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ABSTRACT: The Q-cycle mechanism of the cytochrome hc; complex maximizes energy conversion during the
transport of electrons from ubiquinol to cytochrome ¢ (or alternate physiological acceptors), yet important
steps in the Q-cycle are still hotly debated, including bifurcated electron transport, the high yield and
specificity of the Q-cycle despite possible short-circuits and bypass reactions, and the rarity of observable
intermediates in the oxidation of quinol. Mounting evidence shows that some bypass reactions producing
superoxide during oxidation of quinol at the Q, site diverge from the Q-cycle rather late in the bifurcated
reaction and provide an additional means of studying initial reactions of the Q-cycle. Bypass reactions offer
more scope for controlling and manipulating reaction conditions, e.g., redox potential, because they
effectively isolate or decouple the Q-cycle initial reactions from later steps, preventing many complications
and interactions. We examine the dependence of oxidation rate on substrate redox potential in the yeast
cytochrome bc; complex and find that the rate limitation occurs at the level of direct one-electron oxidation of
quinol to semiquinone by the Rieske protein. Oxidation of semiquinone and reduction of cyt b or O, are
subsequent, distinct steps. These experimental results are incompatible with models in which the transfer of
electrons to the Rieske protein is not a distinct step preceding transfer of electrons to cytochrome b, and with
conformational gating models that produce superoxide by different rate-limiting reactions from the normal

Q-cycle.

The cytochrome (cyt') be; (also known as Complex III or
ubiquinol:cytochrome ¢ oxidoreductase) and related complexes
are essential energy transduction components in the respiratory
and photosynthetic electron transport chains of a wide range of
organisms (/—4). Its physiological role is to pump protons across
the inner mitochondrial membrane to drive synthesis of ATP, but
its detailed enzyme mechanism and possible roles in oxidative
stress are still disputed. Our focus is on the mitochondrial cyt b¢,
complex from Saccharomyces cerevisiae whose dimeric func-
tional core is illustrated in cartoon form in the left-hand side of
Figure 1. Each monomer consists of three essential catalytic
subunits (2, 5—8): cyt b, the Rieske iron—sulfur protein (ISP),
and cyt ¢;. The redox-active cofactors form two distinct redox
chains leading away from the quinol oxidase (Q,) site on the
positively charged side (p-side) of the membrane (5). A “low-
potential chain” extends across the membrane from the Q, site,
through the cyt b subunit with its two b-type hemes (cyt by and
cyt by) to the quinone reductase (Q;) site on the negatively
charged side (n-side) of the membrane. The “high-potential chain”
consists of the Rieske FeS cluster of the ISP and the c-type heme
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of cyt ¢;. This chain, on the p-side of the membrane, relays
electrons from the Q, site to a soluble cyt c.

The cyt be; complex catalyzes a Q-cycle, illustrated in the left
panel of Figure 1, as first proposed by Mitchell and modified
extensively (9—12) as a result of the work of many researchers. In
most models of the Q-cycle (I, 13), QH, (originating from
complex IT in S. cerevisiae) binds in the Q, site and is oxidized
in the so-called “bifurcated” reaction, releasing two protons on
the p-side of the membrane. The first QH, electron enters the
high-potential chain at the Rieske FeS cluster. A pivoting motion
of the Rieske ISP (shown as two superimposed conformations in
the left panel of Figure 1) carries its FeS cluster close to cyt ¢y,
allowing reduction of cyt ¢;, which then relays the electron to a
soluble cyt ¢. Eventually, the electrons arrive at complex IV where
they reduce O, to water.

In this model of the Q-cycle, the one-clectron oxidation of QH,
at Q, forms a transient semiquinone (SQ) intermediate, termed
SQ, (14, 15). Instead of reducing the thermodynamically favored
high-potential chain a second time, SQ, reduces cyt by in the low-
potential chain. Electrons sent into the low-potential chain travel
through cyt by and cyt by and eventually reduce a Q bound at the
Q; site. After two turnovers of the Q, site, two electrons pass
through the low-potential chain, reducing Q to QH, at the Q; site,
with uptake of two protons from the n-side of the membrane.
Overall, the Q-cycle oxidizes two QH, molecules at Q,, with
the release of four protons on the p-side, and reduces one Q at Q;
with uptake of two protons from the n-side. The net result is a
highly efficient proton pump that helps produce the transmem-
brane proton motive force (pmf) that drives ATP synthase.
This complicated Q-cycle gives a stoichiometry of two protons
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FiGuRre 1: Uninhibited Q-cycle and superoxide production under partially inhibited conditions. Q-Cycle (left) showing how two turnovers at the
Q, site send two electrons through the high-potential chain to cyt ¢, and two electrons through the low-potential chain to reduce a quinone bound
at the Q; site. These reactions release four protons from QH, at the Q, site (red arrows) and take up two protons by Q at the Q; site (red arrows),
resulting in a net 2H ™ /e~ translocation stoichiometry. Blockage of the low-potential chain (right) prevents transfer of the second QH, electron
following the initial transfer to the high-potential chain. The reactive SQ intermediate accumulates in Q, and can reduce oxygen to form
superoxide (blue arrow) or participate in other nonproductive “bypass reactions”. Both panels show pivoting of the Rieske ISP, which partially
gates reactions of the SQ to prevent double reduction of the high-potential chain.

translocated across the membrane per electron passed ultimately
to cyt ¢ in the steady state, increasing the amount of ATP
synthesized per O, reduced (the P/O ratio) over that of a linear
electron flow mechanism in which both QH, electrons enter the
high-potential chain (16, 7).

It is argued that the bifurcated electron flow also serves to
“quench” the SQ, intermediate (/8—27) and prevent its reaction
with O, to generate superoxide. Superoxide production by the Q,
site (and other reactions that “bypass” the Q-cycle) is readily
observed by blocking the low-potential chain in a number of
ways, including high pmf'(28—30), high membrane potential (30),
mutation of cyt b (17, 31), inhibition of the Q; site, e.g., by
antimycin A (AA in the right panel of Figure 1), or inhibition of
the Q, site niche near heme by (proximal niche), e.g., by myxo-
thiazole or methoxyacrylate (MOA) stilbene (X in the right panel
of Figure 1) (21, 22). Superoxide production at the Q, site is hotly
debated as a mitochondrial source of superoxide and other
reactive oxygen species in processes such as cell signaling, aging,
carcinogenesis, and metabolic diseases.

A number of reactions bypass the normal Q-cycle, reducing the
efficiency of proton pumping and diverting electron flow, at least
temporarily (20). The different bypass reactions are not mutually
exclusive and might occur in combinations depending on condi-
tions. We focus in this paper on the bypass reaction that produces
superoxide during oxidation of quinol at the Q, site because of its
very intimate relation to the initial steps in the Q-cycle. Recently,
superoxide production has recently been described through a
very different bypass reaction that involves reduction of quinone
at the Q, site (32, 33), but it will not be considered here.

Forquer et al. (34) recently showed that the rate-limiting step
for superoxide production in the AA-inhibited mitochondrial cyt
bey complex is the same as for the Q-cycle, involving reduction of
the Rieske FeS cluster. Thus, the Q-cycle and superoxide pro-
duction share intermediates along the same, or similar, reaction

pathway(s). EPR of the freeze-quenched bacterial cyt bc; com-
plex suggests that this common intermediate is SQ, (14, 19).
These recent results allow earlier conclusions about the order of
reactions in the Q-cycle of the bacterial Rhodobacter sphaeroides
cyt bep complex (35) to be extended to the mitochondrial cyt be,
complex.

Little superoxide is generated by cyt bc; under normal
physiological conditions. Several classes of models attempt to
explain how the Q, site steers the reaction along the Q-cycle and
away from superoxide production (14, 15, 34, 35). The experi-
mental evidence is increasingly at odds with models in which the
oxidation of QH, to SQ is radically different for superoxide
production than for the Q-cycle, particularly the “double con-
certed” electron transfer mechanisms (13, 25, 27, 36). Models that
invoke conformational gating (6, 37—41) of the Q, site to steer
electron flow are severely constrained because the same activating
reaction occurs during quinol oxidation both when the putative
gate functions “normally” and when it leaks, to produce super-
oxide (34).

The Q-cycle and the bypass reaction pathways must diverge at
some point. With regard to this point, conflicting results have
been obtained depending on reaction conditions. In contrast to
Forquer et al. (34), Covian and Trumpower (42) concluded that
there are different rate-limiting steps for the Q-cycle and the
bypass reactions from different activation energies under pre-
steady-state, non-substrate-saturated conditions. The relevance
of these results to the reactions of the cyt bc; complex is limited
until the new rate-limiting steps are identified and until it is
determined which bypass reactions occur under these conditions.
Consequently, we will restrict our discussion to substrate-satu-
rated, steady-state conditions unless explicitly stated.

Important questions still remain concerning the sequence of
reactions and the redox partner of the ISP in the rate-limiting
step. Does quinol transfer an electron directly to the FeS cluster
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thereby generating SQ,, or is there an intervening step? What
factors control the rate of superoxide production with other
quinols as the substrate? Do interactions of the enzyme with
particular side groups of the substrate guide the reaction and
determine the products? To resolve these questions, we examine
superoxide production in the yeast mitochondrial cyt be; com-
plex with a series of seven ubiquinol analogues designed to vary
redox potentials and side groups on the quinol ring. One of the
challenges to such work has been the limited ability to take
consistent redox measurements on quinone species with the long,
hydrophobic tails needed for activity. The ability to calculate
these properties (43) now makes such a study feasible. We report
here on the substrate properties that control the substrate-
saturated rate of superoxide production; we identify the rate-
limiting reaction, and we determine the sequence of the bifurcated
electron transfer reactions.

EXPERIMENTAL PROCEDURES

Chemical Syntheses. Starting materials were purchased
from Sigma-Aldrich and used without further purification,
except as indicated. Substrates were purified by silica gel chro-
matography (0.035—0.07 mm particle size, 6 nm pore size; Acros,
Geel, Belgium). Syntheses for most of these compounds, or close
derivatives, have been described previously (44—47). Full details
are provided as Supporting Information. Product identity was
confirmed using 'H and “C NMR spectra recorded at the
Washington State University Center for NMR Spectroscopy
on a Varian Mercury 300 MHz NMR spectrometer. Mass
spectra were recorded on a Finnegan LCQ mass spectrometer
using an ESI ionization source in negative ion mode.

Purification of the Cyt bc; Complex. The cyt bey complex
from S. cerevisiae was isolated from store-bought baker’s yeast
using the protocol of Ljungdahl et al. (48) with modifications (22).
The concentration of the cyt be; complex was determined by
ferricyanide-ascorbate-dithionite absorbance difference spectra
using published values of the extinction coefficients (48).

Steady-State Enzyme Turnover Measurements. Steady-
state turnover rates were measured from the initial rate of cyt ¢
reduction (19, 22). The stigmatellin-sensitive portion of the rate
is reported, so that the activity can be attributed to the Q, site.
Q-Cycle bypass is assessed in the presence of the Q; site inhibitor,
AA, at 10 uM, and the bypass rate is half the rate of cyt ¢ reduc-
tion because each bypass turnover eventually transfers two elec-
trons to cyt ¢. The rate of superoxide production was measured
from the SOD-sensitive fraction of the bypass rate, recognizing
that the SOD-dependent decrease in the level of cyt ¢ reduction
equals the level of superoxide production. The initial rates follow
Michaelis—Menten kinetics. The reported V., values are based
on measurements at substrate concentrations several times larger
than the measured K, (Table 1).

The AA-inhibited complex is a reproducible model of other
elicitors of superoxide production, such as mutation of certain Q,
and Q; site residues (17, 31, 49, 50), high pmf (28, 30), or high
membrane potential (30), in which the transfer of electrons
through the low-potential chain is slowed. The use of AA also
prevents reactions of the substrate at the Q; site from influencing
the measurements (see below) and eliminates the sample varia-
bility and instability noted with the use of lipid vesicles to control
pmf or membrane potential (30). Yeast submitochondrial parti-
cles (data not shown) yielded similar results, ruling out artifacts
from detergent solubilization or delipidization of the cyt b¢;
complex. Use of a purified complex precludes interference from
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Table 1: Kinetic Parameters for Steady-State Turnover of the AA-Inhib-
ited Cyt bc; Complex”

substrate Km Vmax(bypass) fSOP Vmax(so) KI(C) KI(NC) AEm

1 23 24 0.68 1.6 2.1 - —0.060
2 25 22 - 1.1-1.7 11.8 58 —0.019
3 5 0.6 0.66 0.4 - - -
4 >150 7.5 0.71 53 - - -
5 9 27 0.55 15.1 4.4 7.1 —0.018
6 35 80 - 40—60  — - -
7 30 199 0.51 101 262 36.8 —0.003

“fsop is the fraction of Q-cycle bypass reactions resulting in superoxide
production derived from the superoxide dismutase sensitivity of cyt ¢ reduc-
tion in the AA-inhibited complex. Product inhibition constants K; for a
mixed inhibition model are for uninhibited steady-state turnover driven by
decyl-ubiquinol. K, and K; are reported in units of micromolar. Rates of
quinol oxidation are given in units of inverse seconds from total bypass
reactions [Viax(bypass)] and from superoxide-producing bypass reactions
[Vimax(SO)]. In two cases, Vimax(SO) could not be measured but is estimated
as a range: 0.5—0.75 V.« (bypass) covering the range of measured fsop
values. Rates noted in italics were measured by stopped-flow methods. The
shifts in redox potential for the Q/QH, couple based on measured values of
K., and the competitive K; are reported in volts.

other enzymes found in crude preparations or from endogenous
substrates. Forquer et al. (34) found that purified complexes also
prevented the kinetic artifacts (e.g., nonlinear or curved res-
ponses) seen in native membranes (35), where QH, concentra-
tions were near Kj,,.

The fast initial rates of some bypass reactions were verified by
stopped-flow techniques, measuring the rate of cyt ¢ reduction, as
described above (see Table 1). The substrate concentrations used
in stopped-flow experiments were well in excess of the steady-
state K, values, resulting in rates that were independent of sub-
strate concentration. Competition assays between non-native
Q-species and the native substrate analogue (3) were used to
estimate the K; of the non-native Q species and were analyzed
using a mixed competitive inhibition model (57) with simulta-
neous fitting of substrate titration curves over a range of quinone
concentrations, holding the uninhibited K., and V. values
constant. Shifts in the Q/QH, potential from differential Q/QH,
binding were estimated from the ratio of competitive Ki/K,
values. In some cases, decyl-ubiquinol was used in place of 3
(differing by one carbon in the tail) with identical results.

Thermodynamic Properties of Q H, Substrates. The esti-
mation of free energy changes (AG) for reactions involving SQ in
the Q, site requires accurate one- and two-electron redox potentials
and pK, values for all the Q, SQ, and QH, species bound to the
protein at the Q, site. Measurement of many of the required
quantities has not been experimentally possible. However, for the
series of closely related p-benzoquinone derivatives used here, the
redox potentials and pK, values in the Q, site should be offset from
the corresponding aqueous solution values by a similar amount if
there are no strong specific interactions affecting some molecules in
the series much more than the others. The AG for a reaction in the
protein should be shifted by a similar amount. Thus, the change in
the free energy of reaction, AAG, for different substrate analogues
in this series should be similar whether estimated using the
inaccessible values in the protein or the values in aqueous solution.

The use of aqueous properties has its own challenges. Aqueous
redox potentials from cyclic voltammetric measurements are not
reliable for many lipophilic quinone species (43, 52, 53). More-
over, the reduction potential for the Q to Q" reaction (or the
oxidation of QH, to QH" or Q") is nearly impossible to measure
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Table 2: Calculated Aqueous Redox Potentials and pK, Values for SQ
Species, Estimated K Values, and SQ/QH, Potentials for Protonated and
Deprotonated SQ Species”

substrate E(Q/QH.) E(Q/Q™) pKusq log Ks E(QH'/QH,) E(Q™/QH)

1 0.178 0.087 470 —9.66 0.463 0.269
2 0.112  —0.088 533 —12.09 0.469 0.312
3 0.122 —-0.078 535 —12.05 0.478 0.322
4 —0.018 —0.156 4.86 —10.93 0.305 0.12
5 —0.003 —-0.072 519 -7.94 0.231 0.066
6 —0.067 —0.148 479 -9.14 0.203 0.014
7 —0.108  —0.052 510 —3.89 0.007 —0.164

“Ks is defined as the the equilibrium constant for comproportionation of
Q and QH, to form 2QH". All potentials and equilibrium constants are
adjusted to the experimental conditions of pH 8.0. Redox potentials are
given in volts vs the standard hydrogen electrode.

reliably by experiment in aqueous solution because of the
disproportionation of the semiquinone species in the solutions.
Fortunately, there is sufficient experimental data to support the
calculation of aqueous redox potentials and pK, values in this
series of substrate analogues. We use procedures that predict
reasonably accurate aqueous redox potentials across a series of
homologous water-soluble quinone species (43), similar to
“benchmarking” approaches used successfully in other cases to
predict accurate redox potentials and pK, values (54, 55). The
computed values are summarized in Table 2 with full details in
the Supporting Information.

RESULTS

Kinetics of Superoxide Production in AA-Inhibited Com-
plexes. The apparent Michaelis constant (K,,) and the maximum
velocity of superoxide production (Vp,,,) were determined for
substrates 1—7 (Scheme 1 and Table 1). The K., values reflect the
coefficient for partitioning of each substrate analogue into the
detergent or membrane and the apparent binding constant at the
Q, site. The K, values for all substrate analogues lie in the range
of 5—35 uM except for 4, which has solubility problems and a
large apparent K, of ~150 uM.

For several substrates, the AA-inhibited turnover assays
slowed markedly as the product Q accumulated. Such behavior
has been observed for other non-native substrates (19, 45) and
indicates product inhibition; that is, the oxidized substrate binds
more tightly to Q, than the substrate itself. Product inhibition
implies that the Q/QH, redox potential shifts to more negative
values when bound at Q,. To measure those shifts, binding
constants for the oxidized substrates at Q, were estimated from
competition assays on uninhibited, steady-state turnover driven
by decyl-ubiquinol. The data were analyzed with mixed competi-
tion kinetics with competitive inhibition considered to be binding
of the quinol at the Q, site and the noncompetitive inhibition as
binding of Q at a site distinct from the Q, binding pocket,
probably the Q; site. The K; values were significant for only four
substrates, and the calculated shifts in the redox potential [E,(Q/
QH,)] based on the K, and competitive K; values range from
—0.003 to —0.060 V, less than the uncertainty in calculated redox
potential and much less than the range of potentials for 1-7.

Superoxide Production Rates Are Related to the Poten-
tials for SQ Formation. The Vi, for superoxide production
varies by more than 2 orders of magnitude for substrates 1—7 and
depends strongly on the relative redox potential for the one-
electron oxidation of 1—7 (Figure 2). Remarkably, these data
plotted as a function of the shift in the oxidation potential of QH,
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Scheme 1: Synthetic QH, Substrates”

H OH OH
Cl OMe OMe
R OMe R OMe R OMe
OH OH OH
(1) (2) (3)
OH H OH
MeO. OMe MeO. NMe;
R R R
OH OH OH
4) (5) (6)
OH
MeO OH
R NH,
OH

(7)
“R denotes the n-undecyl group (C;H>3).

relative to UQH, form a smooth extension of the data of Forquer
et al. (34) plotted as a function of the reduction potential shifts
of the Rieske ISP (as varied by site-directed mutagenesis in
S. cerevisiae). The reaction rate varies consistently with changes
in the redox potential of the QH,/ISP couple whether the redox
potential of the substrate or of the ISP is changed. These
combined data show that the rate-limiting step for superoxide
generation depends on the redox potential for the one-electron
reduction of the Rieske ISP by substrate.

The relation is equally strong whether we consider the redox
potential for the QH*/QH, or Q*~/QH, couples (Figure 2). The
semiquinones of 1—7 all have similar pK, values (Table 1), which
forces the potentials for oxidation of QH, to QH® or Q" to shift
by similar amounts. Notably, there is no correlation between the
rate of superoxide production and the potential for the second
electron transfer (Figure 3), indicating that the oxidation of SQ,
is not rate-limiting for the production of superoxide.

DISCUSSION

Specific Molecular Interactions Do Not Have Large
Effects on Superoxide Production. Alterations to the QH,
substrate of the Q, site can cause the cyt bc; complex to produce
superoxide at rates exceeding that of normal Q-cycle turnover
(~100 s~') [Figure 2 and previous work (19)]. Altering the
substrate could elicit rapid superoxide production by altering
specific interactions between the binding site and the substrate
that are crucial for steering or gating the reaction into products,
or by changing the driving force for formation or subsequent
reaction of SQ,. This work was designed to distinguish between
these possibilities by probing superoxide production with a
homologous series of synthetic substrate analogues.

The substrate analogues were selected, in part, to vary the side
groups on the benzoquinone ring available to participate in
specific interactions with the Q, site. Aside from the obvious
effects of ring substituents on redox potentials (see below), there
is no discernible relation between superoxide production and the
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FIGURE 2: Vpax for superoxide production, vgop, in micromoles of
superoxide per micromole of cyt bc; per second measured with
saturating amounts of substrate analogue and corresponding to
Vmax- Rates are plotted as a function of the shift (AAG) in oxidation
potential for substrate analogues [QH,/Q*" (top) and QH,/QH"
(bottom)] or reduction potential for the Rieske ISP: (@) vgop for
substrate analogues from Table 1 (the analogue is indicated by
number to the left of the symbol), (O) vsop for Rieske ISP mutants
from Forquer et al. (34) measured using the Amplex Red assay, ()
vsop for substrate analogues UQ3 and RQ; from Cape et al. (19), and
() Vmax for total bypass in micromoles of substrate analogue
oxidized per micromole of cyt bc; per second for 2 and 6 with the
typical vgop range indicated directly below by “error” bars.

position or type of ring substituent in 1—7. The quinol OH
groups and the hydrocarbon tail are certainly necessary for
activity, yet groups at other positions can change the V. by
2 orders of magnitude! The V., for superoxide production in the
AA-inhibited complex is little affected by which hydrophobic tail
is attached, with undecylubiquinol, 3, decylubiquinol (34), and
ubiquinol-3 (19) giving essentially equal rates. The position and
identity of individual chloro, methyl, methoxy, or amino side
groups also are not decisive in determining the V. for super-
oxide production [except through their overall influence on the
redox potential (see below)]. The rate of electron transfer from a
substrate analogue in this series bound at the Q, site is not con-
trolled by the physical structure of the substrate analogue.
Superoxide Production Rates Are Controlled by the
Driving Force for SQ, Formation. The substrate analogues
were also selected to provide large variations in both Q/QH,
redox potential and semiquinone stability constant, K (Table 2).
The large scatter in K means that the potential or driving force
for the first electron transfer does not track the potential for the
second electron transfer (from SQ, to O,) and makes it possible
to distinguish between the first and second electron transfer reac-
tions. The V.« for superoxide production increases as the quinol
becomes a better one-electron reducing agent and as the Rieske

Cape et al.
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FIGURE 3: V.« for superoxide production, vsop, in micromoles of
superoxide per micromole of cyt hc; per second measured with
saturating amounts of substrate analogue. Rates are plotted as a
function of the shift in oxidation potential for substrate analogues for
QH,/Q couples. Symbols are the same as in Figure 2A.

ISP becomes easier to reduce (34) (Figure 2). That is, the rate of
the reaction depends on the driving force for the one-electron
oxidation of the substrate by the Rieske ISP but not on the
driving force for the oxidation of SQ,. Thus, the rate-limiting step
with saturating substrate concentrations in superoxide produc-
tion is the direct, one-electron oxidation of QH, by the ISP to
produce SQ, and reduced ISP. Because the activation energy with
the natural substrate (34) for this step is the same as for the
normal Q-cycle, the first electron transfer step in the bifurcated
oxidation of quinol in the cyt be; complex must also be the direct,
one-electron oxidation of QH, by the ISP. Covian and Trum-
power (42) recently reported that the first electron transfer step is
no longer the rate-limiting step at less than saturating substrate
concentrations. They concluded that the rate limitation occurs at
a different step for normal turnover than for the bypass reactions
that occur under their conditions. That report did not determine
where the rate limitation moved in the complicated, multistep
reaction pathway of the cyt be; complex or whether the bypass
reactions under those new conditions result in superoxide pro-
duction.

Superoxide Is Produced by SQ. Figures 2 and 3 clearly
show that the rate-limiting step for superoxide production is the
first electron transfer. But what is the immediate source of the
electron to convert O, into superoxide: the reduced Rieske ISP,
the reduced cyt by, or SQ,? It is not likely the Rieske ISP. In
contrast to the FeS cluster in Complex I, the reduced Rieske ISP
is rather stable in air-saturated solutions either as part of the cyt
bcy complex or as the purified protein because of its unusually
high redox potential (~0.275 V at pH 7.0) (36). Its ability to
reduce oxygen is incapable of supporting the measured super-
oxide production rates. Furthermore, measurements of bypass
reactions in the cyt bc; complex find that at least one electron per
quinol makes it through the high-potential chain (21, 22), safely
passing through the Rieske ISP. An electron that enters the high-
potential chain at the Rieske ISP apparently is not easily diverted
to superoxide.

The electron to convert O, to superoxide therefore must come
from SQ,, but its path to O, is not obvious. Electron transfer
from SQ, through heme by or the low-potential chain to produce
superoxide is one possibility. The proximal niche inhibitors
myxothiazole and MOA stilbene (21, 22) prevent electrons from
entering the low-potential chain yet elicit substantial amounts of
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such superoxide from the cyt hc; complex. Muller et al. (27)
showed that the V. for superoxide production in the presence
of proximal niche inhibitors is roughly half that of AA-inhibited
complexes. This provides a clear demonstration that reduced cyt
by is not an essential precursor to superoxide because proximal
niche inhibitors prevent electrons from entering the low-potential
chain and reducing cyt by . Moreover, when electrons can enter
the low-potential chain, as with AA inhibition, the steady-state
accumulation of electrons on cyt b ought to cause superoxide
production at rates proportional to the amount of reduced cyt by .
Auvailable data do not support this prediction (/9); very reducing
substrates such as rhodoquinol generate steady-state levels of
reduced cyt b similar to that of ubiquinol even though superoxide
production rates differ by ~2 orders of magnitude. Thus, the low-
potential chain does not appear to be able to pass electrons
efficiently from SQ, to superoxide.

SQ, is the only remaining plausible source of the electron for
superoxide production, and SQ, must therefore be considered the
last known predecessor of superoxide. However, there are little
direct data to indicate whether SQ, reacts in the Q, site to
produce superoxide or after escape from the Q, site.

Recent studies of superoxide production during “semireverse”
electron flow (32, 33) conclude that under extreme conditions,
electron flow in the low-potential chain can be reversed, with
electrons flowing from the Q; site to the Q, site, to reduce quinone
in the Q, site to SQ, and then producing superoxide. That route
to superoxide production supports our results that SQ, is the last
known precursor to superoxide.

Superoxide Production Shares Intermediates with the
Q-Cycle. Superoxide production rates at saturating substrate
concentrations are related to shifts in redox potential of both the
Rieske ISP and the quinol substrate (Figure 2). The relationship
can be summarized following Crofts et al. (23), based on Marcus
theory as

exp < - %> e { _ o E(SQ/QH;) — E(ISPyy /ISPr)

RT

This equation has been experimentally tested by variation of
the ISP redox potential for normal Q-cycle turnover (23, 34) and
for superoxide production (23). We now find that it holds when
the redox potential of the substrate is varied. Thus, the free
energy change for the one-electron transfer from substrate to the
ISP predicts the rate of superoxide production. This indicates
that the rate-limiting step for superoxide production is the one-
electron transfer reaction to produce SQ, (either as the neutral
radical or as the radical anion) and reduced ISP. The activation
energies at saturating substrate concentrations are the same
for superoxide production and for oxidation of quinol in the
Q-cycle (34), indicating the same rate-limiting step in both
processes. The paths then diverge at SQ,, or soon thereafter as
proposed previously (23, 34).

The initial electron transfer is thought to occur in a hydrogen-
bonded complex between quinol and a histidine ligand of the FeS
cluster (23, 32, 34, 57). In such a “contact ion pair”, back electron
transfer should be rapid. A distinct SQ, would appear only after
the contact ion pair moves apart and back electron transfer slows
dramatically, to kinetically “trap” SQ, so that it reacts with O, or
proceeds along the Q-cycle. The motion of the ISP headgroup to
carry its FeS cluster to cyt ¢; is the obvious way for the contact
ion pair to dissociate and to terminate the electron transfer step.
This view predicts that blocking movement of the ISP would

Biochemistry, Vol. 48, No. 45, 2009 10721

prevent formation of SQ, and superoxide. Indeed, Borek
et al. (32) reported no superoxide production in the double
alanine insertion mutant of the ISP, where ISP movement is
blocked (56). This observation was explained by a gating mecha-
nism in which “the structural changes that occur in the Q, site
upon movement of FeS” “act to transiently ‘open’ the Q, site for
the reaction with oxygen” (32). The “opening” of this gate is
perhaps best viewed in a general sense in which a fully reactive
SQ, is not formed until the ISP has moved away from Q,,.

CONCLUSION

Mounting evidence shows that some of the bypass reactions,
particularly those producing superoxide during oxidation of
quinol at the Q, site, diverge from the Q-cycle rather late in the
bifurcated reaction. Consequently, bypass reactions provide an
additional means of studying the initial reactions of the Q-cycle as
demonstrated here. There is more scope for controlling and
manipulating reaction conditions, e.g., varying redox potential,
because the bypass reactions effectively isolate or decouple the
initial reactions in the Q-cycle from later steps, preventing many
complications and interactions. We used that approach here to
examine the dependence of oxidation rate on the redox potential
and structure of the substrate. We find that the direct one-
electron oxidation of QH, by the Rieske ISP produces a
semiquinone during oxidation of quinol at the Q, site in the
Q-cycle and in superoxide production. The oxidation of the
semiquinone and the reduction of cyt b or O, are subsequent
steps, distinct from the rate-limiting step. The production of
superoxide whether through the oxidation of quinol in the Q, site
studied here or through the reduction of quinone in the Q, site by
reversed electron flow (32, 33) involves the generation of SQ,
which is the last known precursor to superoxide. At lower sub-
strate concentrations, other reactions become rate-limiting and
detailed measurements of carefully designed mutants and sub-
strate analogues or of kinetic isotope effects can make substantial
contributions to determining the entire reaction network.

These experimental results reported here are incompatible (1)
with models for ¢yt be; in which transfer of electrons to the high-
potential chain is not a distinct step preceding transfer of
electrons to the low-potential chain and (2) with conformational
gating models that would produce superoxide by a very different
set of reactions compared to the normal Q-cycle.
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