissociation
constants, Kq, are estimated to be 0.7 mM and 12 mM. These values are in the range
of reported K4 values for similar conditions of 1 mM for cyanide!!, and 150 mM for
azide!®

A slight pH optimum in the range 3.6-6.0 for the peroxidation reaction was
localized around 4.9. All the following experiments were performed at that pH. The
dependency of the initial rate of the reaction on ferricytochrome ¢ concentration is
presented in Fig. 3, and can be seen to be linear. The initial reaction rate also increases
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linearly with the concentration of H,0O, (Fig. 4). The data from Figs. 3 and 4 give
values of 84 and 79 M~1-sec™!, respectively, for the bimolecular rate constant of the
ferricytochrome ¢-H,O, reaction. In contrast to the effects of H,0, and ferricy-
tochrome ¢, the initial reaction rate does not depend on the concentration of ferrocy-
tochrome ¢ (Fig. 5), at least down to a concentration of 2 M of this substance.
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Fig. 3. Effects of ferricytochrome ¢ on the initial rate of ferrocytochrome ¢ peroxidation. The
initial velocities for the oxidation of 29 uM ferrocytochrome ¢ by 176 uM H,0, in 0.05 M sodium
acetate buffer (pH 4.9, 26°) were measured with varying quantities of ferricytochrome c.

Fig. 4. Effect of HyO, on the initial velocity of ferrocytochrome ¢ oxidation. The initial oxidation
rate of 32 uM ferrocytochrome ¢ in the presence of 10.6 uM ferricytochrome ¢ was measured with
varying amounts of H,0,. The reactions were run in o.05 M sodium acetate buffer (pH 4.9, 26°).

Since the above studies suggested that ferricytochrome ¢ participated in the
peroxidation of ferrocytochrome ¢ it was of interest to determine whether a peroxide
derivative of ferricytochrome ¢ could be detected. The addition of a stoichiometric
amount of H,0, to 7 uM ferricytochrome ¢ had no effect on the spectrum of ferricyto-
chrome ¢ in the visible or ultraviolet regions. However, in agreement with the obser-
vations of others'® the presence of a 10-fold excess H,0, caused a slow decrease in
absorbance in the Soret region. Measuring the absorption spectrum in the Soret region
at various time intervals revealed that the absorption decreased equally in all regions
of the spectrum. This indicated that excess H,0, caused a degradation of ferricyto-
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Fig. 5. Effects of varying ferrocytochrome ¢ on the initial rate of ferrocytochrome ¢ peroxidation.
The initial rates of ferrocytochrome ¢ peroxidation by 176 uM H,0, at varying initial concentra-
tions of ferrocytochrome ¢ were measured in 0.05 M sodium acetate buffer (pH 4.9, 26°). The
initial velocities thus obtained were divided by the peroxide concentration and the appropriate
concentration of ferricytochrome ¢ to give the rate constant .

Fig. 6. Comparison of ferrocytochrome ¢ peroxidation with ferricytochrome ¢ degradation. The
time course for the peroxidation of 7.2 uM ferrocytochrome ¢ by 176 uM H,0, and 2 uM ferri-
cytochrome ¢ in 0.05 M sodium acetate buffer (pH 4.9) was monitored at 550 my and 409 mgy
(an isosbestic point for the ferrocytochrome c—ferricytochrome ¢ couple).
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chrome ¢. The finding that only 75 % of the ferricytochrome ¢ was dithionite reducible
after treatment with excess H,0, supported this view. The observation of this degra-
dation raises the question as to whether the degraded form of ferricytochrome ¢,
rather than the native protein, is the catalyst in the peroxidation of ferrocytochrome c.
However, this possibility is ruled out by the result of an experiment where the degra-
dation of ferricytochrome ¢ was examined during the peroxidation of ferrocyto-
chrome ¢ (Fig. 6). Here the peroxidation of ferrocytochrome ¢ at 550 mu is compared
to that followed at 409 mu (an isosbestic point of the ferrocytochrome—ferricyto-
chrome ¢ couple). It is clear that the major degradation reaction does not begin until
all the ferrocytochrome ¢ has been oxidized. It was also noted that, like ferrocyto-

chrome ¢ peroxidation, the degradation reaction of ferricytochrome ¢ could be in-
hibited by cyanide.

DISCUSSION

The experiments discussed above demonstrated rather conclusively that ferri-
cytochrome ¢ can catalyze the peroxidation of ferrocytochrome c. The initial reaction
rate varies linearly with the concentrations of ferricytochrome ¢ and H,0,, and is
independent of ferrocytochrome ¢ at concentrations greater than 2 uM. For high
concentrations of ferrocytochrome ¢, then, the rate law for the overall reaction is

d[52+]

T k[c3+] [H205] (1)

The conservation of cytochrome ¢ gives the equation:
[62+] + [e34] = [®+]o + [3*]o (2)

and the assumption that one molecule of H,0, oxidizes two molecules of ferrocyto-
chrome ¢ yields:

(HeOz] = [H2Oz]o — & ([?*]o — [?*]) (3)

where the suffix o indicates initial concentration. Integration of Eqn. 1, using the
condition [¢?t] = [c?*], for ¢ = o, and the mass conservation Eqns. 2 and 3 yields:

 R([e3*]o + 2[H2Ozo)

2 2[H202](, 2[H202]o — [Czﬂo + [Czﬂ
(lo e — loge )
[c3+]0 (30 + [c2Tlo — [c2+)

(4)

Fig. 7 compares the theoretical points calculated from Eqn. 4 with the experi-
mental time courses at different initial ferricytochrome ¢ concentrations. It can be
seen that the fit is perfect except for the lower portions of the curves where ferrocy-
tochrome ¢ may become limiting. In the calculation of the theoretical curvesin Fig. 7,
the rate constant which gives the best fit was determined in each case. The values of
the rate constant determined in this way were found to vary between 70 and 8o M—1-
sec™1.

Although no spectral evidence was found for the existence of a ferricytochrome
¢-H,0, complex, the inhibition of ferrocytochrome ¢ peroxidation by cyanide and
azide suggests that the formation of such a derivative is proceeding in a manner anal-
ogous to the common peroxidases (7.e. reaction of the heme prosthetic group with
peroxide). The cyanide inhibition of the H,0, degradative reaction of ferricytochrome
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¢ provides additional support for this view. The above kinetic results, then, might be
interpreted in terms of the classical peroxidatic mechanism* where the experimental
rate law (c¢f. Eqn. 1) could arise because the formation of a reactive ferricytochrome
¢—H,0, intermediate is rate limiting. The lack of spectrally detectable quantities of
the intermediate when ferricytochrome ¢ is treated with H,O, could be explained by
a high dissociation rate for this compound which results in a low equilibrium concen-
tration.
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Fig. 7. Theoretical fit to the experimental time courses for ferrocytochrome ¢ peroxidation. The
theoretical points calculated from Eqn. 4 are compared with experimental time courses obtained
in 0.05 M sodium acetate buffer (pH 4.9) with approx. 28 uM ferrocytochrome ¢, 176 uM H,0, and
the following ferricytochrome ¢ concentrations: A, 13.1 uM; B, 18.0 uM; C, 24.3 uM.

The finding that ferricytochrome ¢ is only degraded by H,0, in the absence of
ferrocytochrome ¢ indicates that the postulated ferricytochrome ¢-H,O, derivative
may also be an intermediate in the degradation reaction. As long as ferrocytochrome
¢ is present the steady state concentration of the intermediate is low. However, when
ferrocytochrome ¢ is no longer available to reduce the intermediate, its steady state
concentration increases so that now the degradative reaction with H,0, will be more
rapid.

It is of additional interest to note that the results in Fig. 6 illustrate that only
the oxidized form of cytochrome ¢ is significantly degraded by H,0,. Thus the reac-
tion with H,0, can be added to the long list of physicochemical and reactivity differ-
ences between ferro- and ferricytochrome ¢ (see review by MARGOLIASH AND
ScHEJTER). All of these observations suggest that the heme iron is more accessible
in the oxidized form.
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