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(1) The Kinetics of the reduction by duroquinol of the prosthetic groups of QH ,: cytochrome ¢ oxidoreduc-
tase and of the formation of ubisemiquinone have been studied using a combination of the freeze-quench
technique, low-temperature diffuse-reflectance spectroscopy, EPR and stopped flow. (2) The formation of the
antimycin-sensitive ubisemiquinone anion parallels the reduction of both high-potential and low-potential
cytochrome 5-562. (3) The rates of reduction of both the [2Fe-2S] clusters and cytochromes (¢ + ¢,) are pH
dependent. There is, however, a pH-dependent discrepancy between their rate of reduction, which can be
correlated with the difference in pH dependencies of their midpoint potentials. (4) Lowering the pH or the Q
content results in a slower reduction of part of the [2Fe-2S] clusters. It is suggested that one cluster is
reduced by a quinol / semiquinone couple and the other by a semiquinone / quinone couple. (5) Myxothiazol
inhibits the reduction of the |[2Fe-2S] clusters, cytochrome ¢, and high-potential cytochrome 5-562. (6) The
results are consistent with a Q-cycle model describing the pathway of electrons through a dimeric
QH, : cytochrome ¢ oxidoreductase.

i which the quinol 1s oxidized in two successive
steps with the semiquinone as an intermediate
Their model elegantly describes the mechanism of

Introduction

The way 1n which electron transfer 1s coupled to
proton translocation i QH, : cytochrome ¢
oxidoreductase 1s still unknown. Even the exact
sequence of electron-transfer reactions has not yet
been established, but considerable progress 1s being
made After the successful 1solation of the beef-
heart enzyme [1,2] and the characterization of the
prosthetic groups many kinetic studies have been
undertaken to unravel its mechamism of action
Wikstrom and Berden [3] have proposed a scheme
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oxidant-induced reduction of cytochrome b 1n the
presence of antimycin, but 1t 15 inconsistent with
the observations that the reduction of cytochrome
b 1s mhibited by antimycin under conditions that
the [2Fe-2S] cluster 1s, 1n one way or another,
incapable of electron transfer [4-9] As a general
result of this type of so-called ‘double kill’ exper-
ments, 1t may be concluded that cytochrome b 1s
reducible by two independent pathways, one -
volving the [2Fe-2S] cluster and the other the
‘antimycin-binding domain’. The Q-cycle pro-
posed by Mitchell [10] and derivatives of this
proposal [5,11,12] and also the b-cycle of Wikstrom
and Krab [13] incorporate two pathways for the
reduction of cytochrome b. The latter proposal 1s,
however, inconsistent with the observation that
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two different semiquinone anions can be stabilized
on QH, : cytochrome ¢ oxidoreductase. One species
1s sensittve to antimycin [14—-17] but not to BAL +
O, treatment [18] and probably corresponds to Q,
of the Q-cycle. The other species corresponds to
Q. of the Q-cycle, since 1t 1s formed during
oxidant-imnduced reduction of cytochrome b in the
presence of antimycin [18,19] and 1s sensitive to
treatment with BAL + O,. Also the finding that a
Q-analogue binds to two sites on the enzyme with
different affimties 1s 1n contradiction with the
b-cycle scheme [20]

In the Q cycle [10-12] only one type of [2Fe-25]
cluster and two types of cytochrome b are consid-
ered but 1t has been established that there exist
three or four different types of cytochrome b
[21-24]. Based on quantitative EPR studies we
have proposed that QH,:cytochrome ¢ oxidore-
ductase contains four types of cytochrome b and
two types of the [2Fe-2S] cluster and that the
concentration of each prosthetic group is one-half
that of the cytochrome ¢, concentration [19,25],
suggesting that the basic enzymic unit 1s a dimer
containing two molecules of cytochrome ¢,. Ultra-
centrifuge analysis [26,27] and electron microscopy
[28] show that the enzyme is indeed in a dimeric
aggregation state both in detergent solution and
when incorporated 1n a phospholipid bilayer

Recently, we have undertaken a study of the
reduction kinetics of the prosthetic groups and the
semiquinone anions [19]. The anomalous reduction
kinetics of the two cytochromes b-562 (see also
Ref. 29) and of the [2Fe-25] clusters, 1n the pres-
ence of antimycin, have led us to propose a Q-cycle
scheme for a dimeric enzyme, in which in one
protomer, as in the schemes in Refs 5 and 10-12,
QH, reduces the [2Fe-28] cluster, and in the other
protomer 1t reduces cytochrome b (see also Fig 8)
One complete turnover involves the oxidation of
two molecules of QH, and the regeneration of one
molecule of QH,. The latter 1s formed by the

sequential oxidation of high- and low-potential
cytochrome 5-562 by Q and Q. respectively,
so that the enzyme functions as a self-contained
QH, oxidoreductase [10]

In this paper the effect of varying the pH, Q
depletion and addition of the inhibitor myxothia-
zol on the reduction kinetics of the prosthetic
groups and the formation of the semiquinone an-
1ons has been studied It 1s shown that at low pH
and 1n Q-depleted particles the two [2Fe-28] clus-
ters have different rates of reduction These results
and others described are consistent with the scheme
of the double Q-cycle proposed previously [19] but
incompatible with the other Q-cycle models
[5,10-12].

Materials and Methods

Beef heart submitochondrial particles were pre-
pared as described in Ref. 30 Succinate: and
QH, - cytochrome ¢ oxidoreductase were prepared
as described 1n Refs. 1 and 31, respectively. EPR,
low-temperature diffuse-reflectance spectroscopy
and freeze-quench experiments were carried out as
described previously [19,25). Stopped-flow experi-
ments were performed with an Amunco stopped-
flow apparatus supplied with a home-built four-jet
tangential mixer. Pentane extraction was carned
out as described 1in Ref 32 and BAL + O, treat-
ment as in Ref. 33.

Results

Effect of pH on the kinetics of the reduction of the
prosthetic groups and of the formation of the semu-
quinone amon Q7 )

Cytochromes b-562 and Q. 1) It has been shown
before that, in the absence of inhibitors, cyto-
chrome b-562 becomes reduced i two phases sep-
arated by a lag time [29,34,19]. We have ascribed
the imtial rapid phase to the reduction of

Fig 1 Effect of pH on the reduction kinetics of the prosthetic groups and on the formation of Q;, of QH, cytochrome ¢
oxidoreductase as present in submitochondrnal particles, measured by EPR and low-temperature diffuse reflectance spectroscopy
using the freeze-quench technique (A, C-F) and by stopped flow (B) For freeze-quench experiments one syringe contained particles
(70 mg/ml) suspended 1n 0 25 M sucrose, 50 mM Mops-Tns buffer The other syringe contained an N,-saturated solution of 025 M
sucrose, | mM acetic acid and 600 uM DQH, For stopped-flow experiments the same solutions were used except that the particle
concentration was 3 5 mg/ml and 2 mM KCN was present (B) After mixing, the DQH, concentration was 300 uM The reaction
temperature was 22+2°C A, pH 66, B,pH 66, C, pH 72, D, pH 76, E, pH 83, F, pH 9 3, Diffuse-reflectance spectra were
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recorded at 110 K with a siit width of 1 5 nm Cytochrome 5-562 was measured 1n the reduced minus oxidized spectrum as 559 nm
minus 570 nm and cytochrome (¢, + ¢) as 552 nm mnus 542 nm A %44 of 40-43% corresponds to the complete reduction of
high-potential cytochrome 5-562 (cf. Ref 19) which has a smaller extinction coefficient at this wavelength pair than low-potential
cytochrome 5-562 (O O) Reduction of the [2Fe-28] clusters (Q 0) Reduction of cytochromes (c; +¢) (@ m)
Reduction of cytochrome 5-562. (@ ®) Formation of Q,, which corresponds to Q,,, s1yof Fig 8 The lines through the points of
cytochromes ¢, + ¢ are first-order exponentials with ¢, 2 equal to 320 ms (pH 6 6, cf. A and B), 60 ms (pH 7 2), 20 ms (pH 7 6) and 15
ms (pH 8 3 and 9 3). The lines through the points of the [2Fe-28] clusters are also first-order exponentials in C, D and E with ¢, /2
equal to 25 ms (pH 7 2), 20 ms (pH 7.6) and 15 ms (pH 8 3) At pH 6 6 the ponts of the [2Fe-28) clusters are simulated as a sum of
two exponentials, with equal contributions and ¢, ,, equal to 18 and 250 ms
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high-potential cytochrome 5-562 and the second
relatively slow phase to that of low-potential cyto-
chrome 5-562 Furthermore, 1t was shown that in
punified succinate.cytochrome ¢ oxidoreductase
the lag time between the two reduction phases
decreases and the rate of the second phase in-
creases when the pH 1s raised. The same behaviour
of the two cytochromes b-562 1s found in sub-
mitochondnal particles (Fig 1) The lag time de-
creases from about 400 ms at pH 6.6 (Fig. 1A and
B) to less than S ms at pH 9.3 (Fig 1F), whule the
rate of reduction of low-potential cytochrome 5-562
increases with increasing pH Also, the half-time
of reduction of high-potential cytochrome b-562
decreases with increasing pH, being about 15 ms
at pH 6.6, about 5 ms at pH 7 2 and less than 5 ms
at higher pH values.

As we have shown previously [19,34], the for-
mation of the antimycin-sensitive semiquinone an-
ion, Q , comncides with the reduction of
high-potential cytochrome b-562 (see also Fig 1).
The amount of Q,;, formed increases with in-
creasing pH. At pH 66 (Fig. 1A) no Q) 18
detectable and even at pH 7.2 only a small amount
of the radical 1s formed It seems that at higher pH
values the formation of Q[ .y, not only parallels
the reduction of high-potential cytochrome 5-562
but also accompanies the relatively slow reduction
of low-potential cytochrome 5-562. Moreover, there
1s an apparent overshoot in the formation of Q, 4y,
The overshoot 1s real and 1s not due to the scatter
1n results (see, e g, Fig. 2). The standard deviation
mn this kind of experiment 1s about 6% of the
signal amplitude This overshoot and the increase
1n the radical concentration at long reaction times
were also observed 1n our previous communication
(see Figs 5 and 8 of Ref. 19) but not interpreted
as such

The close correspondence between the redox
state of low-potential cytochrome 5-562 and Q;, 4y,
1s also evident in the pH-jump experiment of
Fig 2 Particles poised with the fumarate/suc-
cinate oxidation-reduction couple at pH 7 3 were
mixed with a buffer of pH 9.1. While the redox
states of the [2Fe-28] clusters, cytochromes ¢, ¢,, a
and a,, and high-potential cytochrome 5-562 re-
main unaltered, 1.e., fully reduced, low-potential
cytochrome b-562 becomes more reduced and the
concentration of Q. ;,ncreases (cf. Refs 15 and
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Fig 2 Kinetics of the effect of a change of pH on the redox
state of cytochrome 5-562 and the concentration of Q) n
partly reduced submutochondrial particles Submitochondnal
particles dissolved 1n 0 25 M sucrose, 20 mM Mops buffer (pH
7 3) were incubated with 4 mM KCN, 150 mM sodium fumarate
and 25 mM sodwum succinate and mixed with a solution of
025 M sucrose, 200 mM Tns-HCI buffer (pH 9 1) The pH
after mixing was 88 The imtial redox state of cytochrome
b-562 and the concentration of Q. were determined by
muxing the partly reduced particle suspension with a solution of
025M sucrose, 200 mM Tns-HCl buffer (pH 73) Other
expenimental conditions and measurements as 1n Fig 1

16). Both events take place within 5 ms, after
which time their redox state remains constant

The [2Fe-2S] clusters and cytochromes (c + c,)
It can be seen from Fig 1 that the rate of reduc-
tion of the [2Fe-2S] clusters and cytochromes (¢ +
¢,) increases with increasing pH At pH 7.6 and
8 3, these prosthetic groups show 1dentical half-re-
duction times (both 20 ms (pH 7.6) and 15 ms (pH
8.3)), but at pH 66 and 7.2 the reduction of
cytochromes (¢ + ¢,) clearly lags behind that of
the [2Fe-28] clusters. In addition, at pH 6.6 (Fig.
1A), the reduction kinetics of the [2Fe-25] clusters
do not follow a single exponential, whereas they
apparently do so at pH 7 2, 7.6 and 8.3 At pH 6.6
about half of the [2Fe-2S] clusters 1s reduced with
a t,,, of 18 ms and the other half with a 7, ,, of
about 250 ms (Fig 1A) There are no indications
that at pH 6.6 also cytochromes (¢ + ¢,) are re-
duced biphasically (cf. Fig 1A and B)

At pH 93 (Fig. 1F) cytochromes (¢ + ¢,) are
reduced 1n a single rapid phase (¢, ,, = 12 ms) but
the [2Fe-2S] clusters behave abnormally. After a
short lag period they become reduced relatively
slowly (¢,,, =30 ms) but even after 200 ms the
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Fig 3 Kinetics of the reduction of the prosthetic groups of QH, cytochrome ¢ oxidoreductase as present in Q-depleted sub-
mutochondrial particles Experimental conditions as in Fig 1 The pH after mixing was 83 A, no further additions, (B )]
reduction of cytochrome b, the reduction level of 60% after 5 ms corresponds to the reduction of all cytochrome b-562 (see also text)
B, 2 mol antimycin/mol ¢, was added, (® @) reduction of cytochrome 5-558, (8 W) reduction of cytochromes b-562 and
b-566 In A, 25% reduction of cytochromes (¢, + ¢) and the [2Fe-2S] clusters 1s obtained after 11 ms In B, 25% of the [2Fe-2S] clusters
1s reduced after 15 ms, and 50% of cytochromes 5-558, b-562 and b-566 after 25-30 ms In this case cytochromes (¢, + ¢) remain
oxidized

reduction level 1s only about 75-80%. Thus, at pH able Q was present in the particles. The total

9.3 cytochromes (¢ + ¢,) become reduced before
the [2Fe-2S] clusters.

Effect of Q depletion on the reduction kinetics of the
prosthetic groups

After extraction with pentane (four times) and
pentane + 10% acetone [32] no chemucally detect-

amount of Q extracted was 12.1 mol Q/mol cyto-
chrome ¢; After reduction (cf. Fig. 3A) a very
small amount of radical could be detected and 1ts
intensity decreased to zero in the presence of
antimycin (cf. Fig. 3B). Due to 1ts low concentra-
tion, estimated to be about 1-2% of that of cyto-
chrome ¢,, and the poor signal-to-noise ratio, the
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signal could not be identified as erther Q,, or
QSuc11y but the effect of antimycin on the signal
intensity suggests that the radical may be Q.

The experiment of Fig. 3A shows that in Q-de-
pleted particles cytochrome b becomes reduced by
DQH, in two phases. Within § ms all cytochrome
b-562 15 reduced and not only high-potential cyto-
chrome b-562 as 1n normal particles By measuring
the optical difference spectra with the sample of S
ms as the reference, 1t was shown that the slower
reduction phase 1s due to the reduction of cyto-
chromes b-566 and 5-558. Even after 200 ms the
latter are only partly reduced

In the Q-depleted particles only 50% of the
total amount of [2Fe-2S] clusters becomes reduced
with a similar ¢, ,, (12 ms) as the total amount of
[2Fe-28] clusters 1n normal particles (see Fig. 1E)
The second half 1s reduced much more slowly,
about 15% after 200 ms Cytochromes (¢ +¢,)
behave in exactly the same way

In the presence of antimycin (Fig. 3B) cyto-
chromes (¢ + ¢,) remain oxidized In this case only
one-half of the [2Fe-2S] clusters 1s reduced (¢, ,, =
15 ms) and the second slow reduction phase 1s
absent. All species of cytochrome b become re-
duced but 1n contrast to normal particles [19], the
reduction 1s not monophasic. After 25 ms half
reduction 1s obtamed

The effect of myxothiazol on the EPR properties and
reduction behaviour of the prosthetic groups

The recently introduced inhibitor myxothiazol
was shown to inhibit electron transfer in the
QH, : cytochrome ¢ oxidoreductase between cyto-
chromes b and ¢, [7,35]. Furthermore, 1t shifts the
a-band maximum of cytochrome b-566 to the red
and this shift 1s additive to that of antimycin
[7,35], showing that these two inhibitors can bind
simultaneously. Addition of the two inhibitors to-
gether inmbats the reduction of cytochrome b (Ref.
7 and cf. Refs. 4, 5 and 9) In order to define the
site of action of myxothiazol more precisely we
have studied 1ts effect on the EPR spectra of the
prosthetic groups

The EPR spectrum of ascorbate-reduced
QH, : cytochrome ¢ oxidoreductase 1s composed of
the resonances of the four cytochromes b [25]
(Fig. 4, trace A). In agreement with previous work
[36], antimycin shifts the maximum at g= 344,
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Fig 4 The effect of antimycin and myxothiazol on the EPR
spectra of the b cytochromes in QH, cytochrome ¢ oxidore-
ductase QH, cytochrome ¢ oxidoreductase prepared by the
method of Von Jagow et al [31] was diluted 2-fold with
glycerol All samples contained a final concentration of 1 5%
(v/v) dimethyl sulphoxide and 2 3% (v/v) ethanol, the solvents
for antimycin and myxothiazol, respectively Each mhibitor
was allowed to react with the enzyme for 3 mun at 0°C before
the muxture was frozen or before the second inhibitor was
added EPR spectra were then recorded (two examples shown
in the inset) after which the samples were thawed and muxed
with 13 mM sodium ascorbate for 1 mun at 0°C The samples
were then frozen again in liqud mitrogen A, only solvents
added, B, in the presence of 5 5 mol antimycin/cytochrome c,,
C, 1n the presence of 50 mol myxothiazol /cytochrome ¢, D,
both antimycin and myxothiazol were present in the same
amounts as 1n B and C The inset shows an enlargement of the
g = 3 8 region as present 1n the enzyme before the addition of
ascorbate a, only solvents added, b, antimycin and myxothia-
zol were both present as in D Note the lack of effect of the
mhibitors 1n contrast to the effect in the presence of ascorbate
EPR conditions microwave frequency, 9258 4 MHz, mucro-
wave power, 11 7 mW, temperature, 10 K, modulation ampli-
tude, 125 mT (traces A-D) and 25 mT (inset) All spectra
were corrected for differences in the experimental microwave
frequency

belonging to lugh- and low-potential cytochromes
b-562 [19,25], to lower field values (trace B). More-
over, this peak 1s somewhat broadened and that at
g = 378, belonging to either cytochrome b-566 or
b-558 [19,25], 1s sharpened. Myxothiazol shifts the
peak at g = 3 44 to a higher field value and that at
g = 3.78 1s sharpened (trace C). Addition of both
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Fig 5 The effect of myxothazol on the EPR spectrum of the
[2Fe-28] clusters of QH, cytochrome ¢ oxidoreductase The
enzyme was incubated for 15 s at 0°C with 1 mM ascorbate
prior to freezing A, no further additions, B, 14 mol
myxothiazol /mol cytochrome ¢, was added The final dimethyl
sulphoxide concentration was 0 4% which did not change the
spectrum EPR conditions microwave frequency, 924 GHz,
microwave power, 2 mW, modulation amphitude, 0 63 mT, T,
36 K
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antimycin and myxothiazol (trace D), the order of
addition not being important, causes the peak at
g=13.78 to be very much intensified and shar-
pened However, the peak position of the reso-
nances at g=3.44 1s the same as that in the
absence of mhibitors (cf. traces A and D) Thus,
the spectral shifts induced in this peak by anti-
mycin and myxothiazol cancel each other but the
sharpening of the resonance at g = 3.78 1s additive.
This latter phenomenon was, however, not ob-
served n the fully oxidized enzyme (Fig. 4, inset)
although the other effects were independent of the
redox state (not shown).

We have shown before that the EPR spectrum
of the [2Fe-2S] cluster of ascorbate-reduced
QH, : cytochrome ¢ oxidoreductase 1s 1n fact an
overlap of two signals 1n a 11 weighted ratio n
submitochondrial particles and that this ratio is
somewhat variable 1n more purified preparations
of the enzyme, owing to the variable and low
ubiquinone content {19,25]. As shown in Fig, 5,
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Fig 6 The effect of myxothiazol or BAL (+O;) treatment on the reduction kinetics of the prosthetic groups and the formation of
Q:aanof QH, cytochrome ¢ oxidoreductase as present in submutochondnal particles Expernimental conditions as in Fig 1 The pH
after mixing was 8 3 Open symbols refer to experiment with myxothiazol (3 mol/mol cytochrome ¢,) and closed symbols 1o that of
BAL (+0,) treated particles (succinate oxidation was inhibited by 95%) In the presence of myxothiazol the [2Fe-28] clusters and
cytochromes ¢ + ¢, remain oxidized BAL treatment destroys the [2Fe-2S] clusters [6] and prevents reduction of cytochrome ¢ + ¢,
[33] Note that 1n the first 5 ms about 60% of the total amount of cytochrome b-562 1s reduced, 1 e, low-potential cytochrome 5-562
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Fig 7 The effect of myxothiazol on the reduction behaviour of
cytochromes b-562 and ¢, as measured by stopped flow One
syringe contained 0.25 M sucrose, 100 mM NaCl, 1 mM acetic
acid, 200 pM DQH,, pH 4, the other 0 25 M sucrose, 100 mM
NaCl, 1% sodium cholate, 0 8 mg/ml succinate cytochrome ¢
oxidoreductase (15 uM ¢,) and 50 mM Mops-Tns buffer
Traces A-D, pH 85, traces E-H, pH 72, Myxothiazol (4 5
1M) was present 1n traces B, D, F and H

myxothiazol alters the EPR spectrum most
markedly 1n the g _= 1.80 resonance belonging to
cluster 1, broadening and shifting 1t to a lower g
value, but the g, and g, peaks are also affected
The EPR spectrum after addition of myxothiazol
1s quite stmular to that obtained after Q depletion
[19] or reduction by succinate [19,25], in which
cases the EPR parameters of cluster 1 and 2 are
indiscernible. However, in the latter two cases the
g, resonance 1s symmetrical around the zero-cross-
ing 1n contrast to the asymmetrical line shape 1n
the presence of myxothiazol (trace B)

The freeze-quench expermments of Fig 6 show
that 1 the presence of myxothiazol the [2Fe-2S]
clusters and cytochrome ¢, remain oxidized. Cyto-
chrome b-562 is, however, very rapidly reduced 1n
two phases. The first phase (#,,, <5 ms) com-
prises about 60% of the total absorbance change
and probably corresponds to the reduction of
low-potential cytochrome 5-562 and in the second
phase (¢, , = 15 ms) high-potential cytochrome b-
562 becomes reduced. The kinetics of the forma-
tton of Q. correlate with those of the two
cytochromes 5-562. This reduction behaviour of
the two cytochromes 5-562 1s confirmed 1n
stopped-flow experiments with succinate - cyto-
chrome ¢ oxidoreductase, i.e.,, in the presence of
myxothiazol the rapid reduction phase contributes
60% to the total and in the absence of the inhibitor
about 40%, corresponding to low- and high-poten-
tial cytochrome b-562, respectively (Fig 7)

Myxothiazol inhubits the reduction of cytochrome
¢, (Fig 7) at both pH 72 (98.5%) and pH 8.5
(95%). Note that in the presence of myxothiazol or
after BAL + O, treatment the lag time between the
reduction of the two cytochromes b-562 1s absent

Discussion

The rate of reduction of the prosthetic groups
of QH,.cytochrome ¢ oxidoreductase by DQH,
increases with mcreasing pH. Although the effect
of pH could in principle be described 1n the same
manner as Rich and Bendall [37,38] did for the
reaction between quinols and cytochrome ¢, such
an analysis would be premature for the moment
because of the complexity of QH, : cytochrome ¢
oxidoreductase Complicating factors are, for in-
stance’ (1) the reduction by DQH, of its im-
mediate acceptor may not be purely a bimolecular
collision reaction; (u) the midpomnt potentials of
possible acceptors, e.g., cytochrome b and the
[2Fe-28] clusters, are pH dependent; (1) the pK,
of bound quinol 1s unknown; protonation-depro-
tonation reactions on the enzyme are not a priorn
more rapid than electron-transfer reactions

Between pH 7 2 and 8 3 the two [2Fe-25] clus-
ters are reduced in apparently a single phase, the
half-times of reduction increasing with decreasing
pH At pH 6 6, however, the reduction 1s biphasic.
The first half follows a single exponential with a
t;,, of about 18 ms and the second half 1s reduced
much more slowly.

Since the ¢, ,, of the rapid phase at pH 6 6 1s
very similar to that of both [2Fe-2S] clusters at pH
8.3, 1t 1s likely that the rate of reduction of one of
the two [2Fe-28] clusters 1s independent of pH and
that of the other dependent. If this 1s the case, the
traces of the [2Fe-2S]clusters at pH 7.2 and 76
(Fig. 1C and D) would be a sum of two exponen-
tials, with equal contributions, and with shghtly
different values of #, ,, but at pH 6.6, the dif-
ference between the two values of ¢, ,, 18 large
enough to detect two separate phases The differ-
ent effect of pH on the reduction rate of the two
[2Fe-28] clusters cannot be described by the find-
ing that above pH 8 the [2Fe-2S] clusters have
pH-dependent midpoint potentials [39], since this
pK value applies to both [2Fe-2S] clusters The
nature of the reducing quinol couple must also be
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Fig 8 Diagram showing a three-dimensional representation of
a double Q-cycle that descnbes electron transfer in a dimeric
QH, cytochrome ¢ oxidoreductase Curved arrows represent
chemical equations, straight full arrows the pathway of electron
transfer Q and QH, are freely diffusible, the semuquinone
anions are fixed The pathway of protons 1s omutted The front
and posterior faces, carrying the cytochrome 5 polypeptides,
represent the membrane fractions of protomers I and II, re-
spectively Subscripts I or II indicate that Q™ 1s located in
protomers 1 and 11, respectively Cytochrome b-566 1s placed
arbitranly in protomer II and cytochrome 5-558 1n protomer 1
It 1s equally possible that cytochrome 5-558 1s in protomer I
and cytochrome b-566 1 protomer 1I The same uncertainty
applies to [2Fe-28], and [2Fe-2S], The cytochrome ¢, 1n
protomer | 1s reduced via an antimycin-sensitive pathway A
possible direct electron transfer between the two cytochrome b
polypeptides 1s not shown mn the diagram Antimycin-binding
sites are represented by ant, and those of myxothiazol by myxo
hp. high-potential, Ip, low-potential

taken into account. The finding that the two [2Fe-
28] clusters respond differently to a vanation of
pH 1ndicates that the reducing quinol couples for
[2Fe-2S], and [2Fe-2S], are not the same. Thus 1s,
indeed, the case 1n the scheme of Fig. 8, but it 1s
very well possible that the protonation states of
the various quinol and semuquinone intermediates
differ from those depicted in the scheme in Fig. §.
Following the proposal by Rich and Bendall [37,38]
that the amomic quinol, QH™, 1s a much better
reductant than QH,, 1t 1s understandable that
both the [2Fe-2S] clusters and cytochrome b, but
not cytochrome c¢,, would have pH-dependent
midpoint potentials, 1.e., a redox-hinked acid-base
group, because with the help of thus acid-base
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group the QH, can be deprotonated enzymatically
to QH™ The sequence of reactions could thus be
visualized by:

QH, [2Fe-2S]°* = QH™ [2Fe-2S)** H*
- Q'H [2Fe-28)'* H*

and similarly for cytochrome b. According to this
interpretation the pH dependence of the midpoint
potentials of cytochrome b and the {2Fe-2S] clus-
ters 1s not necessarily related to a proton-pump
function [13,40,41], but merely serves to create a
proper reductant

Although at pH 7 6 and 8.3 the reduction kinet-
ics of the [2Fe-2S] clusters and cytochromes (¢ +
¢,) are 1dentical, there 1s a large discrepancy at pH
6.6, 7.2 and 9 3. This difference in the rates of
reduction can m principle be explained by the
pH-dependent mudpoint potential of the [2Fe-2S]
clusters At pH values far below the pK of 8 the
difference between the mudpoint potentials of the
[2Fe-28] clusters and cytochromes (¢ + ¢;) 1s about
50-60 mV. This means that at the point where the
[2Fe-2S] clusters are about 90% reduced, cyto-
chromes (¢ +c;) are only 50% reduced, if the
equilibration between the prosthetic groups 1s
rapid. At pH values around and somewhat above
the pK (7.6 and 8.3) the difference in redox state
between the [2Fe-2S] clusters and cytochromes
(¢ + c;) 1s too small to be detected experimentally.
Finally, at pH values far above the pK, the mid-
pomnt potentials of the [2Fe-2S] clusters are so
much lower than those of cytochromes (¢ + ¢;)
that the cytochromes would become reduced first,
as 1s indeed found at pH 9.3 (Fig 1F). It 1s not
clear, however, why at thus pH only 75-80% of the
[2Fe-28] clusters are rapidly reducible.

It 1s, 1n principle, possible to calculate the dif-
ference 1n mudpoint potentials of the [2Fe-2S] clus-
ters and cytochrome ¢, * from the kinetic traces,
again assuming rapid equilibration. A rough calcu-

* Although the sum of cytochromes ¢ and ¢, was measured at
552 nm minus 542 nm, the preparation used contained about
10-umes as much cytochrome ¢, as cytochrome ¢ (see Ref
19), so that the effects measured are predominantly due to
cytochrome ¢,
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lation shows that at pH 7 the midpoint potential
of the [2Fe-28] clusters is about 40 mV higher,
than that of cytochrome ¢, (230 mV [42]), 1e,
about 270 mV (cf Refs. 43 and 39). At pH 9 3, the
mudpont potentials of the [2Fe-2S] clusters are
about 45 mV lower than that of cytochromes
(¢ + ¢,), indicating a pX of 79, which 1s 1n good
agreement with the value of 8 reported by Prince
and Dutton [39]. '

Cytochrome b-562 1s reduced in two phases
separated by a lag time. The lag time decreases
with increasing pH. We showed 1n our previous
communication [19] that the rapid formation of
Q.11 parallels the rapid reduction of high-poten-
tial cytochrome 5-562. From Fig. 1 1t s clear that
also the formation of Qg ;, shows two phases,
and that the second slow phase follows, kineti-
cally, the reduction of low-potential cytochrome
b-562 The amount of Qp,yy, formed both 1n the
first and the second phase increases with mncreas-
g pH as 1s to be expected from the potentiomet-
ric titrations [15,16]. The second phase of the
formation of Qg , and the reduction of low-
potential cytochrome b-562 probably proceed via
reversal of the antimycin-sensitive reaction (lp,
low-potential).

Qi+ cytochrome b2 *-562(Ip) +2H }, » QH,
+ cytochrome b**-562(Ip) ¢))]

since by the time that the reduction of low-poten-
tial cytochrome 5-562 starts the [2Fe-2S] clusters
and cytochromes (¢ + ¢;) are highly reduced. The
equilibration between DQH,, Q of the pool, low-
potential cytochrome 5-562 and Q. yy, 1s rather
slow. This may be because DQH, cannot reduce Q
of the pool directly [44], the large electron-accept-
ing capacity of the Q pool or the fact that only
sub-stoicheiometric amounts of Q, y;, are found
at equilibrium [15,16]. The equilibration of low-
potenual cytochrome 5-562 and Q. (;;, with the Q
pool 1s very rapid, withun 5 ms, as demonstrated
by the pH-jump experiment of Fig. 2. Under these
conditions the ratio Q/QH, hardly changes and
the reaction 1s given by the reversal of Eqn. 1 in
which QH, 1s the electron donor. The amount of
Q. aqny Increases because the Q/QH, and
Q. na1y’QH; couples have different pH dependen-

cies. The amount of extra Qp, 1y formed 1s equal
to the amount of extra reduced low-potential cyto-
chrome b5-562 (cf Fig 2) The latter finding and
the close correlation between the kinetics of Q1)
and low-potential cytochrome b-562 both suggest
that Qp,y, 15 indeed formed by the reversal of
Eqn. 1 and not by a reversed dismutation reaction
[11,12].

The interpretation of the experimental results
with Q-depleted particles 1s always somewhat
hampered by the question as to whether or not all
Q has been extracted. Although we could not
detect Q chemucally [45], an antimycin-sensitive
signal equal to about one-fifteenth of the con-
centration 1 normal particles could be detected. It
1s probably the Q) species formed from resid-
ual Q 1n the preparation.

The most important structural difference be-
tween Q and DQ is the hydrophobic i1soprenoid
chain. It 1s proposed that due to this hydrophobic
chain the binding affinity of Q relative to that of
DQ 1s increased and that as a consequence the
ubisemuiquinone (anion) can be stabihized, but not
the durosemuquinone This proposal 1s 1n apparent
disagreement with the finding that the time re-
quured for half reduction of cytochrome b in the
presence of antimycin 1s the same in Q-depleted
and normal particles, although the kinetics differ
(cf Fig. 3B and Fig. 10 of Ref. 19), which suggests
that DQ_, 1, the product of the oxidation of
DQH, by [2Fe-2S], (see Fig. 8), exists as an inter-
mediate. Since 1n normal particles the kinetics of
Q... and all cytochromes b are 1dentical [19] all
these species equilibrate very rapidly. If the equi-
libration time 1s shorter or the rate of electron
transfer from (D)Qg,, 1) to cytochrome b-558 fas-
ter than the dissociation and dismutation of
DQg, 11y this intermediate would exist sufficiently
long to reduce cytochrome b-558. The fact, how-
ever, that no radical signal 1s observed in Q-de-
pleted particles with antimycin, imphes that Q1)
in normal particles 1s a ubisemiquinone anion and
not a durosemuquinone amon. It follows that the
[2Fe-2S] 1s reduced in Q-contaiming particles by
ubiquinol formed by reduction of ubiquinone by
duroquinol

In Q-depleted particles both high- and low-
potential cytochrome 5-562 become reduced within
5 ms (Fig 3A). Since this rapid reduction 1s sensi-



tive to antimycin, 1t follows on the basis of the
scheme of Fig. 8 that these cytochromes » become
reduced via the QH,-oxidation site of protomer I,
the reversal of Eqn. 1 or both pathways. The fact
that only a very small amount of Q15 formed
means that low-potential cytochrome 5-562, and
consequently all other cytochromes b, can only be
oxidized at a low rate. Since the [2Fe-2S], 1s
reduced at the normal rate (Fig. 3A) (see also
below), the situation is similar to that when anti-
mycin 1s present in normal particles and 1t 1s not
surpnising that cytochromes 5-566 and b-558 be-
come reduced (see Fig. 3A) That the reduction of
these cytochromes 1s slow and incomplete may be
the result of the greater activity of the reaction 1n
which low-potential cytochrome b-562 1s oxidized
via residual Q[ ;,1n Q-depleted particles, than 1n
normal particles inhibited by antimycin

In Q-depleted particles, in the absence of anti-
mycin (Fig. 3A), the [{2Fe-28] clusters are reduced
1n two phases, each consisting of about 50% of the
total amount. The half-ime of the first phase 1s
about 12 ms, 1.e, the same as in normal particles,
and that of the second phase 1s much longer. In
the presence of antimycin (Fig. 3B) only one re-
duction phase 1s visible 1n the first 200 ms with a
t,,, of 15 ms and again only 50% of the total
amount of [2Fe-28] 1s reduced rapidly. These find-
mngs suggest that, according to the scheme of Fig. 8,
[2Fe-28], 1s reduced rapidly both in the presence
and absence of antimycin, and that the slow re-
duction of [2Fe-2S], 1s inlubited by antimycin.

The fact that the rate of reduction of [2Fe-2S],
1s independent of the presence of Q but that
(2Fe-28], reduction 1s greatly inhibited by extrac-
tion of Q fits nicely with the proposal of Fig. 8 in
which [2Fe-2S], becomes reduced wvia a semu-
qumone anion. Apparently, this species cannot
exist long enough in Q-depleted particles to reduce
[2Fe-28), It 1s puzzling, however, that n Q-de-
pleted particles 1n the presence of antimycin, [2Fe-
28}, 1s completely reduced while cytochromes (¢ +
c,) are fully oxidized, whereas in the absence of
antimycin the redox states of the [2Fe-2S] clusters
and cytochromes (c +c¢,) are indistinguishable.
Moreover, In normal particles 1n the presence of
antimycin, [2Fe-2S], becomes, 1n part, transiently
reduced (see Fig. 10 of Ref 19) while in Q-de-
pleted particles the oxidation phase 1s apparently
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absent (see Fig. 3B). In these cases the discrepancy
between the redox state of the [2Fe-2S] clusters
and cytochromes (¢ + ¢,) cannot be ascribed to
the pH-dependent midpoint potentials of the [2Fe-
28] clusters. It 1s possible that antimycin alone or
the combination of addition of antimycin and
Q-depletion results 1n an increase of the midpoint
potentials of the [2Fe-28] clusters in a fashion
similar to the effect of some Q analogues [20,46].

It can be concluded from the EPR spectra of
Fig 4 that both antimycin and myxothiazol affect
the two resonances at g = 3.44 and that at g= 3.78
In addition, these mhibitors seem to decrease the
mtensity of the broad resonance at g=3.71 (cf.
trace A with traces B-D and Ref. 25). The ob-
servation that the EPR spectral shifts induced by
antimycin or myxothiazol are of the same order of
magnitude, although of opposite direction, on the
resonance at g=3.44, and that both mhibitors
sharpen the g = 3.78 resonance 1n a simlar way, is
1 apparent contrast to the preferential shifts on
cytochrome 5-566 and b-562 by myxothiazol or
antimycin, respectively, 1n the optical spectra The
fact that the EPR spectra mainly reflect the prop-
erties of the Fe(IIl) and the optical spectra those
of the haem moiety may be relevant in this con-
text, but the fact that in the EPR spectra the
cytochromes are studied 1n the oxidized state and
in the optical spectra in the reduced state may also
be important. This 1s illustrated, for instance, by
the finding that antimycin and/or myxothiazol
sharpen the g = 3 78 resonance 1n the ascorbate-re-
duced enzyme but not in the oxidized enzyme
(Fig. 4, inset). This suggests that reduction of the
[2Fe-28] clusters and /or cytochrome ¢, has a pro-
found mfluence on the configuration of the en-
zyme [47]. A similar conclusion can be drawn from
the observation that some inhibitory Q analogues
bind much more firmly to the (ascorbate-) reduced
enzyme than to the oxidized one [20,46].

The spectral effects on the b-type cytochromes
mnduced by antumycin or myxothiazol cannot be
related unequivocally to the way in which they
exert their inhubitory action. However, the effect of
myxothiazol on the EPR spectrum of cluster 1,
which 1s not necessarily 1dentical to [2Fe-2S]; of
Fig. 8 (see for a discussion on this point Ref. 19),
suggests that this inhibitor displaces the ubiquinone
bound in the vicinity of cluster 1 (see also Refs 9,
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19 and 20) and that, consequently, QH, and Qg
cannot bind to this site, so that the [2Fe-2S] clus-
ters and cytochrome ¢, remamn oxidized. Since
neither [2Fe-2S] cluster can be reduced if
myxothiazol 1s present, we have to postulate that
myxothiazol binds to the QH,-binding domains
near both [2Fe-2S], and [2Fe-2S], on protomer I
and II, respectively. This proposal 1s corroborated
by the finding that the imitial rapid reduction of
high-potential cytochrome 5-562 1s inhibited by
myxothiazol (Figs. 6 and 7). According to the
scheme of Fig. 8 thus is the result of the mhibition
of the oxidation of QH, by cytochrome b-566 1n
protomer I. Thus, in the presence of myxothiazol
or after BAL + O, treatment the two cytochromes
b-562 can only become reduced via reversal of the
antimycin-sensitive reaction of Eqn 1. This reac-
tion 15 very rapid (cf. Figs 2, 6 and 7). The
observation that low-potential cytochrome 5-562 1s
reduced first 1s 1n agreement with the scheme of
Fig. 8 and shows that electron transfer between
the two cytochromes b-562, mediated by Q,,;,and
Q/acry 18 slower than the reduction of low-poten-
tial cytochrome 5-562 by QH,, 1e., 7, ,, =15 ms
vs less than 5 ms at pH 8.5 The fact that at pH
7.2 the two reduction phases of the cytochromes
b-562 are not clearly visible (Fig 7F) may be due
to the different pH dependencies of the two reac-
tions. Our explanation for the lag time between
the reduction of high- and low-potential cy-
tochrome b-562 1n the absence of inhibitors as
given previously [19] 1s consistent with the findings
that this lag time 1s not observed 1n the presence of
myxothiazol (or antimycin) and that the imtial
rapid reduction of high-potential cytochrome 5-562
1s inhibited by antimycin and/or myxothiazol
These observations, particularly those in which
the [2Fe-2S] clusters are reduced biphasically, all
sustain and corroborate the proposal of the double
Q-cycle of Fig. 8 and are absolutely irreconcilable
with the schemes of a monomeric Q-cycle [5,11,12].
The effect of pH on the reduction kinetics of the
prosthetic groups permuts several refinements as to
the protonation states of the various quinol /semu-
qumnone and semmquinone/quinone oxidation-re-
duction couples, but at the moment any assign-
ment 1n more detail would be too speculative.
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