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Reduction of cytochrome b-561 through the
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Cytochrome b-561 of the ubiquinol-cytochrome ¢, oxidoreductase complex of Rhodopseudomonas sphaero-
ides is reduced after flash illumination in the presence of myxothiazol in an antimycin-sensitive reaction.
Flash-induced reduction was observed over the redox range in which cytochrome 5-561 and the Q-pool are
both oxidized before the flash. The extent of reduction increased with increasing pH, and was maximal at
pH >10.0 where the extent approached that observed in the presence of antimycin following a group of
flashes. Reduction of cytochrome 5-561 in the presence of myxothiazol showed a lag of ~1 ms after the
flash, followed by reduction with 7,, ~6 ms; by analogy with the similar kinetics of the quinol oxidase site,
we suggest that the rate is determined by collision with the QH, produced in the pool on flash excitation.

Ubiquinol-cytochrome ¢, oxidoreductase

Cytochrome b-561

1. INTRODUCTION

Several Q-cycle type mechanisms have been pro-
posed to account for the function of the ubiquinol-
cytochrome ¢ oxidoreductase complex [1-8]. The
models emphasize the existence of separate ubi-
quinol oxidase and the ubiquinone reductase sites
within the oxidoreductase complex. There is con-
siderable agreement on the reaction catalysed by
the ubiquinol oxidase site, in which ubiquinol
delivers one electron to a high-potential chain con-
sisting of Rieske iron-sulfur center and c-type
cytochromes, and the second electron to the b-type
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cytochromes. However, the reaction at the
quinone reductase site is not well understood.

Specific inhibitors, which react at separate sites
of the complex, have been used in studies of the
mechanism of action of the complex [7,8]. Here,
we have used myxothiazol, which inhibits the ubi-
quinol oxidase site, to study electron transfer
through the antimycin-sensitive site of the com-
plex. We show that cyt b-561 can be reduced after
flash illumination in the presence of myxothiazol
in both chromatophores and spheroplasts in a
reaction which is antimycin sensitive. The redox
characteristics, pH dependence, Kkinetics, and
possible mechanisms of cyt b-561 reduction in the
presence of myxothiazol in both chromatophores
and spheroplasts, and the correlation of these pro-
perties with the redox properties of the semi-
quinone signal (Q¢ ™) will be discussed.

2. MATERIALS AND METHODS

Chromatophores of Rhodopseudomonas
sphaeroides strain Ga were prepared as in [9] and
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were further purified by centrifugation on a con-
tinuous sucrose gradient in the range 0.6-1.4 M
sucrose in 50 mM Mops buffer and 100 mM KCl,
pH 7.0. Spheroplast derived vesicles (referred to as
spheroplasts in the text) were prepared according
to [10].

The reduction of cyt »-561, the concentrations
of reaction center, cyt b-561, and cytochromes ¢,
and c;, flash-induced spectra, redox poising, and
bacteriochlorophyll content were measured as in
[8,11—-14].

The anacrobic reaction mixture consisted of
chromatophores or spheroplasts suspended in a
medium containing 50 mM buffer [Mops (pH 7.0),
Hepps (pH 7.7), Bis-Tris-propane (pH 8.7),
glycine (pH 9.9), or threonine (pH 10.5)], 100 mM
KCl, redox mediators (at the concentrations in-
dicated in the figure legends), valinomycin and
nigericin at 2 #M, and inhibitors when indicated.
The concentration of chromatophores or sphero-
plasts was adjusted so that a single flash induced
turnover in more than 90% of the reaction centers.
In all experiments, a dark period of 1 min was
allowed between flashes or groups of flashes.

Myxothiazol was a kind gift from Drs Reichen-
bach, Thierbach, and Trowitzsch, and nigericin
was a gift from E. Lilly Pharmaceuticals. Valino-
mycin and antimycin A were obtained from Sigma.

3. RESULTS

Fig.1 shows typical traces of reduction of cyt
b-561 in the presence of myxothiazol and/or an-
timycin. At pH 7.0 and 7.7 a maximal extent of the
reduction was obtained after the second flash, at
pH 8.7, after the third flash. The extent of the
change increased with increasing pH. At pH 8.7
the change after the first flash approaches about
30%, and the maximal change approaches about
60%, of the change obtained on flash illumination
by a group of flashes in the presence of antimycin
alone. The change obtained in the presence of
myxothiazol was completely abolished when both
myxothiazol and antimycin were present. The
maximal extent of reduction of cyt »-561 in the
presence of antimycin alone (lower trace) was the
same at all values of pH in the range tested.

Fig.2 shows the spectra of flash-induced changes
measured in chromatophores (fig.2A,C) and
spheroplasts (fig.2B,D) in the presence of myx-
othiazol, at E, = 140 mV + 3 mV, at pH 8.7, over
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Fig.1. The reduction of cyt b-561 in the presence of
inhibitors. The reduction in the presence of myxothiazol
was measured at 3 pH values: 7.0, 7.7, 7.8. The
reduction in the presence of both myxothiazol and
antimycin was measured at pH 8.7 and the reduction in
the presence of antimycin alone was measured at pH 7.0.
Chromatophores were suspended as described in section
2. Concentrations of redox mediators were: 1 zM each
of phenazine methosulfate, phenazine ethosulfate,
pyocyanine at pH 7.0, 0.5 4M at pH 7.7, and 0.2 zM at
pH 8.7; concentration of 2,3,5,6-tetramethyl-p-
phenylenediamine (DAD) was 2 4M at pH 7.0, 0.5 M
at pH 7.7, and 0.2 4M at pH 8.7; 1,2-naphthoquinone,
1,4-naphthoquinone, p-benzoquinone and duroquinone
were at 10 xM at all values of pH. Concentration of
BChl in the cuvette was 25 xM; reaction center,
0.26 uM; flash-reducible cyt b-561, 0.16 zM; cyt
(c1+¢2), 0.234M; 3xzM myxothiazol and 10 M
antimycin A were present when indicated. Traces were
average of 2, sweep 1 s full scale, time constant 1 ms.

the range 540-575 nm. The spectra shown in
fig.2A,B by inverted triangles represent the spectra
corrected for the change due to reaction center.
The spectra in fig.2C,D are corrected for reaction
center, and additionally for the change due to cyt
¢1 + c¢2 in chromatophores and cyt ¢; in
spheroplasts, and show the characteristic ap-
pearance of cyt b-561. The peak due to cyt b-561
was not seen if the ambient potential was below the
value at which reduction of cytochrome b-561 in
the presence of myxothiazol titrated out, or when
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Fig.2. Spectra of the flash-induced changes for chromatophores (A,C) and spheroplasts (B,D) in the presence of
myxothiazol. Spectra were obtained at pH 8.7, at 140 mV. Experimental conditions were as described in fig.1. In
chromatophores, the concentration of reaction center was 0.36 xM; in spheroplasts, 0.22 xM. Note the different scales
for the chromatophore and spheroplast spectra. Inverted triangles in panels A and B show the flash-induced spectra
corrected for the change due to reaction center; panels C and D show the spectra corrected for reaction center and
additionally for cyt (c; +¢2) in chromatophores (C), and for cyt ¢; in spheroplasts (D). Correction factors were as in
[6,11,14,19,21). The change was measured after group of 4 flashes spaced 0.13 s apart, immediately after the fourth

antimycin was present in addition to myxothiazol
(not shown).

The redox titration curves for the extent of
reduction of cyt b-561 in the presence of myx-
othiazol at different pH values are shown in
fig.3A. On lowering the E} below 300 mV at pH
7.0, the extent of the flash-induced reduction
titrated in to reach a maximal extent at £y, value of
about 220 mV. On lowering the E, below 220 mV,
the extent of the change decreased and titrated out
at an E;, value of about 150 mV, corresponding to
the ambient potential at which the first QHo>
became chemically reduced in the pool before the
flash. The extent of the change was strongly pH
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dependent, increasing by about 8-fold as the pH
was increased from 7.0 to 10.4. The maximal ex-
tent appeared at lower Ej, values on increasing the
pH, and the change also titrated out at lower
values of Ey. The titration curves appear to show
a two-electron process (n = 2). A maximal extent
after one flash, corresponding to about 60% of the
amount of cyt b-561 which could be reduced by a
group of flashes in the presence of antimycin, was
obtained at an ambient potential of E, ~ 100 mV,
at pH 9.9 and at Ey ~ 70 mV at pH 10.4, 10.6.
Fig.3B shows the midpoint potentials taken from
the titration curves shown in fig.3A. The dashed
curve shows as a function of pH theoretical values
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Fig.3. Redox titration of the extent of reduction of cyt 5-561 in the presence of myxothiazol. Panel A shows the redox
titration curves at different values of pH: 7.0 (Q), 7.85 (4), 8.7 (), 9.45 (¢), 9.9 (0), 104 (), 10.6 (o).
Experimental conditions were as described in section 2 and in fig.1, except that at pH 9.9, 10.4 and 10.6, 1 xM
N,N,N’,N’-tetramethyl-p-phenylene diamine (TMPD) was included in the reaction mixture. Each point was an average
of 2, at sweep of 1 s full scale and time constant 1 ms. The changes were measured 10 ms after the first flash at pH
7, 7.85 and 8.7, 20 ms at pH 9.45, and 50 ms at pH 9.9, 10.4 and 10.6, at which times reduction was maximal. In panel
B, midpoint potential values measured from the curves shown in A are shown as a function of pH. The theoretical curve
{——-) shows the Ej value at which 0.5 QHz/complex is present in the pool due to chemical reduction before the flash,
and the theoretical curve (----- ) shows midpoint potential values for cyt -561 at different pH values.

of the potential at which 0.5 QH,/complex would
be reduced chemically in the pool before the flash,
assuming En, 7 for the Q/QH: couple to be 90 mV,
and 60 (Q + QH_y)/complex in the pool. The other
curve shows the midpoint potential of cyt b-561 at
varying values of pH [15]. Although the E,, values
calculated from the redox titration curves in fig.3
are slightly higher than the more positive of the
values from the theoretical curves at any pH, a
reasonable correlation is shown between the ability
to reduce cyt b-561 on flash excitation, and the
availability of both a fully oxidized quinone pool,
and oxidized cyt b-561 before the flash.

Fig.4 shows the kinetics of reduction of cyt
b-561 in the presence of myxothiazol or antimycin,
and in the absence of the inhibitors, in
chromatophores (fig.4A,C) and in spheroplasts
(fig.4B,D). The change was measured at pH 8.7,
E, = 140 mV on excitation by a group of 4 flashes
{A,B), or on a faster time scale, after a single flash
(C,D). In chromatophores, the initial kinetics ob-
tained in the presence of myxothiazol are very
similar to the kinetics in the presence of antimycin,
and slightly slower than the change in the absence
of inhibitors. The traces show a rise phase with #,,2
of about 6 ms, which occurs after a brief lag. In

spheroplasts, however, the initial rate in the
presence of antimycin was inhibited as compared
to the initial rates in the presence of myxothiazol
or in the absence of inhibitors. This is probably
due to the fact that the high potential components
of the complex cannot be rapidly oxidized in
spheroplasts because of the lack of cyt c¢;. As
shown on a faster time scale, in both
chromatophores and spheroplasts, the reduction
of cyt b-561 in the presence of myxothiazol follows
a lag of about 1 ms, indicating that the rate of
reduction is determined by the diffusion of QH_
from the reaction center through the pool [6,7].
The similarity of the kinetics of reduction of cyt
b-561 through both sites suggests that both are
governed by a similar set of constraints.

4. DISCUSSION

The reaction at the site of the ubiquinol-cyt ¢;
oxidoreductase complex at which cyt b is oxidized
is not well understood. In chromatophores and
mitochondria, most authors suggest that antimycin
is a specific inhibitor of all reactions at the site
[2,3,7,8]. Antimycin inhibits reoxidation of cyt
b-561 after a flash, and of cyt 5-566 if cyt b-561 is
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Fig.4. Kinetics of the reduction of cyt »-561 in the
presence and absence of inhibitors in chromatophores
(A,C) and spheroplasts (B,D). The measurements were
performed at pH 8.7, at E;, = 140 mV. Experimental
conditions were as described in fig.1. Myxothiazol
(3 «M) or antimycin (10 xM) were added where
indicated. A and B, concentration of BChl in the cuvette
in the chromatophore suspension was 22.4 4M, and in
the spheroplast suspension, 20.2xM; A and D,
concentration of reaction center in the chromatophore
suspension was 0.19 M, and in the spheroplast
suspension was 0.24 4M. Experiments shown in panel A
and B were done as an average of 8 and 4, respectively,
sweep 100 ms full scale, time constant 100 «s, and show
excitation by a group of four flashes. The traces shown
in panels C and D were initiated by a single flash and
were an average of 16, sweep 20 ms, time constant 20 xs.

previously reduced [16]. It has been shown earlier
in mitochondria [17], that in the presence of myx-
othiazol, which is a specific inhibitor of the ubi-
quinol oxidase site of the complex [17,18], reduc-
tion of cyt »-561 by QH, may occur without in-
volving a concerted reduction of the high-potential
chain of the complex. Flash-induced reduction of
the cyt H-562 (the mitochondrial analogue of cyt
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b-561) through an antimycin-sensitive process
which did not involve a concerted reaction at the
quinol oxidase site, has been previously observed
in a hybrid system [19,20]. Here, we show that cyt
b-561 can be reduced after flash illumination in the
presence of myxothiazol in both chromatophores
and spheroplasts of Rps. sphaeroides, and that the
change is sensitive to antimycin. We have
characterized the reduction of cyt h-561 through
this site with respect to its redox properties, pH
dependence and kinetics. Recently, an antimycin-
sensitive ubisemiquinone radical (Q:”) of the
ubiquinol-cyt ¢; oxidoreductase complex of Rps.
sphaeroides has been characterized [21]. The redox
properties have been interpreted as showing for-
mation from a ubiquinone/quinol couple with an
Eyn of 150 mV at pH 7. Observation of a similar
signal in the R 126 mutant of Rps. capsulata [22],
which does not contain a functional ubiquinol ox-
idase site [22,23], indicated that the Q:~ signal
originates from another site. The maximal extent
of the antimycin-sensitive Q:~ signal was reached
in the pH range 9.5-10.7 at a value of about 0.4
(Q:¢7) per complex [21]. The maximal extent of the
reduction of cyt b-561 in the presence of myx-
othiazol upon illumination with a single flash
under conditions when 1 QH; is produced in the
oxidized pool per oxidoreductase complex is
reached in the same pH range as the Q: signal,
with a stoichiometry of about 0.6 cyt b-561 reduc-
ed per complex.

In summary, the redox properties, pH
dependence and kinetics of the antimycin-sensitive
cyt b-561 reduction in the presence of myxothiazol,
together with the experiments discussed above
from other laboratories [19-22] point to the con-
clusion that there is a site, distinct from the quinol
oxidase site, at which electrons can be transferred
to cyt b-561 from quinol in the pool, in a reversal
of the reaction by which ferrocytochrome b is nor-
mally oxidized and quinol produced. However, the
mechanism of the reaction at the site is still
unclear. Several variants of the Q-cycle [1,2] have
been proposed with different mechanisms for ox-
idation of the b-cytochrome chain [1-6,24—-27].
Each of the above mechanisms may be represented
as involving the production of quinol in the pool
by oxidation of cyt b, and our present results could
therefore be interpreted as a reversal of such a
reaction; they do not therefore exclude any of the
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proposed mechanisms. However, they do allow us
to reach some definite conclusions about the reac-
tion catalysed by the site.

(a) The kinetics of oxidation of quinol are
similar to those of the myxothiazol-sensitive quinol
oxidase site when the latter are measured at the
same ambient potential. This suggests that at both
sites a second-order reaction occurs (first-order in
quinol from the pool), with a value for k, of about
2 x 107° M~ !-5s7!, the value obtained for the
quinol oxidase site [6].

(b) The flash-induced reduction of cyt b-561 is
most simply interpreted as reflecting a response to
the change in concentration of QH; in the pool
resulting from flash illumination. Reduction of cyt
b-561 occurs on production of ~1 QH,/complex in
the fully oxidized pool (~60 Q/complex) [6], sug-
gesting a relatively high value for the equilibrium
constant favoring cyt b-561 reduction. When the
pool is partly reduced, the photochemical produc-
tion of 1 QH»/complex would give rise to a much
smaller change in poise of the Q/QH; couple, and
this could in part explain why the flash-induced
change becomes smaller as the pool becomes
reduced.

Values for K can be calculated from the results
for various putative reaction mechanisms.

(i) The following reaction represents the simplest
mechanism for reduction of cyt -561 through the
antimycin-sensitive site:

QH: + 2 ferricyt b-561 —
Q + 2 ferrocyt b-561 (H) (1)

Assuming that after a single flash, 1 QH,/com-
plex is present in the pool, the value for K; ob-
tained from our results is considerably larger over
the pH range from 7 to 8.0 than that calculated
using En 7 values for the couples Q/QH; and ferri/
ferrocyt 5-561 of 90 and 50 mV, respectively, ap-
propriately adjusted for pH; this suggests either
that a different reaction occurs, or that the values
assumed are wrong. At higher values of pH, where
the Ey value of the Q/QH, couple continues to
decline with pH, but that for the cyt 5-561 becomes
independent of pH [15], the measured and
calculated equilibrium constants approach each
other, reaching the same value at about pH 9.5.

In view of the above difficulty, several alter-
native explanations of the results observed may be
suggested.
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(ii) In many laboratories (review [27]), redox
titrations of chromatophores from Rps.
sphaeroides have shown the presence of a high
potential form of cyt -561 (Em,7 = 150 mV) (cyt
b-561 (HP)) of unknown function. If cyt b-561
(HP) were the acceptor of electrons from QH; in
the above reaction, calculated values for the
equilibrium constant would be much closer to the
measured values at the lower end of the pH range.
However, functional preparations of the complex
contain only two b-type hemes per complex, cor-
responding to cyt b-566 and cyt b-561 [27,28] and
the extent of reduction of cyt b-561 through the
antimycin-sensitive site observed at higher values
of pH exceeds the stoichiometry of cyt b-561 (HP).

(iii) An alternative mechanism may be framed in
terms of the equation:

QH: + Q- ferricyt b-561 —=
Qi -ferrocyt b-561(H) + H* + Q @)

.

This reaction may be considered as the sum of
two partial reactions, involving displacement of Q
from the complex by QH; followed by electron
transfer:

QH: + Q.-ferricyt b-561 —

QcH; - ferricyt b-561 + Q (2a)
Q:H; - ferricyt b-561 —
Q¢ -ferrocyt b-561(H) + H* (2b)

The equilibrium constant (K3;) for the overall
reaction includes the binding constants for Q and
QH,, and the equilibrium constant for electron
transfer, none of which are known independently.
However, a tighter binding of QH, than Q (cf.
[21]) and a relatively stable semiquinone would
both help to displace the overall reaction to the
right. The mechanism of eq.2 suggests an explana-
tion for the simultaneous formation of ferrocyt
b-561 and Q:”, found in kinetic experiments
previously reported using the mitochondrial com-
plex [24], and inferred from the experiments
reported here and from the data in [21,22]. The
mechanism could also account for the cyt b-561
(HP) found in redox titrations, in terms of a reduc-
tion of cyt b-561 by the first QH, produced in the
pool on chemical reduction. If such a reduction oc-
curred, it would account for the fact that the flash-
induced change also titrated out over the range in
which the first quinol appeared in the pool.
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(iv) Alternatively, the reaction of eq.2 could in-
volve a mechanism in which quinone was present
at the antimycin site as a relatively tightly bound
species. The bound quinone and ferricytochrome
b-561 could then act as a two-electron accepting
system for oxidation of quinol from the pool. To
account for the observed equilibrium constant, this
mechanism would require that the couple Q./Q¢~
has a relatively high redox potential (Ep 7 > 175
mV from the data of fig.3), indicating a relatively
stable semiquinone species. This mechanism has
the additional advantage over the mechanism in
(iii) above of explaining the observation that
isolated ubiquinol:cyt ¢; (or cyt ¢) oxidoreductase
complexes always have associated with them about
0.6 equivalents/complex of bound quinone [29].
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