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The triphasic course previously reported for the reduction of cytochrome b in the succinate-cytochrome ¢
reductase by either succinate or duroquinol has been shown to be dependent on the redox state of the enzyme
preparation. Prior reduction with increasing concentrations of ascorbate leads to partial reduction of
cytochrome ¢,, and a gradual decrease in the magnitude of the oxidation phase of cytochrome b. At an
ascorbate concentration sufficient to reduce cytochrome ¢, almost completely, the reduction of cytochrome b
by either succinate or duroquinol becomes monophasic. Owing to the presence of a trace amount of
cytochrome oxidase in the reductase preparation employed, the addition of cytochrome ¢ makes electron flow
from substrate to oxygen possible. Under such circumstances, the addition of a limited amount of either
succinate or duroquinol leads to a multiphasic reduction and oxidation of cytochrome b. After the initial three
phases as described previously, cytochrome » becomes oxidized before cytochrome ¢, when the limited
amount of added substrate is being used up. However, at the end of the reaction when cytochrome c, is being
rapidly oxidized, cytochrome b becomes again reduced. The above observations support a cyclic scheme of
electron flow in which the reduction of cytochrome b proceeds by two different routes and its oxidation
controlled by the redox state of a component of the respiratory chain.

Introduction mediate controls the biphasic nature of cyto-

chrome b reduction. That the redox status of cyto-

It has been reported in previous papers [1,2]
that the reduction of cytochrome b in succinate-cy-
tochrome ¢ reductase by succinate or duroquinol
follows a triphasic course, i.e., an initial rapid
reduction followed by a rapid oxidation and fi-
nally a slow reduction phase which begins when
the reduction of cytochrome ¢, is approaching
completion. It has also been proposed that the
second, oxidation phase is primarily due to a
kinetic hysteretic effect of a factor which controls
the oxidation of cytochrome b.

During their studies on the biphasic course of
cytochrome b reductions, Eisenbach and Gutman
[3-5] and Van Ark et al. [6] have produced evi-
dence to show that the redox level of an inter-
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chrome ¢; or an unknown factor controls the
reduction of cytochrome b has also been proposed
by Trumpower and Katki [7]. During our study on
the triphasic reduction of cytochrome b, it has
been our experience that although the triphasic
course of cytochrome b reduction is quite re-
producible, the height of the initial jump varies
from preparation to preparation. This appears to
be related to the presence of endogenous reducing
substances in the enzyme preparations as indicated
by the appearance of reduced cytochrome ¢, to
various ecxtents in different preparations before
the addition of substrates.

It is now shown in the present paper that the
triphasic nature of the course of cytochrome b
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reduction indeed depends on the redox state of the
enzyme preparation. Furthermore, in the presence
of a small amount of added cytochrome ¢, cyto-
chrome b follows an even more complex, multi-
phasic course of oxidation and reduction.

Materials and Methods

The succinate-cytochrome ¢ reductase [8], cyto-
chrome ¢ and duroquinol used were all described
as before [1,2]. Sodium ascorbate and potassium
ferricyanide were local products of analytical grade
used without further purification.

The reaction system, unless otherwise specified,
always contained 70 mM phosphate buffer, pH
7.4; 0.23 M sucrose, 0.3 mM EDTA, and other
additions as indicated. Spectral measurements were
carried out in a Cary 219 Spectrophotometer. For
reductive titrations of the enzyme preparations,
the same enzyme solution were placed in the refer-
ence and sample beams, respectively, and a base-
line was scanned. A small volume of ferricyanide
solution was then added to the cuvette in the
reference beam to a final concentration of 4 uM,
the same volume of water added to the sample
cuvette and the spectrum scanned. Occasionally, a
small peak at 553 nm was observed to indicate the
partial reduction of cytochrome c¢,. Different
amounts of sodium ascorbate were then added to
the sample cuvette to obtained enzyme prepara-
tions reduced to different extents. After the dif-
ference spectrum was recorded, the enzyme was
directly used in the stopped-flow experiments car-
ried out essentially as described previously [1,2].
When cytochrome ¢ was also present, it was added
in the enzyme syringe.

Results

Effect of sodium ascorbate on the triphasic reduction
of cytochrome b

The effect of the addition of different amounts
of sodium ascorbate to the succinate-cytochrome ¢
reductase preparation on the reduced-oxidized dif-
ference spectra was compared with its effect on the
triphasic nature of cytochrome 4 reduction as fol-
lowed at 562 nm (Fig. 1). The enzyme preparation
used in the experiments shown in Fig. 1 appeared
to be fully oxidized originally as the addition of
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Fig. 1. Effect of sodium ascorbate on the initial course of
cytochrome b reduction. The reduced-minus-oxidized spectra
are shown on the left and the corresponding kinetic traces on
the right. Concentrations of cytochrome b and ¢, were 7.1 and
3.4 pM, respectively, during spectral scan. The reductase after
each addition of ascorbate was then mixed with an equal
volume of the substrates, 50 uM duroquinol in the same buffer
solution, to give the corresponding kinetic trace on the right.
For the difference spectra shown in d, the preparation giving
the lower spectrum was used in the kinetics trace. The upper
spectrum was obtained after addition of an excess of solid
sodium ascorbate. For details, see text.

ferricyanide produced no appreciable change.
When ascorbate was added to produce approx.
10% reduction of cytochrome ¢, the triphasic na-
ture of cytochrome b reduction was already much
weakened and when a little more sodium ascorbate
was added so that the reduction of cytochrome ¢,
was about 30%, cytochrome b reduction became
apparently biphasic. Finally, when sodium ascor-
bate was further added to reduce cytochrome c,
nearly completely cytochrome b reduction was es-
sentially monophasic with a rate approaching that
for the slow reduction phase in its triphasic course
of reduction.

Effect of substrate concentration on the reaction
rates

With the enzyme preparation in the fully
oxidized state, the effects of substrate concentra-
tion on the reaction rates of cytochrome b during
the three different phases as well as the reduction



rate of cytochrome ¢, were examined. The results
with duroquinol as the substrate are shown in
Fig. 2. The rates corresponding to all three phases
increased with duroquinol concentration ap-
proaching maximal values at 400 uyM. It should
also be noted that the initial reduction rate of
cytochrome b was by far the fastest of the reac-
tions and the third phase reduction rate the slowest.

Similar results were obtained with succinate as
the substrate.

Effect of added cytochrome ¢ on the reduction of
cytochromes b and c,

Our preparation of the succinate-cytochrome ¢
reductase contained a little cytochrome oxidase
but was completely devoid of cytochrome ¢ and
the oxidation of the reduced components was
therefore blocked without added cytochrome c.
However, with the addition of cytochrome ¢, some,
although very weak, succinate oxidase activity
could be observed. It therefore appears that with
the fairly concentrated enzyme preparation em-
ployed, the addition of cytochrome ¢ would lead to
the complete oxidation of any intermediate origi-
nally in a partially reduced state. It can be seen
from Fig. 3 that the addition of cytochrome ¢ led
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Fig. 2. Effect of duroquinol concentration on the reduction
rates of cytochromes b and c¢,. Reaction rates were followed in
the Dionex stopped-flow apparatus at 24°C. The reaction
mixture contained 2.1 mg protein/ml and final concentrations
of cytochromes b and ¢, were 3.57 and 1.73 uM, respectively.
(@) Initial rapid reduction of cytochrome b; () second oxida-
tion phase of cytochrome &; (O) final reduction phase of
cytochrome b; (O) reduction of cytochrome ¢,.
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Fig. 3. Multiphasic oxidation-reduction of cytochrome b in the
presence of added cytochrome ¢ during the oxidation of suc-
cinate. The reaction mixture contained 1.84 mg succinate-cyto-
chrome ¢ reductase/ml and final concentrations of cytochro-
mes b and ¢, were 3.67 and 1.71 uM, respectively. The reaction
mixture also contained 12.5 pM succinate and added cyto-
chrome ¢ to a final concentration of 0.31 pM. The rate of
succinate oxidation by oxygen in the presence of added cyto-
chrome ¢ was about 1/30 the rate of oxidation by cytochrome
¢. In the absence of added cytochrome ¢ no succinate oxidase
activity could be detected. Lines 1 and 2 represent tracings at
553 and 562 nm, respectively.

to a multiphasic reduction-oxidation of cyto-
chrome b with succinate as the substrate. The
initial phases of reactions of the cytochromes were
as in the case of the reaction without added cyto-
chrome c¢. However, after both cytochromes b and
¢, were reduced in the third reduction phase of
cytochrome b, the latter was again oxidized fol-
lowed by the oxidation of ¢,. Finally, concurrent
with the rapid oxidation of cytochrome c,, the 4,
trace increased again, suggesting the reduction of
cytochrome b. Similar results were obtained with
duroquinol as the substrate as are shown in Fig. 4a
and b. After the initial reduction-oxidation and
reduction phases, cytochrome b began to be gradu-
ally oxidized while cytochrome c, still remained in
the reduced state. The final increase in Ay, again
coincided with the oxidation of cytochrome c,. It
has also been shown that both the height and the
length of the middle reduction phase increased
with increasing substrate concentration. As our
enzyme preparation contained some cytochrome
oxidase activity, electron flow to oxygen was made
possible with added cytochrome ¢. The oxidation
of both cytochromes was most probably due to the
exhaustion of the limited amount of substrates
originally added. Repeated spectral scan experi-
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Fig. 4. Multiphasic oxidation-reduction of cytochrome b with
added cytochrome ¢ during the oxidation of duroquinol. Final
concentrations of cytochrome b and cytochrome ¢, originally
present in the enzyme preparation were 3.1 and 1.7 pM,
respectively. Duroquinol, 12.5 pM; added cytochrome ¢ 1.55
pM. (a) Asq, tracings, (b) Ass, tracings. Lines 1, 2 and 3 are
sequential tracings of the same experiment on the oscilloscope.

ments were also carried out at a lower temperature
(11°C). The final reduction of cytochrome b taking
place concurrently with the rapid oxidation of
cytochrome ¢, as seen in the increase in 4, with
the stopped-flow apparatus, was confirmed by the
appearance of an absorption peak at 562 nm in the
repeated spectral scan experiments taken at 11°C.

Effect of cytochrome ¢ concentration on the multi-
phasic reaction course of cytochrome b

Addition of cytochrome ¢ at increasing con-
centrations to succinate-cytochrome ¢ reductase
preparations increased the rate of electron flow
from either succinate or duroquinol to oxygen.
The increased rate of substrate consumption ap-
pears to be responsible for the shortening of the
middle reduction phase of cytochrome b as is also
the case at a lower succinate concentration (Fig. 5).
An increased rate of substrate oxidation at higher
cytochrome ¢ concentrations also leads to a lower-
ing of the extent of cytochrome b reduction (Fig. 6).
However, it should be pointed out that both the
initial ‘jump’ and the final extent of reduction of
cytochrome b were very much more marked at
higher cytochrome ¢ concentrations as is also
shown in Fig. 6. Similar results were obtained with
duroquinol as substrate. Not shown in Fig. 6, in
all cases, is the final reduction phase of cyto-
chrome b which always takes place at the same
time as cytochrome c, is being rapidly oxidized.

This phenomenon is undoubtedly related to the
well known oxidant-induced reduction of cyto-
chrome b first reported by Erecinska et al. [9] in
the presence of antimycin with a pulse of oxygen
to oxidized the ¢ cytochromes. Later, it has been
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Fig. 5. Effect of added cytochrome ¢ on the length of the
middle reduction phase of cytochrome b. Final concentrations
of cytochromes b and ¢, were 3.67 and 1.71 pM, respectively.
Succinate concentrations were (@ ® 25 pM and
(O O) 12.5 pM.

shown that this linked reduction of cytochrome b
also takes place in the succinate-cytochrome ¢
reductase with an artificial oxidant such as ferri-
cyanide in the absence of antimycin [10] or with
cytochrome ¢ plus cytochrome oxidase in the pres-
ence of antimycin [11]. In our experiments, a sub-
strate pulse was used and the oxidation of cyto-
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Fig. 6. Effect of added cytochrome ¢ on the extent of reduction
of cytochrome b. Concentrations of cytochrome ¢ added were
a, 6.85 uM; b, 0.62 uM; ¢, 0.31 uM. In ¢, a second lining on
the oscilloscope was necessary to show the complete course of
the reaction. The amount of succinate-cytochrome ¢ reductase
used was as for Fig. 5 and succinate concentration was 25 uM.



chrome ¢, through cytochrome ¢ and cytochrome
oxidase is again linked to cytochrome b reduction
upon the exhaustion of substrate in the absence of
an inhibitor such as antimycin.

It should also be noted from Fig. 6 that both
the heights of the initial jump and the final level of
reduction of cytochrome b increased with increas-
ing concentrations of added cytochrome ¢ and
hence the overall rate of electron flow to oxygen.

Effect of antimycin A

We have reported in previous papers [1,2] that
antimycin A abolishes the triphasic nature of the
initial course of cytochrome b reduction by either
succinate or duroquinol in the absence of added
cytochrome c¢. The reduction of ¢, is hardly af-
fected as has also been reported by Bowyer and
Trumpower [12]. A monophasic course of reduc-
tion was observed in the presence of added cyto-
chrome ¢ as well as antimycin A for both cyto-
chromes b and ¢,. In the presence of added cyto-
chrome ¢, the reduction rates of both cytochromes
b and c, were noticeably inhibited by antimycin A
without greatly affecting the final level of reduc-
tion reached. Upon prolonged reaction slow oxida-
tion of both cytochromes was observed.

Discussion

Before a discussion on the multiphasic course of
cytochrome b reduction, it would be appropriate
to discuss first whether tracing of absorbance
changes at a single wavelength, i.e., 562 nm, as is
used in the present series of studies [1,2] could
reflect accurately the oxidation-reduction state of
cytochrome b. The usual practice has been the use
of a dual-wavelength instrument with the wave-
length pairs 562 vs. 575 nm [3-7]. In succinate-cy-
tochrome ¢ reductase preparations, the only species
which absorb significantly in the 550-580 nm
region are cytochromes b and c,. Ideally, to follow
the reduction of cytochrome b, an isosbestic point
of the oxidized and reduced cytochrome ¢, absorp-
tion spectra should be chosen as the reference
weavelength in the dual-wavelength measure-
ments, However, the wavelength chosen, 575 nm,
is quite some distance from such an isosbestic
point [13] and the absorbance change at 562 nm
vs. that at 575 nm as usually employed for the
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measurement of cytochrome b oxido-reduction
would therefore include the oxido-reduction
changes of cytochrome c,. In a recent publication,
Tervoort et al. [14] gave the absorbance coeffi-
cients of the cytochromes at relevant wavelength
pairs in the reduced-minus-oxidized difference
spectrum commonly employed for the calculation
of oxidation-reduction of these cytochromes. The
value they gave for the wavelength pair 562-577
nm for cytochrome ¢, was negligible compared
either to the wavelength pair 553-540 nm for
cytochrome ¢, or 562-577 nm for cytochrome b.
However, although the reduction of cytochrome ¢,
does lead to a slight decrease in absorbance at 562
nm [13,15], it is most unlikely that the observed
oxidation phase of cytochrome b described in the
present series of papers [1,2] could be due to the
decrease in absorbance at 562 nm caused by the
reduction of cytochrome c,. The magnitude of the
decrease in absorbance at this wavelength is usu-
ally much greater than would be expected by the
reduction of cytochrome ¢, within the same time
period. Moreover, the absorption spectra of
oxidized and reduced cytochrome ¢,, as present in
the succinate-cytochrome ¢ reductase preparation,
might be slightly different from those of the puri-
fied pigment. Preliminary experiments have shown
that addition of ascorbate causes very little ab-
sorbance change at 562 nm in the succinate-cyto-
chrome ¢ reductase. On the other hand, the reduc-
tion of cytochrome ¢ would lead to a more marked
decrease in absorbance at 562 nm and experiments
with added cytochrome ¢ at high concentrations
may well contain significant contributions of the
reduction of cytochrome c at this wavelength.

In their biphasic reduction of cytochrome b,
Eisenbach and Gutman proposed that this cyto-
chrome might exist in two states differing in their
rates of reduction by succinate and the equi-
librium between these two different forms of cyto-
chrome b depending on the redox state of an
unknown factor, Y. However, as a triphasic reduc-
tion course has now been observed, one has to
assume that the rapidly reduced form of cyto-
chrome b is also rapidly oxidized before its
transformation to the slowly reducible form. The
rate of the third reduction phase of cytochrome b
is not greatly affected by the redox state of the
enzyme complex.
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As for the unknown factor whose redox state
controls the multiphasic course of cytochrome b
reduction, the following possibilities might be con-
sidered: the Rieske iron-sulfur protein [16,17], a
bound form of ubiquinone {18,19] or cytochrome
¢,. These constitute all the known redox compo-
nents of the ubiquinol-cytochrome reductase com-
plex [20]. In addition, Gutman [21} has also pro-
posed that this control might be exerted not
through a molecular entity but through a particu-
lar mitochondrial state. From the results obtained
in the present study in the purified succinate-cyto-
chrome ¢ reductase complex devoid of a mem-
brane system, it seems clear that even if a particu-
lar conformational state is responsible for the con-
trol of cytochrome b oxidation-reduction rates, it
has to be brought about by the oxidation-reduc-
tion of a particular molecular entity.

Although the redox state of cytochrome ¢, has
been shown to be related to the initial rapid reduc-
tion and oxidation phases of cytochrome b during
succinate or ubiquinol oxidation, it does not neces-
sarily mean that the triphasic behavior of cyto-
chrome b is directly controlled by the redox state
of cytochrome ¢, which may serve merely as an
‘indicator’ for the redox state of the factor re-
sponsible. Trumpower [18,22] has suggested that
the iron-sulfur protein is involved in the reduction
of cytochrome b, directly required for the oxida-
tion of this cytochrome [17,23] and also takes part
in the oxidant-induced reduction of cytochrome b
[11]. Since a slight reduction of cytochrome ¢,
produces a marked effect on the triphasic nature
of cytochrome b reduction, the redox potential of
iron-sulfur protein {17] would also place it in a
more favorable position to play such a role than
ubiquinone [18]. The involvement of the iron-sulfur
protein does not necessarily exclude the participa-
tion of ubiquinone; both components may play
complementary roles.

The triphasic reduction of cytochrome b still
remains to be explained. It is interesting to note
that both antimycin A and the prior reduction of
an unknown factor abolish the triphasic nature of
the reaction and the resulting monophasic reduc-
tion rate of cytochrome b corresponds to that for
the third slow phase of cytochrome & reduction. It
could be that the reduction of cytochrome b pro-
ceeds via two different routes as suggested by

Trumpower [17,23], one antimycin sensitive the
other insensitive as i1s depicted in a number of
variations [6,12] of Mitchell’s [20,21] cyclic scheme.
It is possible that through this faster, antimycin-
sensitive route of cytochrome b reduction an oxi-
dant is being gradually accumulated and an inter-
mediate gradually reduced resulting finally to
oxidation and then a shift to the slower rate of
reduction of cytochrome b.

Ubiquinone has been implicated in both of the
routes for cytochrome b reduction [17,23]. The
rapid phase 2 oxidation can be visualized as a
reversal of the fast, antimycin-sensitive reduction.
Both ubiquinone [17,18] and the semiquinone [6,
25] have been postulated as the oxidant of reduced
cytochrome b. The initial rapid reduction of cyto-
chrome b followed by rapid oxidation would seem
to suggest the buildup of an oxidant. As evidence
is accumulating to show the presence of different
bound forms of ubiquinone, presumably with dif-
ferent proteins [18,19,26-28§], it is conceivable that
either the gradual accumulation of the semi-
quinone or its translocation from one protein to
another or both might be responsible for the hys-
teretic behavior of cytochrome b oxidation [1,2].
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