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Abstract

The experimental data currently available suggest that QH,:cytochrome ¢
oxidoreductase functions according to a Q-cycle type of mechanism. The
molecular weight of the enzyme in a natural or artificial phospholipid bilayer
or in solution corresponds to that of a dimer. The pre-steady state kinetics of
reduction of the prosthetic groups indicate that the enzyme is functionally
dimeric. A double Q cycle is proposed, describing the pathway of electron
transfer in the dimeric QH,: cytochrome ¢ oxidoreductase. According to this
scheme, the two monomeric halves of the enzyme act in a cooperative fashion
to complete the catalytic cycle. It is proposed that high-potential cytochrome
b-562 and low-potential cytochrome 5-562 act cooperatively, viz. as a functional
pair, in the antimycin-sensitive reduction of ubiquinone to ubiquinol.

Key Words: QH, : cytochrome ¢ oxidoreductase; EPR; pre-steady state kinetics;
electron transfer.

Introduction

The QH,: cytochrome ¢ oxidoreductases® play a central role in the energy
metabolism of mitochondria, aerobic bacteria, photosynthetic bacteria,
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> Abbreviations: QH, : cytochrome ¢ oxidoreductase: refers in general to the enzyme from (photo-
trophic) eukaryotes and (phototrophic) prokaryotes; Q, Q ~, and QH, : (ubi)quinone, (ubi)semi-
quinone anion, and (ubi)quinol, respectively; BAL: British Anti-Lewisite (2,3-dimercapto-
propanol); DBMIB: 2,5-dibromo-6-methyl-3-isopropyl-1,4-benzoquinone; DQ, DQ ™, and
DQH,: duroquinone, durosemiquinone anion, and duroquinol, respectively; DTNB: 5,5'-di-
thiobis(2-nitrobenzoate); HMHQQ: 7-(n-heptadecyl)mercapto-6-hydroxy-5,8-quinolinequinone;
HQNO: 2-n-heptyl-4-hydroxyquinoline N-oxide; NQNO: 2-n-nonyl-4-hydroxyquinoline N-
oxide; UHDBT: 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazol; UHNQ: 3-undecyl-2-hydroxyl-
1,4-naphthoquinone; 5-562: cytochrome 5-562 from mitochondria or its counterpart in chromato-
phores, cytochrome b-560; 5-562(hp): high-potential cytochrome 5-562 (&,55 in chromatophores);
b-562(1p): low-potential cytochrome 5-562 (b5, in chromatophores); E,: the ambient redox
potential; E, : redox midpoint potential.
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chloroplasts, and cyanobacteria. The QH,:cytochrome ¢ oxidoreductase
from mitochondria and aerobic bacteria constitutes the middle segment of
the respiratory chain; during its catalytic action protons are translocated
across the membrane and the protonmotive force that is consequently
generated drives the synthesis of ATP from ADP + P, catalyzed by the
ATP-synthase. Likewise, the QH,: cytochrome ¢, oxidoreductase from photo-
synthetic bacteria is involved in cyclic photophosphorylation, and the
PQH,: plastocyanin (¢-553) oxidoreductase from chloroplasts and cyano-
bacteria in both cyclic and linear photophosphorylation.

The basic content of prosthetic groups of these three types of enzyme is
the same, i.e., one 2Fe-2S cluster, one cytochrome ¢, (or f), and one cyto-
chrome b, carrying two heme groups. In addition, the values of the midpoint
potentials of the electron-transferring groups are similar in the various
enzymes, and the polypeptides containing prosthetic groups are also struc-
turally closely related, as indicated, for instance, by the extensive homology
of the primary structure of cytochrome & from different organisms (Saraste,
1984; Widger et al., 1984). This, then, suggests that the molecular mechanism
of electron transfer coupled to proton translocation is similar, if not identical,
in the QH,: cytochrome ¢ oxidoreductases from the different organisms.

In the following, diagrams describing electron transfer in QH,: cyto-
chrome ¢ oxidoreductase are discussed. After the notion that linear and
branched-linear schemes do not adequately describe the pathway of electron
transfer in the enzyme, the Q-cycle and the b-cycle schemes are treated
shortly. The reader is referred to the accompanying papers and the references
cited there and in this paper for a more complete discussion on the two
“cycles.” In this paper the distinction between the Q cycle and the b cycle is
emphasized and the experimental data favoring the Q cycle are discussed.
After this, structural and kinetic data are presented revealing the dimeric
state and mechanism of action, respectively, of the QH,:cytochrome ¢
oxidoreductase. The observations are interpreted in terms of a double
Q-cycle scheme describing the pathway of electron transfer in the dimeric
enzyme.

Electron Transfer Schemes

Linear and Branched-Linear Pathways of Electron Transfer

It was found by Deul and Thorn (1962) in 1962 that after addition of
antimycin to particles treated with BAL (4 O,) cytochrome & is no longer
reducible by substrate, whereas in the presence of cither antimycin or BAL
cytochrome b is still reducible (Slater, 1949; Chance, 1958). From this
observation Deul and Thorn concluded that antimycin and BAL (4 O,) act
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on different sites, but more importantly that this experimental finding is
“difficult to explain in terms of conventional (viz. linear) representations of
the respiratory chain.”

About 10 years later, Wikstrom and Berden (1972) proposed a scheme
that may be called a branched-linear scheme to describe the well-known
phenomenon of oxidant-induced reduction of cytochrome b in the presence
of antimycin. Although their kinetic interpretation gives a full account of this
phenomenon, also under conditions that extra reduction of cytochrome b
occurs in the absence of antimycin (Erecinska and Wilson, 1972), this scheme
does not explain the observation made by Deul and Thorn. Likewise the
scheme proposed by Papa et al. (1982) is not consistent with this observation.

Somewhat ironically the outcome of the experiment of Deul and Thorn
was unknown to many and forgotten by others (cf. Slater, 1981), and it was
the Wikstrom and Berden model that served as an important source of
inspiration for both the Q cycle and the b cycle.

Cyclic Electron-Transfer Pathways

The Q-cycle diagram proposed by Mitchell (Mitchell, 1975a, b, 1976;
Kroger, 1976) and the b cycle of Wikstrom and Krab (1980) both elegantly
describe the phenomenon of oxidant-induced reduction of cytochrome b and
explain the observations of Deul and Thorn.

Shortly after the proposal of the Q cycle, experimental evidence support-
ing a cyclic pathway of electron transfer was reported by Trumpower (1976)
who showed that extraction of a protein, called oxidation factor, from the
reductase prevents the reduction of cytochrome b by substrate if antimycin
is also present, i.e., similar to Deul and Thorn’s observation. When it was
later found that both the oxidation factor and the BAL-labile factor are the
Rieske Fe-S protein (Trumpower and Edwards, 1979) and cluster (Slater and
de Vries, 1980), respectively, the role and function of this prosthetic group
became clear (Slater, 1981; Bowyer ef al., 1981a; Bowyer and Trumpower,
1981).

Several variants of the experiment of Deul and Thorn have since been
published. Thus instead of antimycin, any of the inhibitors HQNO, NQNO
(van Ark and Berden, 1977; van Ark, 1980), diuron (Convent and Briquet,
1978), and funiculosin (Briquet ez al., 1981) can be employed in combination
with any one of the “BAL type” of inhibitors mucidin (Briquet and Goffau,
1981; Subik er al., 1974), myxothiazol, oudemansin, and strobilurines
(Thierbach and Reichenbach, 1981, von Jagow and Engel, 1981; von Jagow
et al., 1984), the —SH reagent DTNB (Marres et al., 1982). UHDBT (Bowyer
and Trumpower, 1981; Bowyer ef al., 1981a, 1982), HMHQQ (Zhu et al.,
1982a), UHNQ (Matsuura et al., 1983), and stigmatellin (Thierbach et al.,
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Fig. 1. Four variants of the Q cycle (A, B, C, D) and the b-cycle scheme (E see p. 199) showing
the pathway of electron transfer in QH,: cytochrome ¢ oxidoreductase. Straight full arrows
represent electron transfer; curved arrows, chemical equations. The pathway of the protons is
omitted. Dotted arrows represent a possible (direct) electron transfer from the dehydrogenases
(Mitchell, 1976; van Ark, 1980; Bowyer and Trumpower, 1981; Bowyer ez al., 1982) and/or a
reversed dismutation reaction (van Ark, 1980; Slater, 1981; Zhu et al., 1982a, b). Q and QH, are
freely diffusable; the semiquinone anions are fixed. Antimycin-binding sites are represented by
ant, those of myxothiazol by myxo. See also Wikstrém and Krab (1980), Wikstrom and Saraste
(1984), Crofts et al. (1983), Rich (1984), Bendall (1982), and Hauska er al. (1983) for detailed
discussions on Q cycles and b cycles.

1984; von Jagow and Ohnishi, 1985). In all cases, the combination of an
antimycin-type inhibitor with a BAL-type inhibitor prevents the reduction of
cytochrome b by substrate, and in fact prevents reduction of any prosthetic
group including the formation of semiquinone anions (cf. de Vries et al.,
1981a). If the quinone analogues UHDBT or HMHQQ are added at
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sufficiently high concentrations, they alone will inhibit all electron-transfer
reactions in the enzyme (Zhu ez al., 1982a; Bowyer and Crofts, 1978; de Vries
and Dutton, 1985).

These experiments indicate that the QH,: cytochrome ¢ oxidoreductase
contains two independent routes to reduce cytochrome b. One, the Q,,, route,
involves the Rieske Fe-S cluster and is inhibited by the “BAL type” of
inhibitors; the other one, the Q,, route involving cytochrome 5-562, is inhi-
bited by the antimycin-like inhibitors (see Fig. 1).

According to the Q cycle (Mitchell, 1975a, b, 1976) two different specific
semiquinones are involved in each electron-transfer pathway during steady-
state turnover. One, namely Q,,, reduces cytochrome & (i.e., cytochrome
b-566) and the other one, Qi , oxidizes cytochrome b (i.e., cytochrome
b-562). In fact, two different semiquinone anions have been detected by EPR,
and, more importantly, their thermodynamic and kinetic characteristics as
well as their responses to various inhibitors are exactly those expected for the
semiquinones of the Q cycle (Mitchell, 1976). Thus, the Q;, is both detectable
under conditions of redox equilibrium (Konstantinov and Ruuge, 1977,
Ohnishi and Trumpower, 1980; de Vries et al., 1980, 1982b; Wei et al., 1981;
Robertson et al., 1984b) and in the pre-steady state (de Vries et al., 1982a,
1983), its maximal concentration amounting to 0.5 Q;, /c,. It is absent in the
presence of antimycin, but not affected by BAL (+ O,) treatment or addition
of myxothiazol. The maximal concentration of Q;, in the bovine heart
enzyme is obtained at E, = 80-85mV (pH 7) and since E,;(Q,,)) = 90mV
(Takamiya and Dutton, 1979), this indicates that Q and QH, bind to this site
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with about equal affinity. However, in the chromatophore system QH, binds
100 times more tightly to this site than Q (Robertson et al., 1984b).

The other semiquinone anion, Q;, is only detectable under nonequi-
librium conditions, e.g., during oxidant-induced reduction of cytochrome b
in the presence of antimycin, and its maximal concentration amounts to
0.1-0.15Q; /c; (de Vries ef al., 1981a). In particles treated with BAL (+0O,),
Q;: could not be detected.

All these observations are in perfect agreement with the Q cycle. More-
over, the mere detection of Q;; under conditions of oxidant-induced reduc-
tion of cytochrome 4 in the presence of antimycin, combined with the finding
that a functional Fe-S cluster is required for the reduction of cytochrome b
in the presence of antimycin, proves (cf. Mitchell, 1976; Slater, 1981) that (a)
oxidation of QH, via the Q,, route is not a concerted reaction (contrast
Crofts er al., 1983) but rather a consecutive one (de Vries er al., 1981a; Rich,
1984), and (b) that QH, is the electron donor to the Fe-S cluster and that the
product of this reaction Q. is the reductant for cytochrome b (b-566).
Furthermore, the experimental detection of Q;,, itself seems to invalidate the
proposal of the & cycle since according to this scheme the enzyme contains
only one Q (Q~, QH,) binding site. However, in a recent paper Wikstrom
and Saraste (1984) outline that the existence of two different semiquinone
anions can be accommodated in the b-cycle scheme. They suggest that Q- is
bound in a pocket and that the quinone ring is able to flip-flop between two
domains, the Fe-S/b-566 domain (in which case the semiquinone anion has
the properties of Q) and the 5-562 domain (in which case Q™ shows up as
Qi )-

According to the b cycle a full catalytic cycle of the enzyme comprises
two turnovers by the Fe-S cluster. The electron-transfer reactions that occur
can be written as (protons omitted):

First turnover: QH, + ¢ EZ—S» Qum + (1)
Qo + 5-562°* 225 Q + b-5627* )

Second turnover: QH, + ¢&* ffli» Quu + (1)
Qi — Qi (flip-flop) €)

Qi + b-562** == QH, + b-562°" )

Sum " 2QH, + 2% — QH, + Q + 2 5

The recognition that two species of semiquinone anion are also active accord-
ing to the b cycle makes the distinction between the Q cycle and the b cycle
rather small inasmuch as electron transfer is concerned. In fact, studies of
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cyclic electron transfer in bacterial chromatophores or in the so-called hybrid
system are consistent with both Q-cycle (Crofts et al., 1983; Crofts and
Wraight, 1983; Meinhardt and Crofts, 1983; Dutton and Prince, 1978; Prince
et al., 1982) and b-cycle (cf. Matsuura and Dutton, 1981) types of electron-
transfer schemes. Recently, Crofts et al. (1983) proposed a double-turnover
Q cycle, but, in my opinion, their experiments do not discriminate between
Q or b cycle and may even favor the latter.

The Q cycle and the b cycle are distinct in two ways. The first distinc-
tion concerns the number of Q binding sites which is equal to two for the
Q cycle and one for the b cycle. Recently, Robertson ez al. (1985) showed
that the QH,: cytochrome ¢, oxidoreductase from a mutant strain of Rhodo-
pseudomonas capsulata still contains the antimycin-sensitive Q;,, but lacks all
the characteristics associated with the Q,,, binding domain as evidenced by
the absence of quinol-mediated reduction of cytochromes (¢, + ¢,) and by
the absence of the effect on the EPR spectrum of the Fe-S cluster induced by
ubiquinone, i.e., Q,,, which is bound closely to this cluster (cf. de Vries et al.,
1982a). Furthermore, it is shown by de Vries and Dutton (1985) that in the
hybrid system the extent of reduction of cytochrome b titrates out upon
addition of one UHDBT per cytochrome c¢;, either in the presence of
antimycin (in which case UHDBT inhibits electron transfer via the Q,,
route), or in the presence of myxothiazol [when UHDBT inhibits (the reversal
of) reaction (4), viz. the reduction of cytochrome 5-562 via the Q,, route].
However, two UHDBT per cytochrome ¢, are required to completely inhibit
reduction of cytochrome b in the absence of additional inhibitors, in which
case UHDBT inhibits both the Q,, and the Q,, route. These experimental
findings are difficult to reconcile with the b cycle.

The second distinction between the two cycles is related to the rate of
reaction (3). According to the b cycle this reaction is simply a flip-flop that
must occur as fast as or faster than turnover. According to the Q cycle, such
a reaction designates a net electron transfer than can formally be written as

Q.o;t =+ Qin E— Qout + erf (6)

This reaction is not permitted at the time scale of turnover unless, of course,
the electron transfer goes via b-566 and b-562. This, then, allows the follow-
ing experimental distinction between the two models (Bowyer and Trumpower,
1981; Wikstrém and Saraste, 1984). A pulse of O, given to fully reduced
submitochondrial particles should lead to the instantaneous oxidation of
cytochrome b according to the b cycle, but according to the Q cycle the
oxidation is expected to start after a lag period, the length of which may be
given by the rate of reaction (6) and/or by the rate of dismutation of Q.
Such a lag period has, indeed, been observed (de Vries, 1983). In addition, in
a variant of this type of experiment carried out in the hybrid system (de Vries
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and Dutton, 1985), the rate of oxidation of cytochrome b (b-562 as well as
b-566) is found to decrease with increasing redox state of the Q pool, whereas
the rate of turnover, viz. the rate of reduction of cytochrome ¢ + ¢,, remains
constant, exactly as expected from the Q-cycle scheme but in conflict with the
b cycle.

The Dimeric Structure of QH,: Cytochrome ¢ Oxidoreductase

Determination of the Molecular Weight

Tzagoloff et al. (1965) have determined the molecular weight of the
purified QH,: cytochrome ¢ oxidoreductase from bovine heart dispersed in
cholate. They determined the s value but neither the diffusion constant nor
the partial specific volume. Their calculated molecular weight, corrected for
bound lipid and detergent, corresponds to that of the monomeric enzyme.

We have repeated these experiments (de Vries, 1983) and found the same
s value as Tzagoloff et al. (1965). In addition, the diffusion constant and the
partial specific volume (7 = 0.83ml/g!) were determined. The molecular
weight, corrected for bound lipid and detergent, equals 430,000, correspond-
ing to that of the dimer.

The enzyme from Neurospora crassa or bovine heart dispersed in Triton
X-100 is also dimeric (von Jagow et al., 1977, Weiss and Kolb, 1979).

Recently, Nalecz ef al. (1985) and Nalecz and Azzi (1985) proposed that
the enzyme dispersed in lauryl maltoside is predominantly monomeric at low
salt concentrations and dimeric in 50 mM KCl. The monomeric and dimeric
enzymes can be separated on a gel filtration column.

Ultracentrifuge experiments with the enzyme preparation treated exactly
as by Nalecz er al. (1985) were performed at 0 and 50 mM KCI (Fig. 2). In
both media a single homogenous species was observed sedimenting with the
same s value. Essentially the same s value (16.2) is found for the dimeric
enzyme dispersed in cholate (de Vries, 1983). Under all conditions tested the
enzyme is dimeric.

EPR Properties of the Two Rieske [2Fe-2S] Clusters

QH,: cytochrome ¢ oxidoreductase shows a rhombic EPR spectrum
when reduced with ascorbate with g, ,, = 2.02, 1.90, 1.80 as first described
by Rieske et al. (1964a, b, ¢). The signal strongly resembles these of [2Fe-2S5]
clusters (Gibson et al., 1966).

It was noticed that the g, resonance shifts from g, = 1.80 to 1.78 and
broadens when, instead of ascorbate, succinate or dithionite is used as
the reducing agent (Rieske et al., 1964a, b, c). Orme-Johnson et al. (1971)
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Fig. 2. Traces of a sedimentation velocity experiment with the QH,:cytochrome ¢ oxido-
reductase purified according to Rieske (1967). The enzyme was treated with lauryl maltoside and
subsequently dialyzed exactly as by Nalecz ef al. (1985). Prior to ultracentrifugation, the enzyme
was diluted 20-fold to a protein concentration of 0.5mg/ml with a 10mm Tris-HCl buffer
(pH 7.4), 0.1% lauryl maltoside with or without 50 mM KCl. The traces were recorded at 6 min
interval, 45.000 rpm, 20°C and 429 nm.

suggested that this effect accompanies the reduction of cytochrome 5-562. We
found that it is the redox state of Q that is responsible for this effect (de Vries
et al., 1978, 1979) and that in the presence of oxidized Q g, is at g = 1.80,
whereas in the presence of QH, or in the total absence of ubiquinone the g,
line is broadened and shifted to g = 1.78. Similar findings have been made
for the enzyme from yeast mitochondria (Siedow ez al., 1978).

In addition to ubiquinone the (oxidized) inhibitory quinone analogues
HMHQQ, UHDBT, and UHNQ all specifically affect the EPR lineshape
(Bowyer et al., 1982; Zhu et al., 1982a; Matsuura er al., 1983), as does
myxothiazol but not antimycin (de Vries et al., 1983). The effect of Q (and
HMHQQ) is not observed in preparations that are not able to oxidize QH,
via the Q. route (as, e.g., in the enzyme modified by DTNB (Marres ef al.,
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Fig. 3. EPR spectra recorded at X-band (9.3 GHz) and P-band (14.7 GHz) frequencies of the
Rieske Fe-S clusters as present in purified QH,: cytochrome ¢ oxidoreductase reduced with
ascorbate (Asc) or with the fumarate/succinate (fum/succ) redox couple. See the legends to
Figs. 1 and 8 in de Vries ef al. (1979) for the method of sample preparation. The same sample
(in the same tube) was run on the X-band and P-band spectrometers. The resolution in two Fe-S
clusters [called cluster 1, with the relatively sharp resonances, and cluster 2 (cf. de Vries et al.
1978, 1979)] is much better visible in the P-band spectra. The molar ratio of cluster 1 and cluster
2 (1:1.17) is the same for the two P-band spectra and similar (1:1.22) to that of the X-band
spectrum of the sample reduced with ascorbate. The values of g, and g, of clusters 1 and 2 as
determined by the simulation of the X-band spectrum (top left) are the same as in the P-band
spectra. The values of g, of clusters 1 and 2 in the P-band are not the same as found in the
X-band. Upon reduction of Q (compare upper and lower traces) the position of the maxima of
the resonance lines shifts in the X-band spectra but not in the P-band spectra. EPR conditions
X(P)band: frequency 9.318 (14.784) GHz; temperature 36 (25) K; microwave power 2 (2) mW;
modulation amplitude 0.63 (0.4) mT.

1982) or in a specific mutant of Rhodopseudomonas capsulata (Robertson
et al., 1985) but otherwise contain an intact Rieske Fe-S cluster.

The effect of changing the redox state of Q on the EPR lineshape of the
Rieske Fe-S cluster is not confined to the g, resonance, but also manifest in
the g, and g, lines (cf. Fig. 3 and de Vries et al., 1979)).

Also, the latter lines broaden and shift, although the shift in g, is very
small.

The X-band EPR spectra of the Fe-S cluster reduced with ascorbate or
the fumarate/succinate couple (Fig. 3) cannot be satisfactorily simulated as
a single component. Computer simulation of the former signal, recorded at
the X-band, indicated that it is an overlap of two signals in a 1:1 weighted
molar ratio originating from two slightly different Rieske Fe-S clusters. The
relatively sharp signal is, arbitrarily, called cluster 1, and the broader one
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cluster 2. It was further concluded from the X-band spectra that only the
resonance lines of cluster 1 broaden and shift upon reduction of Q and, in
fact, in such a way that cluster 1 and 2 are no longer clearly distinguishable
(de Vries et al., 1978, 1979, 1982a).

The interpretation that the signal in Fig. 3 (top left) is an overlap of two
signals was recently criticized by Hagen (1981, 1982). However, later Hagen
et al. (1985a, b) showed that this signal indeed cannot be simulated as a single
component, not even with a sophisticated simulation program that includes
the concept of g-strain. Even more convincing evidence that the signal is an
overlap of two signals comes from the spectra of the same samples recorded
at P-band frequencies (Fig. 3). The resonance lines of the two clusters are now
much better separated and it is clear that also the spectrum of the sample
reduced with the fumarate/succinate couple is an overlap of two signals.
However, and this is at variance with our previous interpretation from the
X-band spectra, one has to conclude from the P-band spectra that the lines
of both cluster 1 and cluster 2 broaden upon reduction of Q and that the
g-values remain the same (cf. upper and lower traces in Fig. 3).

The X-band EPR spectrum of the Rieske Fe-S clusters of Paracoccus
denitrificans can be simulated with exactly the same set of parameters used for
the spectrum of bovine heart particles reduced with ascorbate (Albracht
et al., 1980). In addition, the spectra of the Rieske clusters in horse heart
(de Vries, unpublished), in yeast (Siedow et al.,, 1978), and in bacterial
chromatophores (Matsuura et al., 1983; Prince, 1983) are all very similar if
not identical to that of bovine heart. Nevertheless, the EPR spectrum of the
Rieske Fe-S cluster in chloroplasts or the purified b/f complex does not show
any of the above-mentioned features (Malkin, 1981; Hurt ez al., 1981). In the
presence of DBMIB, however, the spectrum seems to consist of two signals
in an approximate 1:1 ratio (Hurt ez al.., 1981).

It is concluded that the QH, : cytochrome ¢ oxidoreductase contains two
EPR-distinguishable [2Fe-28S] clusters, each in a concentration half of that of
cytochrome ¢,, and both have similar if not identical redox midpoint poten-
tials (Prince and Dutton, 1976).

Multiplicity of Cytochrome b as Determined by EPR

Previously we have analyzed the EPR spectrum of the cytochromes in
purified QH, : cytochrome ¢ oxidoreductase (de Vries ef al., 1979, 1982a) and
concluded that the spectrum of the enzyme reduced with ascorbate is an
overlap of four g, resonances originating from 5-566 (g, = 3.78 or 3.71),
b-558 (g, = 3.71 or 3.78), b-562(Ip) (g, = 3.45), and b-562(hp) (g, = 3.42).
The area under each curve was determined and, using a newly devised
method (de Vries and Albracht, 1979), the concentration of each of the
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resonances was calculated to correspond to half the concentration of cyto-
chrome ¢,. Both the four-component analysis and the method of quantitation
have been criticized by Salerno (1984).

The method of quantitation was tested with several low-spin heme
compounds. It was also used by others (Aasa ef al., 1981; Bergstrém and
Vinngérd, 1982) to determine the concentration of the cytochromes in several
different species or of the a,—CN complex with g, = 3.6 (Hagen, unpub-
lished). In all these cases the optically determined concentrations and those
determined by EPR are in good agreement. When applied to the purified
reductase, the concentration of cytochrome ¢, determined by the two
methods agrees to within 4%. In addition, the b/c, ratio determined by EPR
gives 1.95 or 2.11, dependent on whether the resonances at g = 3.78 and 3.71
are treated as a single species or as two (de Vries et al., 1979). Both these
ratios are not significantly different from that determined optically or chemi-
cally, justifying the assumptions made in the quantitation procedure, namely
that the orbital reduction factor is close to 1 and that the sum of the squares
of the g values is close to 16. In fact, Salerno (1984) arrives at the same
conclusion concerning the values of these quantities. Also Salerno must
implicitly make use of an algorithm similar to the one derived by de Vries and
Albracht (1979) to estimate the concentration of the cytochromes, because
his simulation is limited to the absorption-like features of the EPR-powder
spectrum (i.e., the g, line, in which case only a single orientation is calcu-
lated), instead of simulating and integrating the whole spectrum (in which
case an “infinite” number of orientations are calculated; cf. Hagen, 1981,
1982; Hagen et al., 1985a, b). Of course, I agree with Salerno’s explanation
as to why the resonance line at g, = 3.78 is so asymmetric. However, and in
contrast to the statement by Salerno, this asymmetric line was nof simulated
by de Vries et al. (1979) but, instead, the lineshape, obtained at 200 mW
microwave power, was used in the simulation of the spectrum, assuming that
such an asymmetric line originates from a single cytochrome b (i.e., b-566 or
b-558).

The resolution of the EPR spectrum of the enzyme reduced with ascor-
bate into four components, three symmetrical and one asymmetrical, has also
been criticized by Salerno (1984). As explicitly mentioned by him, his spectra
were recorded under power-saturating conditions, which, in fact, is clearly
seen from the small amplitudes of the lines at g = 3.44 and 3.71 relative to
that at g = 3.78 (i.e., about two times smaller than in the spectra recorded
under nonsaturating conditions shown by de Vries ef al., 1979). Power
saturation often leads to deformation of the lineshape (Hagen, 1982), in
particular to that of the lines at g = 3.44 and 3.71 (cf. Fig. 12 of de Vries
et al., 1979). In addition, the 20-G modulation amplitude used by Salerno is
much too large to obtain the true lineshape of the resonance at g = 3.78.
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Power saturation and overmodulation are very likely the reasons why Salerno
concluded that the EPR spectrum of the enzyme reduced with ascorbate
contains the resonances of only two cytochromes b.

On the Nature of High-Potential Cytochrome b-562

Potentiometric titrations in mitochondria (Dutton et al., 1970, 1972;
Berden and Opperdoes, 1972; Berden et al., 1972) and bacterial chromato-
phores (Dutton and Jackson, 1972; Bowyer et al., 1981b) reveal, in addition
to cytochrome b-566/558, the presence of two other cytochromes b. In
mitochondria they are called high-potential cytochrome b-562 (E,, =
130-150 mV) and low-potential cytochrome 5-562 (E,; = 40—60mV), in the
chromatophores b,s; and by, respectively. In both types of membranes, the
spectral contribution of the cytochrome with the lower value of E,, is about
twice that of the one with the higher value of E,,.

Since, however, b-562(hp) or b,s; are apparently not present in the
purified enzyme preparations from mitochondria or chromatophores (Leigh
and Erecinska, 1975; Riccio et al., 1977; T’sai and Palmer, 1983; Gabellini
and Hauska, 1983), and since they are sometimes not observed in pigeon-
heart mitochondria or in intact chromatophores (Dutton et al., 1972; Crofts
et al., 1983; Glaser et al., 1984), it is often assumed that »-562(hp) and b,
do not form an integral part of the QH, : cytochrome ¢ oxidoreductase. In the
following this view is challenged.

Employing potentiometric titrations, van Wielink et al. (1982) detected
b-562(hp) in the enzyme purified according to Hatefi ez al. (1961).

Its presence is also inferred by the potentiometric titrations shown in
Fig. 4 using the preparation of Rieske (1967). In addition, the kinetics of
reduction of 5-562 by DQH, in both submitochondrial particles and the
succinate : cytochrome ¢ reductase (Jin et al., 1981; Tsou et al., 1982; de Vries
et al., 1981b, 1982a, 1983) shows two phases of reduction, separated by a lag
period, that can be ascribed to reduction of b-562(hp) and b-562(Ip), respec-
tively (de Vries et al., 1982a, 1983). Also, two different EPR signals and two
different low-temperature optical spectra are observed in the course of reduc-
tion of cytochrome 5-562 (de Vries ef al., 1979, 1982a; Salerno, 1984).

Furthermore, it was shown by Berden and Opperdoes (1972) that in
mitochondria from bovine heart the E,, of b-562(hp) is decreased by 50 mV
upon addition of antimycin, without any effect on the E,, of 5-562(Ip). The
effect of antimycin in itself implies that 5-562(hp) forms part of the enzyme.
As shown in Fig. 4, antimycin in the purified enzyme has the same effect as
in the mitochondria. It is concluded that 5-562(hp) is a functional prosthetic
group of the enzyme and that its apparent absence in the more purified
preparations, where the E,, values of the two cytochromes are closer than
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in the particulate preparations, cf. Fig. 4, is due to the limits of resolution of
the technique of potentiometric titrations (Dutton, 1978). However, kinetic
studies easily resolve the two species of b-562.

In the previous sections evidence has been reviewed indicating that the
minimal enzymic unit of the QH, : cytochrome ¢ oxidoreductase is twice that
based on its cytochrome ¢; content. The dimeric enzyme consists of two
monomers with identical primary structure as inferred by genetic studies (van
Loon et al., 1984). However, when brought together in the dimeric enzyme
the one monomer may be distinguished from the other by the presence of
either Fe-S cluster 1 or 2 or by the presence of b-562(hp) or b-562(Ip). As to
cytochrome 5-566/558, the possibility that the absorption maxima reflect a
split a-band, despite the observations by Wikstrom (1973) and Higuti et al.
(1975), must be seriously considered as well as the possibility that the sum
spectra of the asymmetric g, = 3.78 line and the symmetric g, = 3.71 line
originates from two identical cytochromes 5-566/558 (cf. Salerno, 1984)
present in the two monomeric halves, as in the case of cytochrome ¢,. The
small differences between the two Fe-S clusters and the cytochromes 5-562
may be caused by specific interactions, ¢.g., hydrophobic and/or electrostatic,
along the boundary joining the two monomeric halves.

Mechanism of Action of the Dimeric QH,: ¢ Oxidoreductase

We have previously proposed a scheme describing the pathway of
electron transfer in the dimeric enzyme (de Vries et al., 1982a, 1983; Slater,
1983). This proposal is based on observations as discussed in the previous
section and on an analysis of the pre-steady state kinetics of reduction of the

Fig. 4. Potentiometric titrations (top) and the effect of antimycin on the redox state of cyto-
chrome b-562 (bottom) in QH,: cytochrome ¢ oxidoreductase purified according to Rieske (1967).
Potentiometric titrations were carried oyt as by Dutton (1978). Top: the points of cytochrome
b-566/558 and cytochrome ¢, are fitted with an n = 1 Nernst curve. The dotted (truncated) lines
through the data points of cytochrome 5-562 is an n = 1 curve with Ey,, = 55mV. The
continous line through these points is a.simulation assuming the presence of two cytochromes
b-562 (bothn = 1) with E, ;4 = 40 and'95mV and in a 2: 1 spectral ratio, respectively. Bottom:
optical difference spectra (the sample reduced with ascorbate served as the reference) in which
the redox state of cytochrome £-562 is varied with the addition of (1) 5uM Q,H,; (2) 100 uM
ascorbate + 1uM TMPD; (3) 1 mM ascorbate + 10 uM TMPD; (4) 50 uM DQH,; (5) 100 uM
DQH,; (6) 100 uM DQH, + 100 zM dithionite (from a 100 mM solution); (7) a few grains of
solid sodium dithionite. In traces 6 and 7, cytochrome 5-566/558 is partly (60%) and completely
reduced, respectively. The reduction level of cytochrome 5-562 in 1 corresponds roughly to the
level of reduction of the first phase of reduction seen in experiments in which DQH, is used
as the donor (cf. Fig. 7). The effect of antimycin is consistent with a change in the E,, of
high-potential cytochrome 5-562 of 40-60 mV, while the E,, of low-potential cytochrome b-562
is not altered (cf. Berden and Opperdoes, 1972). In the presence of antimycin, the values of E,,
of the two species of cytochrome 5-562 are similar.
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prosthetic groups by DQH, in both submitochondrial particles and succinate :
cytochrome ¢ reductase. The experimental conditions were varied by varying
the pH or the ubiquinone content of the particles. In addition, the effect of
various inhibitors on the oxidation—reduction kinetics of the prosthetic
groups was examined.

It was observed that under specific conditions the Rieske Fe-S cluster
(and cytochrome c,) are reduced in two distinct phases (de Vries ef al., 1982a,
1983), each phase corresponding to half of the total amount of these
prosthetic groups. Therefore we proposed that in each reduction phase a
single Fe-S cluster, either cluster 1 or 2, is completely reduced.

Similarly, we concluded from the triphasic reduction of cytochrome
b-562 by DQH, that the initial rapid phase (¢,, < 5Sms, 38% of the total
b-562 extent) corresponds to reduction of h-562(hp) and the second, slower
phase to reduction of 5-562(Ip). In the following, some of the experimental
observations that have led to the proposal of the double Q cycle are discussed
in more detail and, if necessary, reevaluated.

Kinetics of Reduction of the Fe-S Clusters and Cytochrome ¢

In succinate : cytochrome ¢ reductase with antimycin present but with-
out oxidant, only one Fe-S cluster is rapidly reduced and only 50% of
cytochrome c¢; (de Vries ef al.,, 1982a). We suggested that antimycin, in
addition to inhibiting the oxidation of 5-562, specifically inhibits the reduc-
tion of cluster [2Fe-2S]; (cf. de Vries er al., 1983 and Fig. 5) and consequently
of the cytochrome ¢, connected to it in the same monomeric half. I realize
that the thermodynamic interpretation for the partial reduction of these
prosthetic groups given by Rich (1983, 1984) and Crofts ef al. (1983) is much
simpler and have therefore revised the original double Q cycle (de Vries et al.,
1982a, 1983) to the one in Fig. 5 with respect to the site of inhibition by
antimycin. However, as discussed by Rich (1983, 1984), the observed rates
and extents of reduction of the prosthetic groups in the presence of antimycin
and absence of oxidant are quantitatively not in agreement with those
expected on the basis of their E,, values, so that other factors may also be of
importance.

In Fig. 6 the pre-steady state kinetics of reduction. of the prosthetic
groups in ubiquinone-depleted particles is reproduced. Both in the absence
and presence of antimycin only one of the two Fe-S clusters is rapidly and
completely reduced. Also, no DQ~ or Q~ is formed in the course of
oxidation of DQH,, in contrast to the Q;; and Q;;, formed after a pulse of
DQH, to ubiquinone-containing particles, probably because DQ-~ does not
contain a hydrophobic tail that may help in the binding and thus in the
stabilization of the radical. These two findings strongly suggest that (D)QH,
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Fig. 5. Diagram showing a three-dimensional representation of a double Q cycle that describes
electron transfer in the dimeric QH, : cytochrome ¢ oxidoreductase. The meaning of the various
symbols is the same as in Fig. 1. The front and posterior face, carrying the cytochrome b
polypeptides, represent the membrane fractions of protomers I and I, respectively. Indices I or
1I indicate that Q~ is located in protomers I and II, respectively. Cytochrome 5-566 is placed
arbitrarily in protomer I, and cytochrome 5-558 in protomer II. It is equally possible that
cytochrome b-558 is in protomer I and cytochrome 5-566 in protomer II, or that a single type
of cytochrome b-566/558 is present in both protomer I and protomer II (see also text). Also, the

" Fe-S cluster called cluster 1 on the basis of the EPR spectrum is not necessarily the Fe-S cluster
located in protomer 1. The same uncertainty holds for Fe-S cluster 2. In contrast to the previous
proposals (de Vries e? al., 1982a, 1983; Slater, 1983), the oxidation of QH, in protomer I is not
inhibited by antimycin.

is the electron donor to the one Fe-S cluster, viz. [2Fe-2S],, and (D)Q;, to

the other one, [2Fe-2S],. As to the latter, its reduction involves the reactions
(cf. Fig. 5)

(D)QH, + b-566" — (D)Quugy + b-5667* )
(D)Qiuqy + [2Fe-2S* — (D)Q + [2Fe-2S);* @®)

Since DQ;,q is not formed, reaction (8) does not occur, but neither will
reaction (7) to any measurable extent because it is thermodynamically too
unfavorable (Kroger, 1976; Slater, 1981).
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Fig. 6. Kinetics of reduction of the prosthetic groups of QH, : cytochrome ¢ oxidoreductase by
DQH, in ubiquinone-depleted submitochondrial particles (pH 8.3). See de Vries et al. (1983) for
the complete details. (A) All cytochrome b-562 is reduced within 5ms. The increase in the
reduction of cytochrome b after 5ms is due to reduction of cytochrome 4-566/558. (B) With
antimycin present, half reduction of the cytochrome 5 is obtained after 25-30ms, but the reduc-
tion of the cytochromes does not follow a first-order exponential as in ubiquinone-containing
particles (cf. de Vries ez al., 1981a, 1982a). The reduction of the Fe-S clusters is biphasic, both
in the presence and absence of antimycin. The rapid phase comprises 50% of the total amount
of EPR-detectable Fe-S and has #,; = 11 and 15ms in (A) and (B), respectively. Note that in
(B) no net reduction of cytochromes ¢; (+ ¢} is observed. (Reprinted with permission of Biochim.
Biophys. Acta.)
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It was further observed by de Vries ez al. (1983) that the rate of reduction
of the Fe-S clusters is dependent on pH in a manner indicating that the rate
of reduction of the one is pH dependent and of the other is not, suggesting
that the rate is determined by the redox properties of, for example, the
QH ™~ /Q ™ couple (cf. Rich and Bendall, 1980; Rich, 1981) for [2Fe-2S], and
by that of the Q~/Q couple for [2Fe-28]};.

The finding that in Q-depleted particles with antimycin present (Fig. 6)
cytochromes b-566/558 and 5-562 are not reduced in a single phase, whereas
they are in Q-containing particles, is difficult to explain in any of the schemes
of Fig. 1, especially, since the thermodynamic argument mentioned above (cf.
Rich, 1984) no longer applies. This observation suggests that reduction of all
the species of cytochrome b requires the operation of two, independent, Q
routes as depicted in Fig. 5.

out

The Triphasic Reduction of Cytochrome b-562

When submitochondrial particles or succinate : cytochrome ¢ reductase
are mixed with DQH,, cytochrome b-562 is reduced in two phases separated
by a lag time (Jin ef al., 1981; Tsou et al., 1982; de Vries ef al., 1981b, 1982a,
1983; Fig. 7a). The initial rapid phase (completed within 5ms) is ascribed to
reduction of b-562(hp) and the subsequent relatively siow phase to reduction
of b-562(Ip). The lag time between the two phases decreases when the pH or
concentration of DQH, is raised, whereas the rate of the second phase
increases. The slow phase indicating the reduction of »-562(Ip) starts when
the Rieske Fe-S clusters and cytochrome ¢, are (nearly) fully reduced and
therefore the reduction of b-562(Ip) occurs via the reversal of reaction (4). It
was also observed that the amount of the antimycin-sensitive Q;, increases
in parallel with the reduction of 5-562(hp) and b-562(lp) (cf. Fig. 7a) and that
during the lag period (which is more clearly visible in the traces recorded at
pH values below 8.3; cf. Fig. 1 of de Vries ef al., 1983) the amount of Q;;
decreases.

In preparations treated with BAL (4 O,) or inhibited by myxothiazol
the kinetics of reduction of cytochrome b-562 were found to differ in three
respects compared to the kinetics observed in uninhibited preparations (cf.
Figs. 7A and 7B): (1) The lag time between the two reduction phases is
apparently absent; (2) the amount of Q;; steadily increases with time and
does not show a transient behavior; (3) the amount of 5-562 reduced within
5ms comprises 60% of the total absorbance change at 562-575 nm and was
therefore ascribed to reduction of 5-562(Ip).

On the basis of the above-mentioned findings and others, de Vries et al.
(1982a, 1983) concluded that the reduction of »-562(hp) is inhibited by



214 De Vries

T T T T
pHE3 - .
~1 020 !
Q. ) M
n o
i
bssz ] 3
-
- 015
« ewo 2Fe-25_| 1o0
A <3 aett £ 4C
b4 oo
» }l l
| 2
» ~150 3
a
[
23
g
b 1 1 1 1 )
0 Q 50 100 150 200
time {ms})
3 g i
x gn e | ax
g8 o,
] 5\-
—Hone
W00~ ¢ bggp 2—s ~100
B BAL (s,04) 1
f, myxo (=, e, a} »
£ %0 50 ¥
.o &
| 1 Ze-25 %
s and  ees >
cged
0 L o
o 50 00 150 200
time [ms}
REDUCTION OF p-562 REDUCTION OF Q,
£
KON RCN
002 A 01 A
[P
BAL/KCN - BAL/KCN
t
‘ -
DQH2 10 s DQHZ

Fig. 7. Examples of the triphasic reduction of cytochrome 5-362 (A, B, C), a simulation of
the triphasic reduction according to the » = 1 and # = 2 models discussed in the text (D),
and the results of the potentiometric titrations of cytochrome 5-562(lp) with the fumarate/
succinate couple (E). A and B: Kinetics of reduction of the prosthetic groups and the formation
of the antimycin-sensitive Qi in untreated submitochondrial particles (A) and in particles treated
with BAL (+0,) (B). See Figs. 1 and 6 in de Vries ef al. (1983) for the experimental details.
Note that the transient in the formation of Q;, is not seen in (B). C: traces of the reduction of
cytochrome b-562 (562-575nm) and Q, (300284 nm) by DQH, in mitoplasts [0.5mg/ml in
0.25M sucrose, 50mM Tris-HCl buffer (pH8.4)], freed of cytochrome c¢. [Q,] = 10uM;
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[DQH,} = 80 uM; [KCN] = 1 mM; temperature 2°C; DQH, was added to a cuvet mounted in
a magnetic stirrer assembly (mixing time 1-2s); cytochrome ¢, (¢) and a are reduced within the
time of mixing (viz. in the untreated mitoplasts); the wavelength pair 300-284 nm is isosbestic
for changes in the redox state of DQH,. The nonenzymic rate of reduction of Q, is 10% at
PH 8.4 D: Simulation of the triphasic reduction of cytochrome 5-562. (0) Simulation on the basis
of the model given by Egs. (12) and (13), i.e., » = 1, assuming a single type of 5-562; (——)
simulation on the basis of Eq. (14), i.e., n = 2, assuming the same values of E,, for 5-562(hp)
and 5-562(lp). The numbers refer to the difference E_(Q,) — E,(b-562) expressed in mV,; the
unit of time used on the x-axis is the time required to obtain 50% reduction of the Q pool (i.e.,
at 5 the Q pool is reduced for 96.9%, at 10 for 99.9%). Half reduction of »-562(Ip), exper:
imentally, occurs at 2-3 on such a time scale. E: Potentiometric titrations of cytochrome b-562
in submitochondrial particles with the fumarate/succinate redox couple at different pH values.
The anaerobic titrations were performed in the oxidative (starting with SmM succinate) and in
the reductive (starting with 150 mM fumarate) direction in the presence of 4mM KCN. Under
all conditions b-562(hp) was (remained) reduced. The numbers refer to the pH of the experiment.
The average value of », obtained at the various pH’s, equals 2.16. Note that the E,, of 5-562(1p)
varies by —46 (60-14)mV/pH. E,, = 55mV. (Figures 7A and 7B are reprinted with permission
of Biochim. Biophys. Acta.)
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myxothiazol or treatment with BAL (+ O,) and proposed that the pathway
of reduction of -562(hp) in the uninhibited enzyme is rot via the reversal of
reaction (4) but rather via reaction (7), occurring in protomer I of the dimer
(Fig. 5) followed by

b-566* + b-562(hp)** — b-566°* + b-562(hp)** 9
and in order to account for the formation of Q;; within 5ms, the equilibrium
b-562(hp)** + Q = b-562(hp)** + Qi (10)

When, however, the reduction of 5-562 was studied in mitoplasts with a large
Q pool present (Fig. 7C) the pattern of reduction is essentially the same in
untreated mitoplasts and mitoplasts treated with BAL (+0Q,), at least at
pH 8.4, although there is a clear difference at pH 6.2 (de Vries and Marres,
1985). Thus the proposal that the reduction of 5-562(hp) occurs via the Q,,,
route in protomer I within 5ms is not true in general and the reduction may
equally well proceed via the reversal of reaction (4). This is not meant to
imply that reactions (7)-(10) would not occur at all and evidence for such a
pathway of electron transfer is shown in the previous section. Rather it means
that the rates of oxidation of quinol in protomer I and protomer II are about
the same (#,, = 10-15ms) and that the oxidation of quinol in protomer I via
reactions (7)—(10) is not completed within 5ms as originally proposed (de
Vries et al., 1982a, 1983).

Kinetic and Thermodynamic Properties of the b-562/Q;, domain

The traces showing the triphasic reduction of 5-562 (Fig. 7C) are
obtained in mitoplasts in which the size of the Q pool has been increased by
the addition of Q, to about 200 Q,/c,. Due to this large Q pool the rate of
net reduction of 5-562 by DQH, decreases, whereas the length of the lag
period increases (de Vries and Marres, unpublished observations). These two
phenomena are understandable in terms of a (rapid) equilibrium between
b-562 and the Q pool (Kréger and Klingenberg, 1970, 1973). The reduction
of Q, by DQH, can be spectroscopicaily monitored and follows quite well a
(pseudo) first-order exponential as expected from the concentrations used in
the experiment and the equation

DQH, + Q,(pool) = DQ + Q,H,(pool) (11)

Assuming that a single 5-562 is in equilibrium with the Q, pool, the following
equations hold:

Q,H, + 2b-562°" == Q + 2b-562°* + 2H;} (12)
and
log K = log Q/QH, - (** /6" )} = [En(Q,) — En(b-562)/30 (13)
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The difference E(Q,) — E,(b-562) can be directly estimated from traces as
in Fig. 7C and equals about — 10mV at pH 8.4.

A simulation on the basis of this simple model is shown in Fig. 7D.
Although this model predicts a lag in the reduction of 5-562, such a lag would
only be clearly visible when the E, (b-562) is at least 60mV lower than
E,(Q,), in contrast to the experimental difference in E,. In addition, the
model predicts an apparent multiphasic pattern of reduction of the single
b-562, but the shape of the simulation curves is totally different from the
experimental traces (Figs. 7A-7C).

The introduction of two species of b-562, viz. b-562(hp) and b-562(lp),
with appropriate values of E,, does not yield a satisfactory fit to the data
either (not shown). The main reason for this is that the degree of reduction
of, particularly, »-562(lp) increases much more steeply (i.e., # > 1) than
predicted by Eq. (13). In fact, a direct plot of the redox state of Q, vs. that
of b-562 indicates that n = 3—4. There is no simple rationale for such a high
value of n other than that the implicit assumption of true equilibrium [Egs.
(12) and (13)] is not valid.

Indeed, considering the kinetics of formation of Q;, ", true equilibrium
may not be obtained. One expects to see an increase in the amount of Q;,
until the Q pool is half reduced followed by a decrease on further reduction
of the Q pool. Assuming that the relative degrees of reduction of Q, and
b-562 in the experiments in Fig. 7C are the same as in the experiments in
Figs. 7A and 7B, one may conclude that the Q,, pool is completely reduced
after 200ms. Thus, no significant amount of Q;; is expected to be present
after 200 ms, in contrast to the amount found experimentally. The transient
in the formation of Q;; (between 10-50 ms, Fig. 7A) corresponds roughly to
the period in which the redox state of the Q,, pool changes from less than half
reduced to more than half reduced. Suprisingly, such a transient is not
observed in the particles inhibited by BAL (4 O,). It seems therefore that
only part of the amount of Q;; present is in thermodynamic equilibrium with
the Q pool. The other part, which kinetically follows the reduction of b-
562(hp) and b-562(lp), is apparently not in rapid equilibrium with the Q,,
pool for reasons that may be related to the mechanism by which it is formed
(cf. Glaser et al., 1984; Robertson ef al., 1984a).

In similar types of experiments performed in chromatophores the reduc-
tion of b-562 via the Q;, route has been studied at high pH or in preparations
(partially) depleted of ubiquinone (Glaser er al., 1984; Roberston et al.,
1984a). The extent of reduction of 5-562 after a flash was found to follow an
n = 2 Nernst curve (see also Matsuura and Dutton, 1981). In potentiometric
titrations performed with the fumarate/succinate redox couple, 5-562(Ip) also
titrates according to n = 2 [Fig. 7E; Wikstrom and Berden (1972); de Vries
(1983)], in contrast to the titrations performed in the presence of mediators
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(Fig. 4). Although n = 2 may indicate that no true equilibrium is obtained,
the system is in equilibrium in the sense that the data points from oxidative
and reductive titrations fall on the same line. In these experiments (Fig. 7E)
b-562(hp) was already reduced at the highest values of E, that can be
obtained with fumarate/succinate couple.

The value of n = 2 for the reduction of 5-562 can be rationalized in the
following model. It is proposed that the two cytochromes »-562(hp) and
b-562(lp) act as a pair, for instance, according to

QH, + b-562(hp)**— b-562(Ip)**
= Q + b-562(hp)**— b-562(Ip)** + 2H;; (14)

i.e., reduction (oxidation) of the one species of 5-562 is coupled mech-
anistically to reduction (oxidation) of the other species. Such a mechanistic
constraint can be any constraint, preventing one or several of the possible
routes of electron transfer by which the system equilibrates according to
the respective E,, values of 5-562(hp), b-562(1p), Q pool, Q;,, Q. /Q;r, and
Qi /QH,.

This model yields values of » close to 2 (but not n = 3-4) for the
reduction of 5-562(hp) and 5-562(1p) by quinol. A simulation of the kinetic
traces (Fig. 7D) with E, (b-562(hp)) = E,,(b-562(Ip)) shows that a lag in the
reduction of b-562 is obtained as soon as its midpoint potential is lower than
that of the Q pool, in agreement with the experiment. However, the pattern
of reduction of £-562 does not show the apparent multiphasic behavior as
before. Therefore, in order to improve the simulation one has to assume
further that the values of the midpoint potentials of 5-562(hp) and 5-562(Ip)
are different.

Although the Q;; is left out of Eq. (14), this does not imply that the
reaction is a concerted one. Thus reaction (14) can equally well be split in two
reactions with the Q;, as an intermediate. As long as one of the possible
routes of electron transfer is prevented by some constraint, values of # close
to 2 will be observed. The double Q cycle (Fig. 5) contains such a constraint,
namely that QH, can directly reduce b-562(Ip) but not »-562(hp), but one can
imagine many more possible constraints. Furthermore, Eq. (14) is not meant
to imply that only a single molecule of quinone can be accommodated in the
Q-binding domain close to the cytochrome b-562 pair. In fact, the studies by
de Vries et al. (1980, 1982b), de Vries and Dutton (1985), and Robertson
et al. (1984b) imply that the number of Q-binding sites in the Q,,-binding
domain is one per monomeric enzyme and thus two per dimeric enzyme.

During steady-state electron transfer the Q,, route acts as a quinone-
reducing route. It is the natural function of the bacterial reaction center and
the succinate : Q oxidoreductase to reduce Q to QH,. The structure of their
Q-binding domains is remarkably similar. In both enzymes a Q-Q pair or a
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Q™ —Q' pair (and other possible pairs dependent on pH and redox potential)
is present either in close contact with an Fe atom as in the reaction center (cf.
Crofts and Wraight (1983) and references therein) or with an Fe-S cluster, in
the succinate: Q oxidoreductase (Ingledew et al., 1976; Salerno et al., 1977,
Salerno and Ohnishi, 1980). In both enzymes the semiquinones are very
stable. Also Q;, is stable. However, Q;, is (magnetically) isolated and not in
close contact with another Q~ or b-562, as has to be concluded from its
slow rate of relaxation in EPR experiments performed from 4.2K to 37°C
(de Vries et al., 1980, 1981a, 1982b). Possibly, the role played by the Q- ~—Q
pairs in the reduction of Q to QH, is played by the b-562(hp)-b-562(lp) pair
at the quinone-reducing site in the QH,: cytochrome ¢ oxidoreductase.

Steady-State Oxidation of QH, Requires a Dimeric Enzyme

Recently, Linke et al. (1985) have presented reconstitution experiments
with the QH,: cytochrome ¢ oxidoreductase from Neurospora crassa. Start-
ing with a dimeric bc; subcomplex (Hovméller ef al., 1981; Li ef al., 1981;
Karlsson et al., 1983) lacking the core proteins and the Fe-S subunit, they
reconstituted an active dimeric QH,: cytochrome ¢ oxidoreductase (Wingfield
et al., 1979; Weiss and Kolb, 1979) by adding back a dimeric or a monomeric
core-complex in the presence of excess Fe-S protein. It was found that one
dimeric or two monomeric core-complex(es) per dimeric reductase is (are)
required to reconstitute maximal activity. Likewise, in the presence of excess
core-complex, two Fe-S proteins per dimeric reductase are necessary to
regain full reconstitutive activity, and since the relation between the amount
of added subunit and reconstituted activity was found to be sigmoidal, this
indicates that only the dimeric QH,: cytochrome ¢ oxidoreductase is cata-
lytically active (Linke et al., 1985).

Similar conclusions were arrived at by Graan and Ort (1985) for the
PQH, : plastocyanin oxidoreductase from spinach chloroplasts. They found
that one molecule of DBMIB per dimeric by/f complex is sufficient to
completely inhibit the steady-state oxidation of DQH,, again indicating that
the enzyme functions as a dimer.

Concluding Remarks

Several independent lines of evidence suggest that the QH,: cytochrome
¢ oxidoreductase is both structurally and functionally a dimer. The molecular
weight of the mitochondrial enzyme in solution and incorporated in an
artificial phospholipid bilayer corresponds to that of a dimer. There is also
evidence that the b,/f complex is in a dimeric state (Hurt and Hauska, 1981;
Morschel and Staehelin, 1983). The results of the reconstitution experiments
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mentioned above and the finding that a single DBMIB per dimeric by/f
complex completely inhibits turnover imply that only the dimeric enzyme is
catalytically active. The latter finding is, indeed, very surprising considering
that the enzyme from mitochondria (cf. Nalecz and Azzi, 1985) or photo-
synthetic bacteria (van den Berg ez al., 1979) requires the binding of two
molecules of inhibitor per dimer for complete inhibition. In fact, this finding
argues against a dimer as the functional unit, unless one assumes that the
binding of the inhibitors is strongly positive cooperative.

Spectroscopic studies reveal the existence of two types of Fe-S clusters
present in equal amounts and two types of cytochrome 5-562, i.e., b-562(hp)
and 5-562(lp) (also present in a 1:1 molar ratio), with different extinction
coefficients and different midpoint potentials, indicating that the enzyme is
dimeric in a natural membrane. The analysis of the pre-steady state kinetics
of reduction of the prosthetic groups by DQH, shows separate phases of reduc-
tion of the two Fe-S clusters and of the two species of cytochrome b-562.

All of the above-mentioned results are incorporated in the scheme of the
double Q cycle shown in Fig. 5, illustrating the pathways of electron transfer
in the dimeric QH, : cytochrome ¢ oxidoreductase. This scheme differs in two
respects from the original proposal (de Vries ef al., 1982a, 1983; Slater, 1983)
as discussed above, but all the (chemical) reactions that take place are the
same as in the scheme previously proposed. The double Q cycle is a Q cycle.
The arguments that the Q-cycle scheme describes the pathway of electron
transfer in QH,: cytochrome ¢ oxidoreductase more adequately than the
b-cycle scheme does, apply equally well to the comparison between a double
Q-cycle scheme and a double &-cycle scheme.

The double Q cycle of Fig. 5 is a construct of the two Q cycles shown
in Figs. 1B and 1D. It is asymmetrical in the sense that the Fe-S cluster in
protomer II is reduced by quinol and the Fe-S cluster is protomer I by
semiquinone. Likewise, 5-562(hp) is oxidized by quinone and 5-562(lp) is
oxidized by the product of the foregoing reaction, semiquinone. It is exactly
the coupling of these two reactions that makes the enzyme functionally
dimeric.

One can imagine more symmetrical variants of a double Q cycle, for
instance, the construct of the two Q cycles shown in Figs. 1A and 1B. This
symmetrical variant can be considered as the dimeric extension of the double-
turnover Q cycle proposed by Crofts et al. (1983). In such a variant both Fe-S
clusters are reduced by quinol, but on the basis of the experimental obser-
vations, I prefer the version of Fig. 5. However, in the more symmetrical
variant the asymmetry with respect to the reactions catalyzed by the two
species of cytochrome 5-562 still remains and also this variant requires the
cooperative action of the two monomeric halves. In this respect, a symmetri-
cal double Q cycle is essentially different from a double-turnover Q cycle.
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The molecular basis that the QH,: cytochrome ¢ oxidoreductase func-
tions as a cooperative dimer is perhaps related to the fact that, at the
quinone-reducing (Q,, ) site, the electron transfer changes from a one-electron
transfer process to a two-electron transfer process. Although at the quinol-
oxidizing (Q,,) site a similar change occurs, no cooperative dimeric enzyme
is required for the oxidation of (QH,), possibly because the Q,,~binding
domain itself contains a cooperative electron-accepting pair, i.e., Fe-S/b-566.

Analogous to the quinone-reducing bacterial reaction center and the
succinate : Q oxidoreductase, which both contain a Q-Q pair involved in the
reduction of Q to QH,, and in view of the different properties of Q;; with
respect to those of the semiquinone pairs, it is proposed that a functional
b-562(hp)-b-562(Ip) pair is required to catalyze the reduction of Q to QH, at
the Q,,-binding domain. Such a pair is only active in a functionally dimeric
QH,: cytochrome ¢ oxidoreductase.
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