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In the succinate-cytochrome ¢ reductase, the reduction of cytochrome b has been found to be triphasic: an
initial rapid partial reduction was followed first by a rapid oxidation and then finally by a slow reduction. The
initial reduction of cytochrome b was faster than that of cytochrome ¢; and the final slow reduction of cyto-
chrome b began when cytochromec; reduction was approaching completion. In presence of the inhibitors
antimycin A or HQNO the reduction of cytochrome b became monophasic. Hysteresis or a kinetic cooperative
effect of a factor controlling cytochrome b oxidation has been suggested as a possible explanation for the

triphasic reduction of cytochrome b.

Although the reduction and oxidation of cyto-
chrome b have been extensively studied over a period
of years, its specific role in the electron transfer
through the ubiquinol-cytochrome ¢ segment of the
respiratory chain is still far from-clear [1]. Chance
[2] reported that the reduction of cytochrome b
followed biphasic kinetics. In recent years, both
King and co-workers [3] as well as Eisenbach and
Gutman [4] studied this biphasic reduction and
the latter authors suggested that the rate of reduction
of cytochromebd is controlled by the oxidation-
reduction level of an as yet unidentified factor.
In the present paper, we report that the reduction
of cytochrome b in the isolated succinate-cytochrome
¢ reductase followed a triphasic course of reaction.

Succinate cytochrome ¢ reductase was prepared
from pig heart muscle preparations using the method
described by Yu et al. [5]. It was kept in solid CO,
and wused within 1 week. The reduced minus
oxidized spectrum and the contents of various

* To whom correspondence should be addressed.
Abbreviation: HQNO, 2-(n-heptyl)-4-hydroxyquinoline-V-
oxide.

components of this preparation were essentially the
same as that obtained by Yu et al. [5] for the pre-
paration from bovine heart. The rapid reduction
and oxidation of cytochromes b and ¢, were followed
in a Dionex stopped-flow apparatus at 562 and
553 nm, respectively. The enzyme preparation in
phosphate buffer, pH 7.4, and the substrate,
succinate, and inhibitor if present, also in the same
buffer were placed in separate syringes before mixing.
Spectral changes in time intervals longer than a
few seconds were followed in a Hitachi 556 dual-
wavelength spectrophotometer by repeated scanning
between 575 and 545 nm. The reference and the
sample cuvettes both contained 2 ml of the reductase
at the same concentration as that for the stopped-

flow experiments. After a baseline was recorded,

the same volume of water and succinate was added,
respectively, to the reference and sample cuvettes.
Repeated scanning was started as soon as the sub-
strate was added. The first scan of the reduced
minus oxidized difference spectrum was usually
obtained about 2.5s after mixing and each scan
took about 5s. In some experiments, changes in
absorbance at 562 nm with 575 nm as a reference
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wavelength were also recorded and essentially the
same results were obtained.

The initial stages of reaction of cytochromes
b and ¢, after mixing of succinate with the enzyme
preparation were followed by the increase in absor-
bance at 562 and 553 nm, respectively, in the
stopped-flow apparatus. Their rates of reduction
depended on the concentration of succinate
added. At a succinate concentration (0.5 uM) of the
same order of magnitude as those of cytochromes
b and cy, it can be seen from Fig. 1 that cytochrome
b was reduced first, reaching a maximum value after
about 5—10s and then slowly oxidized, whereas
cytochrome ¢, was gradually reduced while cyto-
chrome b was being oxidized.

At higher succinate concentrations, a triphasic
oxidation-reduction change of cytochromeb was
unexpectedly observed. Fig.2 shows the results
obtained with a succinate concentration of 12.5
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Fig. 1. The partial reduction of cytochromesd (b) and
¢y (cp) at low succinate concentration. The reduction of
cytochromes b and €1 in the succinate-cytochrome ¢ reduc-
tase preparation was followed at 562 and 553 nm, respec-
tively, in the stopped-flow apparatus with a light path of 20
mm. Syringe 1 contained the enzyme and syringe 2 con-
tained the substrate in the same buffer. The final concen-
trations of cytochromesd and ¢; were 2.3 and 1.1 uM,
1spectively. Other concentrations were: succinate, 0.5 uM;
phosphate buffer, pH 7.4, 70 mM; EDTA, 0.3 mM and
sucrose, 0.23 M (23°C).

uM. Cytochrome b was again reduced faster than
cytochrome ¢;, reaching 2 maximum value at about
0.2s. It was then oxidized while cytochrome ¢
was being reduced. After the reduction of cyto-
chrome ¢; had nearly reached completion, cyto-
chrome b began to be reduced again but at a slower
rate than that in the initial phase. The results for
still higher succinate concentrations were similarly
triphasic but at a faster rate; the initial two phases
lasted only 50 ms at 1 mM succinate.

Repeated spectral scanning from 545 to 575
nm under similar conditions showed spectral changes
entirely consistent with the results presented in Figs.
1 and 2. The reduction of cytochromesb and c,
by 12.5 uM succinate is shown in Fig. 3. Cytochrome
¢, was almost completely reduced as soon as obser-
vation commenced which was about 3 s after mixing.
On the other hand, cytochrome b was reduced at
a much slower rate, approaching a constant value
in about 30s. The final levels of reduction of the
cytochromes by a high succinate concentration
(25 mM) and by dithionite are also shown in Fig.
3. About 40% of the total cytochrome b present
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Fig. 2. The initial stages of the reduction of cytochromes
b (b) and ¢y (cy). Experimental conditions as in Fig. 1
except the final concentration of succinate was 12.5 uM.
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Fig. 3. Repeated spectral scan of the reduction of cyto-
chromes b and ¢; by succinate. Experimental conditions
as described in the text. Reaction mixture as in Fig. 2 except
the final concentrations of cytochromes? and ¢; were 5.8
and 3.2 uM, respectively. Curves 0, 1, 2, 3 and 4 represent,
respectively, the baseline and scanning 3, 7.5, 12 and 31s
after mixing with 12.5 uM succinate to start the reaction.
Curve 5 represents the scan after reduction with 25 mM
succinate and curve 6 after reduction with dithionite.

were reducible only by dithionite and not by suc-
cinate. The addition of KCN (2 mM) to the reaction
mixture had little effect on the results in the experi-
ments described above.

Antimycin A is a well known inhibitor of the
respiratory chain with a site of action located
between cytochromesd and ¢;. The effect of anti-
mycin A on the triphasic reaction of cytochrome
b was examined. With increasing molar ratios of anti-
mycin A/cytochrome b, the magnitude of the initial
absorbance change in the initial reduction and oxida-
tion phases became smaller and smaller until at a
molar ratio of 1 (Fig. 4) the reduction of cytochrome
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Fig. 4. Effect of antimycin A on the initial stages of the
reduction of cytochromesd (b) and ¢; (c;). The reaction
mixture contained: cytochromeb, 2.8 uM; cytochrome
¢1, 1.4 uM; succinate, 12.5 uM; antimycin A, 2.8 uM added
together with succinate; KCN, 2 mM; phosphate buffer, pH
7.4, 70 mM; EDTA, 0.3 mM and sucrose, 0.23 M (23°C).

b became monophasic. KCN (2 mM) was also present
in the above reaction mixture. HQNO is another
inhibitor believed to act in the same region [6]
but at a different site [4]. In our hands, this inhibitor
also caused the first and second phases of cyto-
chrome b reduction and oxidation to disappear
as shown in Fig. 5.

Since a dual-wavelength stopped-flow apparatus
is not available to us, it has to be first ascertained
that the triphasic nature of the cytochrome b reac-
tion was not an artifact due to a faulty mixing
device of the instrument. This possibility can be
excluded by the fact that the reduction of cyto-
chrome ¢; was always monophasic. Furthermore,
traces of the changes in absorbance at both
562 and 575 nm as shown on the oscilloscope could
be reproduced quite satisfactorily on repeated
actuation and the calculated As¢;_svs traces showed
essentially the same shape as those at 562 nm alone.
A triphasic reduction of cytochromeb was also
reported with a preparation of cytochromesb and
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Fig. 5. Effect of HQNO on the initial stages of the reduction
of cytochromes b (b) and ¢; (c3). Experimental conditions
as in Fig. 4 except HQNO, 2.8 uM was added instead of
antimycin A.

c; and added succinic dehydrogenase by Yu et al.
[7], however, their reaction was two orders of
magnitude slower as compared to ours,

During the course of reduction of the cyto-
chromes, their reduction state depend on the dif-
ference of their rates of reduction and oxidation.
The occurrence of an oxidation phase would require
that during this phase, the oxidation rate of cyto-
chrome b actually exceeds its reduction rate. This
could come about either by a marked increase in its
oxidation rate, by a marked decrease in its reduc-
tion rate or both. A slower reduction rate was
actually observed later but the observed oxidation
rate of cytochrome b in the second phase was almost
as fast as its overall reduction rate in the initial phase.
A decrease of the reduction rate to the level of that
in the third phase does not seem to be enough to
account for the observed oxidation rate in the second
phase. We would like, therefore, to suggest that the
rate of oxidation of cytochrome b increases greatly
after an initial lag phase or, in other words, the
kinetics of cytochrome b oxidation show a positive
cooperative or hysteretic effect [8]. The initial
phase of rapid reduction of cytochromebd takes
place during the lag phase of its oxidation, then its
oxidation rate begins to increase and finally exceeds
that for its reduction which has by this time slowed

down somewhat. Both these changes contribute
to the appearance of a transient oxidation phase of
cytochrome b. Finally, since the passage of electrons
to oxygen is blocked in the succinate-cytochrome
¢ reductase, cytochromebd begins to be reduced
again in the third phase when the reduction of
cytochrome ¢, is nearing completion.

Previous authors working on the biphasic
nature of cytochromeb reduction have postulated
various factors controlling the electron flow through
cytochrome b. Eisenbach and Gutman [9] postulated
a factor which controlled the oxidation of cyto-
chrome b and suggested that antimycin A and
HQNO acted, respectively, before and after this
factor. Although our results are in agreement with the
suggestion that both antimycin A and HQNO
inhibit the oxidation of cytochrome b, they seem
to act at the same site.

If the change in oxidation rate is indeed involved
in the triphasic reaction of cytochrome b described
in the present paper, it should be recalled that both
the kinetic cooperative model and the hysteretic
model would require a conformational change of the
factor controlling the oxidation of cytochrome b.
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