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SUMMARY

1. The reduction of cytochrome ¢ oxidase by hydrated electrons was studied
in the absence and presence of cytochrome c.

2. Hydrated electrons do not readily reduce the heme of cytochrome ¢ oxi-
dase. This observation supports our previous conclusion that heme a is not directly
exposed to the solvent.

3. In a mixture of cytochrome ¢ and cytochrome ¢ oxidase, cytochrome c is
first reduced by hydrated electrons (k =4-10'°M~1-s7! at 22°C and pH 7.2)
after which it transfers electrons to cytochrome ¢ oxidase with a rate constant of
6-10"M~1-s"1at22°Cand pH 7.2.

4. It was found that two equivalents of cytochrome ¢ are oxidized initially
per equivalent of heme a reduced, showing that one electron is accepted by a second
electron acceptor, probably one of the copper atoms of cytochrome ¢ oxidase.

5. After the initial reduction, redistribution of electrons takes place until an
equilibrium is reached similar to that found in redox experiments of Tiesjema, R. H.,
Muijsers, A. O. and Van Gelder, B. F. (1973) Biochim. Biophys. Acta 305, 19-28.

INTRODUCTION

The steady-state kinetics for the oxidation of ferrocytochrome ¢ by cytochrome
c oxidase have been studied extensively [1-7], but such studies supply only a limited
amount of information concerning the mechanism of action of the enzyme. A more
appropriate way to clarify the individual steps of the reaction is by study of the bind-
ing reaction of the enzyme with its substrates, the so-called pre-steady state or tran-
sient kinetics. A problem in such study of the transient kinetics of the oxidation of
ferrocytochrome ¢ by cytochrome ¢ oxidase [8-10], is that the first step is usually
complete within a few milliseconds. Although there has been extensive development
of rapid-mixing apparatus since the introduction of such methods by Hartridge and
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Roughton [11], the time needed for mixing (1-3 ms) remains a limitation of the
method. Such a time is often too long for an accurate description of the events in
the reaction of cytochrome ¢ with cytochrome ¢ oxidase. Recently, however, pertur-
bation and relaxation methods have been developed [12, 13] which permit the study
of reactions in the microsecond range.

In previous papers [14, 15], we have described the use of the pulse-radiolysis
technique for study of the reduction mechanism of cytochrome ¢, and have reported
that the hemoprotein is reduced by hydrated electrons, rapidly (5-20 us) and in high
yield. Since it is now shown in this paper that the heme a of cytochrome ¢ oxidase is
hardly at all reduced directly by hydrated electrons, the reduction of cytochrome ¢
oxidase by cytochrome ¢ can be studied with the pulse-radiolysis technique at a 100-
fold higher time resolution than with the flow methods. By this means, more accurate
kinetic data can be collected. Moreover, pulse radiolysis has a further advantage over
the stopped-flow method in that anaerobic conditions can be easier fulfilled. This
considerably simplifies study of the kinetics of reduction of cytochrome ¢ oxidase.
There are, however, also some difficulties. The rather high reactivity of the hydrated
electrons with ions [16] has forced us to work at low ionic strength. Although cyto-
chrome ¢ oxidase usually aggregates [17, 18] at low salt concentrations we found
that it remains stable in solution after preincubation with a soya-bean phospholipid,
Asolectin, at least during the time of the experiment.

The present paper reports results concerning the transient kinetics of the
reaction of cytochrome ¢ with cytochrome ¢ oxidase at low ionic strength.

MATERIALS AND METHODS

Enzymes

Cytochrome ¢ was isolated according to the method of Margoliash and Wala-
sek [19]. The final preparation, chromatographed on Amberlite CG 50 (particle
diameter 40-60 um) to remove modified material [20], was exhaustively deionised
on mixed-bed columns, and was then lyophilyzed and stored at —20 °C. Handled
in this way the enzyme shows full enzymic activity and a 30-50%, higher rate of reac-
tion with hydrated electrons than the commercially available lyophilyzed prepara-
tions (unpublished observation). The concentration of cytochrome ¢ was calculated
[21] using either a AA550 am (red minus ox) of 21 mM~ Yoradd,, ¢ om (red
minus ox) of 57TmM™"-cm~

Cytochrome ¢ oxidase was isolated from heart-muscle preparations generally
according to the method of Fowler et al. [22]. It was further purified by cholate-
(NH,),SO, fractionations as described by MacLennan and Tzagoloff [23]. The
procedure for the isolation has been described in detail by Van Buuren [24]. The
final preparation was dissolved in 50 mM Tris-sulphate buffer (pH 8.0) and after
centrifugation at 200 000 X g for 1 h it was stored in small quantities at 77 °K. These
preparations meet the specifications previously described [7]. The concentration of
cytochrome ¢ oxidase (per 2 heme a) was calculated [25] using either a 44605 nm
(red minus ox) of 24 mM ™" - cm ™! or a 44444 n (red minus ox) of 60mM ™" -ecm ™.
After each experiment the total concentration of cytochrome ¢ and cytochrome ¢
oxidase in the reaction mixture was determined by difference spectroscopy, using a
Cary-17 recording spectrophotometer. The observed absorbance changes (red minus
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ox) were corrected for the mutual contribution of the cytochromes by means of the
following set of simultaneous equations [26]):

A4Agos am (cytochrome ¢ oxidase) = 4A4gos qm+0.06 44550 nm

AAs50 om (cytochrome c¢) = AAs54 am+0.10 44405 1m
or

AA 444 o (cytochrome ¢ oxidase) = Adsqy nm+0.52 44550 am
AA4i6 um (cytochrome c¢) = AAy16 am+1.35 44605 am

The error introduced in these calculations is less than 19].

In these pulse-radiolysis experiments the rapid changes in transmittance had
to be measured at relatively large slit width (bandwidths of 1.5-6 nm). Therefore,
the absorbance coeflicients were corrected appropriately in calculating concentrations.
Except for the absorbance coefficient of the « band of cytochrome c, these corrections
were small.

Pulse radiolysis

For the pulse-radiolysis experiments the enzyme was diluted to 100-150 uM
with a solution mixture containing 2.5 mg Asolecting/ml, 10 mM phosphate buffer
(pH 7.0) and 0.25 M sucrose. It was then centrifuged at 200 000 xg for 10 min.
The clear supernatant was diluted to the appropriate concentration in the matrix
solution, which consisted of a deaerated sodium phosphate buffer (5 mM, pH 7.2)
in triple distilled water. Methanol (40 mM) was always present for effective scavenging
of the OH radicals [27] produced during the irradiation. After addition of the en-
zyme(s) to the matrix solution the last traces of oxygen were removed by bubbling
with highly purified argon for 10-20 min. The silica reaction cell was filled anaerobi-
cally using a method originally described by Christensen et al. [28].

Apparatus

Hydrated electrons at 0.2-2.0 uM concentrations were produced in the matrix
solution by a pulsed beam of high-energy electrons (1.8 MeV) from a 2 MV Van de
Graaff accelerator (High Voltage Engineering (Europe) N.V.). The beam dimen-
sions were 20 mm X 20 mm, and the puise time was 0.55 us. The concentration of the
hydrated electrons was determined [29] either spectrophotometrically using an
Agso om Of 141 mM™! -cm™! (at 41 of 6 nm) or by measuring the net charge of
electrons captured by the aluminium cell holder. In the latter case the charge was
standardized by measuring the concentration of hydrated electrons in the solvent
spectrophotometrically. The temperature during the measurements was monitored
continuously with a Philips Chromel-Alumel thermocouple connected to a Philips
GM 6020 Voltmeter. The fast optical spectrometry was performed with a system
consisting of a Bausch and Lomb grating monochromator (1350 rulings per mm), a
1 P28 photomultiplier, a pulse amplifier, and a Tektronix 545 A oscilloscope fitted
with a G or D plug-in unit. Ultraviolet light was filtered (Corning CS 3-74) in order
to avoid photolytic effects of the cell contents and to eliminate higher-order light.
Both the photomultiplier tube and the cell were protected against excessive contin-
uous illumination by a shutter between the high-intensity Xenon arc (450 W) and
the measuring cell.



424

Chemicals

Asolectin (Associated Concentrated Inc., New York) sols (50 mg/ml) were
prepared according to the method of Wharton and Griffiths [30] and stored at
0-5 °C. The chemicals used were of Analar grade and were purchased mainly from
Baker Chemicals.

RESULTS AND DISCUSSION

Fig. 1 shows the decay of hydrated electrons measured at 650 nm in the ab-
sence and presence of the hemoproteins. The reaction is pseudo-first order and the
half-time in the matrix solution (5 mM phosphate buffer (pH 7.2), 20 ug Asolectine
per ml, 2.5 mM sucrose, and 40 mM methanol) is 6.9 us. In the presence of 1.8 uM
cytochrome ¢ oxidase the half-time decreases to 3.7 us, indicating that a portion of
the hydrated electrons have reacted with the enzyme. The fraction of hydrated elec-
trons (a) that react with cytochrome ¢ oxidase is calculated from the equation [31]:

_ ty (cytochrome--matrix)

o=1
t; (matrix)

, in which ¢, represents half-time.

Of the 2.45 uM hydrated electrons produced, then, 1.15 uM react with cytochrome ¢
oxidase, while the rest are dissipated in the matrix solution. To investigate whether
the reaction of hydrated electrons with cytochrome ¢ oxidase leads to reduction
of the heme, we followed the change in transmittance at 444 nm, the absorbance
maximum of the y-band of cytochrome ¢ oxidase. This is shown in the inset of Fig. 1,
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Fig. 1. Decay tracings of hydrated electrons in the presence and absence of cytochromes. O — O,
matrix solution (5 mM phosphate buffer (pH 7.2), 2.5 mM sucrose, 40 mM methanol and 20 ug
Asolectin per ml); A— A, matrix solution plus 1.15 uM cytochrome ¢ oxidase; > — X, matrix
solution, 1.15 uM cytochrome ¢ oxidase plus 10.4 uM cytochrome c. Pulse dose: 19.0, 19.5 and 19.5
nC, respectively; temp., 23-24 °C. 4 4, 6 nm. The inset shows the reduction of heme a by hydrated
electrons. Pulse dose, 21 nC; temp., 22 °C; 4 4, 1.5 nm. The arrow indicates the final level of trans-
mittance measured 2-5 s after the pulse with a Philips digital multimeter connected to the photomulti-
plier.
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with the time axis in ms. From the small changes in transmittance it can be calculated
that only 14 nM heme a is reduced, corresponding to a yield of less than 39;.

Upon addition of 10.4 uM cytochrome ¢ to the solution of cytochrome ¢
oxidase, the half-time decreases to 1.7 us. It is calculated that in this experiment
0.52 uM of hydrated electrons have been consumed by cytochrome ¢ oxidase, 0.58
4M by the matrix solution, while the remaining 1.35 uM have reacted with cytochro-
me ¢. From the change in absorbance at 550 nm (not shown) it could be calculated
that in this particular experiment 1.08 uM cytochrome ¢ was reduced and thus, of
the hydrated electrons that have reacted with cytochrome ¢, 809, are used for the
reduction of heme ¢. This yield corresponds with that found in the absence of cyto-
chrome c oxidase (unpublished). In this context it is interesting to note that although
the distribution of hydrated electrons reacting with cytochrome ¢ and cytochrome ¢
oxidase is very dependent on their respective concentrations, the yield of reduction
of the hemes was found to be rather constant.

Since hydrated electrons are very reactive with heme [15] the low yield of
reduction of heme a indicates that the heme is masked by the protein moiety. That the
heme of cytochrome ¢ oxidase is not directly exposed to the solvent is in accordance
with our earlier results obtained from ligand binding studies [24, 26, 32-34]. In cyto-
chrome ¢ where also the heme is nearly completely surrounded by the polypeptide
chain [35], a specific electron transfer pathway from the surface of the enzyme to the
heme via certain amino-acid side chains has been proposed [30, 36, 37]. The rapid
and effective reduction of the heme iron by hydrated electrons can be explained in
the same way. The observation that hydrated electrons do not reduce heme a effectively
might indicate that in cytochrome ¢ oxidase no such electron-transfer pathway
exists. However, reduction of heme a by cytochrome c is fast (> 10"’ M~!-s™* at
pH 7.4, 25 °C) and effective [8] and since direct heme ¢-heme a interaction is unlikely,
it is proposed that in cytochrome ¢ oxidase an electron-transfer pathway is also
present.

However, an explanation is needed for the difference in efficiency of heme a
reduction when hydrated electrons or ferrocytochrome ¢ are used as electron donors.
It has been proposed that the interaction between cytochrome ¢ and cytochrome ¢
oxidase is mainly electrostatic [38-40] with the negative charge on the oxidase and
the positive charge on cytochrome c. It is consistent with the above results that the
entrance to the electron path in the oxidase is surrounded by negative charges, which
will attract cytochrome ¢ and repulse the hydrated electron and thus decrease the
reactivity towards this site. Support for electrostatic interaction between the two
cytochromes is the observation that on increasing the phosphate or cacodylate buffer
concentration from 5 to 150 mM the second-order rate constant of the reaction of
ferrocytochrome ¢ with cytochrome ¢ oxidase decreases to 19, of the value at 5 mM
(unpublished).

The fact that hydrated electrons rapidly reduce the heme of cytochrome ¢
(14,15,41,42] (¢, = 1-5 ps), whereas this is not the case for cytochrome c oxidase,
has been used for the study of the reaction of reduced cytochrome ¢ with cytochrome
¢ oxidase under anaerobic conditions. In Fig. 2A the transmission was monitored at
416 nm, the Soret band of ferrocytochrome c. The reaction is fast, reduction being
complete in about 10 us. As can be seen from Fig. 2B the reduction by hydrated
electrons is monophasic and first order, with a half-time of 2.0 us. From this value
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Fig. 2. Changes in transmittance of the hemes after irradiation of a mixture of 5.7 uM cytochrome ¢
and 1.15 uM cytochrome ¢ oxidase with primary electrons. (A) Reduction of cytochrome ¢ by hydrat-
ed electrons. Pulse dose, 19 nC; temp., 23 °C; 4 4, 3 nm. (B) First-order plot for the reduction of
cytochrome ¢, calculated from A. (C) Oxidation of cytochrome ¢ by cytochrome ¢ oxidase at 0.2-s
sweep. Pulse dose, 22 n( ; temp., 22.5 °C; 4 4, 3 nm. (D) Oxidation of cytochrome c by cytochrome ¢
oxidase at 1-s sweep. Pulse dose, 21 nC; temp., 22 °C; 4 4, 3 nm. (E) Reduction of cytochrome ¢
oxidase by cytochrome c at 0.2-s sweep. Pulse dose, 16.5 nC; temp., 22 °C; 4 4, 1.5 nm. (F) Reduction
of cytochrome ¢ oxidase by cytochrome c at 1-s sweep. Pulse dose, 16.0 nC; temp., 22 °C; 4 4, 1.5 nm.
The arrows in Figs D and F indicate the final level of transmittance measured as described in Fig. 1.

a second-order rate constant for the reaction can be calculated. The resulting value
of 4-10'°M~!-s~1 at 24 °C and pH 7.2 is in excellent agreement with the value
reported earlier [15].

Figs 2C and 2D show the rate of oxidation of reduced cytochrome ¢ by cyto-
chrome ¢ oxidase, measured at the Soret band of ferrocytochrome ¢ at two different
time spans. The sharp decrease in transmittance at 416 nm as shown in Fig. 2C
represents the rapid reduction of cytochrome ¢, which is then followed by its much
slower re-oxidation. The second-order rate constant calculated from the initial rate,
has a value of 5.4-10"M~!-s7! (22°C, pH 7.2) similar to the highest value
reported by Gibson et al. [8].

The tracings of Figs 2E and 2F illustrate the rate of reduction of cytochrome ¢
oxidase by cytochrome ¢ at two different time spans. Since the time courses for the
initial part of the reaction for the oxidation of cytochrome ¢ and for the reduction
of heme a are similar (cf. Figs 2C and 2E), no indications for intermediates in the
reaction are present. This is also seen from the fact that the second-order rate con-
stants for the oxidation of cytochrome ¢ and reduction of cytochrome ¢ oxidase,
as calculated from initial rates, have almost the same value (5.4 10" M~" - s~ ! and
6.0- 10" M~ - s™1, respectively).
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Fig. 3. Relationship between the concentration of cytochrome ¢ oxidized (measured at 416 nm) and
heme a reduced (measured at 444 nm) at selected times after pulses of 2041 nC. Concentrations of
cytochrome ¢ and cytochrome ¢ oxidase were 5.8 and 1.20 uM, respectively; all other conditions
are as described in Fig. 2.

Under the conditions used cytochrome ¢ oxidation is virtually complete after
150 ms (Fig. 2D). As seen in Fig. 2F this is not the case for the reduction of heme a;
after 150 ms a progressive decrease in transmittance is still observed. This second
phase is complete after 1-2 s, and is probably to be explained by redistribution of
electrons to a more favourable thermodynamic equilibrium. Whether such equilib-
ration takes place inside one molecule, or is intermolecular, is still under investiga-
tion. It should be noted that the rate of this reaction is too slow to be of importance
for the catalytic function of the enzyme.

In order to study the redistribution phenomenon more closely we determined,
from tracings such as are shown in Fig. 2, the amount of cytochrome ¢ oxidized at
selected times and the amount of heme a reduced. In Fig. 3 the amounts of ferro-
cytochrome ¢ oxidized are plotted against the simultaneous amounts of heme a re-
duced. The initial part of the graph is a straight line, with a slope of 1.9. This slope
indicates that two equivalents of cytochrome ¢ are oxidized for each equivalent of
heme g that is reduced. From this finding we conclude, in accordance with Gibson
et al. [8] (see also ref. 9) that concomitant with the reduction of heme @ another
group in cytochrome ¢ oxidase takes up an electron. It is probable that copper is
this second electron acceptor, since Beinert and collaborators [43-45] have observed
that the reduction of enzymically active copper detectable by EPR is complete within
10 ms. Whether heme and copper are reduced simultaneously or consecutively can
not be decided from these experiments. Work to elucidate this is now in progress.

At a later phase of the reaction, as shown in Fig. 3, the line of the graph curves,
the ratio of cytochrome ¢ oxidized to heme a reduced, decreasing to a value of 1.1.
This decrease indicates a transfer of electrons to heme a. A possible source for the
reducing equivalents might be the hydrated electrons that initially have been dissi-
pated in the protein. Since hardly any changes in the redox state of the cytochromes
(K. J. H. van Buuren, unpublished, and Fig. 1) are observed at times longer than 100
ms after the pulse, it is unlikely that the hemes are reduced by these electrons. We
therefore ascribe the slow changes in absorbance to a transfer of electrons from the
second electron acceptor to the heme; most likely an adjustment towards a thermo-
dynamic equilibrium.
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That most electrons should finally reach heme «a is not surprising. It has been
found by Muijsers et al. [46] and Tiesjema et al. [47] for the purified enzyme in the
presence of cytochrome c that the redox potential of one of the hemes is 80 mV higher
than that of the copper and 120 mV higher than that of the other heme. The poten-
tial at the final stage of the pulse radiolysis experiment, calculated from the degree
of reduction of cytochrome ¢ oxidase, was about 340 mV. From Fig. 3 of ref. 47
it was determined that at this potential only a minor fraction, 5-10% of the copper,
would be reduced, so that at equilibrium most of the electrons are located on the
heme a. This result corresponds well with the results of the pulse-radiolysis experi-
ment, where the final ratio of ferrocytochrome ¢ oxidized over heme a reduced is
1.1, indicating that about 109, of the reduction equivalents remain on the copper.
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