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Superoxide production by NADH:ubiquinone oxidoreductase (complex I)
depends on the pH gradient across the mitochondrial inner membrane

Adrian J. LAMBERT and Martin D. BRAND'

Medical Research Council Dunn Human Nutrition Unit, Hills Road, Cambridge CB2 2XY, U.K.

The relationship between protonmotive force and superoxide pro-
duction by mitochondria is poorly understood. To address this
issue, the rate of superoxide production from complex I of rat
skeletal muscle mitochondria incubated under a variety of con-
ditions was assessed. By far, the largest rate of superoxide pro-
duction was from mitochondria respiring on succinate; this rate
was almost abolished by rotenone or piericidin, indicating that
superoxide production from complex I is large under conditions of
reverse electron transport. The high rate of superoxide production
by complex I could also be abolished by uncoupler, confirming
that superoxide production is sensitive to protonmotive force. It

was inhibited by nigericin, suggesting that it is more dependent on
the pH gradient across the mitochondrial inner membrane than
on the membrane potential. These effects were examined in detail,
leading to the conclusions that the effect of protonmotive force
was mostly direct, and not indirect through changes in the redox
state of the ubiquinone pool, and that the production of superoxide
by complex I during reverse electron transport was at least 3-fold
more sensitive to the pH gradient than to the membrane potential.

Key words: electron transport chain, hydrogen peroxide (H,0,),
mitochondria, reactive oxygen species, skeletal muscle.

INTRODUCTION

Reactive oxygen species (ROS), such as superoxide, hydrogen
peroxide (H,O,) and hydroxyl radicals, are known to play arole in
various pathological disorders [1], and there is evidence to suggest
that they may also play a role in aging [2]. Despite an elaborate
array of protection systems to neutralize ROS [including SOD
(superoxide dismutase), catalase and glutathione peroxidase], it
appears that oxidative damage to macromolecules such as proteins
and DNA can accumulate and lead to cellular dysfunction. The
main source of ROS in animal cells is the mitochondria (in plants,
itis the plastids), and in vitro studies indicate that superoxide is the
primary ROS produced as a result of the single electron reduction
of oxygen [3-5]. The importance of superoxide removal from
the mitochondrial matrix in vivo is particularly demonstrated by
manganese-SOD nullizygous mice, which have only a 10-day life-
span and exhibit several severe pathological disorders [6,7]. In
addition to the recognized deleterious action of ROS, there is
growing evidence that they can serve as specific signalling mole-
cules [8].

Within the mitochondria, the main sites of superoxide pro-
duction have been localized to the electron transport chain. The
‘normal’ function of the chain is to pump protons across the inner
membrane, driven by the energy released during the transfer of
electrons from reduced substrates through cytochrome oxidase
(complex IV) to oxygen. Complex IV reduces oxygen to water
using electrons from cytochrome c in four tightly controlled, one-
electron steps, and produces little or no superoxide. However,
during electron transport, electron leaks, primarily at complexes
I and III, can pass single electrons to oxygen and give rise to
superoxide. The mechanism of superoxide production by complex
III is relatively well understood, since it is linked to the operation
of the Q (ubiquinone) cycle [9]. However, the mechanism of
superoxide production by complex I is less clear, probably because

the exact sequence of electron transfers and how they are coupled
to proton transfer is not known [10-12]. For instance, it is un-
clear which site(s) within complex I are responsible for gene-
rating superoxide. The flavin group [13-15], the N-la iron—
sulphur cluster [16], the N-2 iron—sulphur cluster [17], the
iron—sulphur clusters in general [13,15,18] and ubisemiquinone
[18-20] have each been implicated.

An interesting observation reported in several studies is that
mitochondria respiring on succinate, the substrate for complex II
(in the absence of rotenone, an inhibitor of complex I), have a
greater rate of superoxide production than they do when respiring
on complex I-linked substrates [13,14,16,21,22]. Most of the
superoxide production during oxidation of succinate occurs
during reverse electron transport into complex I [14,21-23], and
thus superoxide production during reverse electron transport is
greater than during forward electron transport. The mechanism
and physiological relevance of this phenomenon are not known.

Over the course of the last 7 years, it has become apparent that
the rate of superoxide production by the electron transport chain
in vitro is sensitive to the mitochondrial protonmotive force (Ap)
[21,22,24,25]. This conclusion is based on observations that
addition of either uncouplers (which increase the consumption
of Ap) or inhibitors (which inhibit formation of Ap) decreases
the rate of superoxide production by mitochondria respiring on
succinate in the absence of rotenone. Reverse electron transport
depends on the thermodynamic forces across complex I and is,
therefore, favoured by a high Ap and a high reduction state
of the Q pool. However, in the intact electron transport chain, Ap
will have both a direct effect on complex I and an indirect effect
through the Q pool, because of its downstream effects on complex
IIT and complex IV. Lowering Ap will tend to oxidize the Q pool
and decrease electron supply into complex I, and indirectly lower
superoxide production. These complications make it difficult to
assess from the published studies the relative importance of the

Abbreviations used: Ap, protonmotive force; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; PHPA, p-hydroxyphenyl acetic acid; Q, ubi-
quinone; ROS, reactive oxygen species; SOD, superoxide dismutase; TPMP*, triphenylmethylphosphonium ion.
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direct and indirect effects of Ap on superoxide production by
complex 1.

Ap consists of two components: Ay (the membrane potential,
i.e. the electrical component) and ApH (the pH gradient, i.e. the
concentration component). Their relative importance in determin-
ing superoxide production by complex I is unknown. The observ-
ation by Liu [25] that conversion of ApH into A by addition of
nigericin lowered ROS production in isolated liver mitochondria
suggests that ApH may be more important than is currently
recognized.

The purpose of the present study was to explore the relation-
ships between superoxide production by complex I and the com-
ponents of Ap, to gain an insight into the mechanism and
regulation of complex I superoxide production.

MATERIALS AND METHODS
Materials

Piericidin A was kindly given by Dr Mauro Degli Esposti (Uni-
versity of Manchester, U.K.). All other chemicals were purchased
from Sigma.

Measurement of mitochondrial superoxide production

Mitochondria from skeletal muscle of female Wistar rats (aged
between 5 and 8 weeks) were isolated by differential centri-
fugation, as described previously [26]. The superoxide production
rate was assessed by measurement of the H,O, generation rate, de-
termined fluorimetrically by measurement of oxidation of PHPA
(p-hydroxyphenyl acetic acid) coupled to the enzymic reduction
of H,O, by horseradish peroxidase. Mitochondria were incu-
bated at 0.35 mg of mitochondrial protein-ml™" in standard
buffer containing 120 mM KCl, 3 mM Hepes, 1 mM EGTA
and 0.3 % (w/v) BSA (pH 7.2 at 37 °C). All incubations also con-
tained 50 wg - ml~' PHPA, 4 units - ml~! horseradish peroxidase,
30 units - ml~' SOD and 1.875 uM TPMP* (triphenylmethyl-
phosphonium) bromide. The reaction was initiated by addition
of respiratory substrates, and, after 1 min, the increase in fluo-
rescence at an excitation wavelength of 320 nm and emission
wavelength of 400 nm was followed on a computer-controlled
Shimadzu RF5301 spectrofluorimeter for 2-3 min. Appropriate
correction for background signals [27] and standard curves
generated using known amounts of H,O, were used to calculate
the rate of H,O, production in nmol - min~" - mg of mitochondrial
protein~'. Essentially, all the superoxide from complex I is gene-
rated on the matrix side of the inner membrane, and then converted
by endogenous processes into H,0,, which leaks out and is
measured in the assay [27].

Measurement of mitochondrial Ap

The mitochondrial Ay was determined using an electrode sensit-
ive to TPMP, as described previously [28]. Skeletal muscle mi-
tochondria were incubated at 37 °C in standard buffer with PHPA,
horseradish peroxidase and SOD. The electrode was calibrated by
sequential 0.375 uM additions of TPMP* up to 1.875 uM. The
reaction was initiated by addition of respiratory substrate, and A
was measured upon reaching the steady state (approx. 1 min). The
chemical component of the protonmotive force, ApH, was then
measured as the change in Ay after ApH was converted
into Ay following addition of 100 nM nigericin. After each run,
the uncoupler FCCP (carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone) was added to a concentration of 2 uM to
release the TPMP* and allow correction for any small drift in the
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TPMP* electrode. Potentials were calculated as described pre-
viously [28] on the basis that Ap= Ay + ApH (all in mV, giving
positive signs to electrical potentials that were positive outside
and pH gradients that were acid outside).

Measurement of reverse electron transport

The rate of reverse electron transport from succinate to NAD™
was assessed by monitoring the rate of NADH formation fluo-
rimetrically at excitation and emission wavelengths of 365 and
450 nm respectively, as described previously [29]. Incubation
and buffer conditions were similar to those used for measure-
ment of H,O, and Ap. The NADH production rate was quantified
using a standard curve.

Statistics

Results are presented as means + S.E.M, with #n being the number
of separate mitochondrial preparations. The significance of dif-
ferences between means was assessed by an unpaired Student’s
t test; the minimum level of significance chosen was P < 0.05.

RESULTS

The rate of H,O, production by rat skeletal muscle mitochondria
respiring under various conditions is shown in Figure 1(a). In
the presence of succinate alone, a relatively large rate of H,O,
production was observed (2.65 nmol - min~'-mg of protein™").
This rate was almost abolished in the presence of rotenone or
piericidin (specific complex I inhibitors), indicating that the large
rate of superoxide production was due to reverse electron transport
from succinate through complex II into complex I. In the presence
of complex I inhibitors, the rate of superoxide production from
succinate dehydrogenase, complex III and other downstream sites
was less than 4 % of the rate from complex I during reverse elec-
tron transport. Reverse electron transport is known to be depen-
dent on Ap, which provides the necessary driving force. Neither
rotenone nor piericidin significantly affected Ap, Ay or ApH
with succinate as substrate (Table 1), and therefore inhibition by
rotenone and piericidin was direct, and not acting through Ap or
its components.

To examine the characteristics of reverse electron transport-
driven superoxide production by complex I, uncouplers and
ionophores were used to alter the components of Ap. In the pre-
sence of the uncoupler FCCP, where Ap was zero (Table 1),
reverse electron transport from succinate to NAD™ was abolished,
as expected (results not shown). For this condition, superoxide
production with succinate as substrate was not measurable (Fig-
ure la), confirming that superoxide production is sensitive to
Ap. Nigericin is an ionophore that exchanges potassium ions
for protons across the mitochondrial inner membrane. In the
presence of nigericin, if [K*];, = [K*],,, then [H*];, = [H*],,, and
ApH = 0. The concentration of [K*],,, in the buffer was 120 mM,
which approximates to [K*],,. Since ApH is abolished by
nigericin in this medium, the electron transport chain compensates
for the drop in ApH by pumping more protons, so that Ay in-
creases and ApH is quickly converted entirely into Ay (Table 1).
In the presence of nigericin, the superoxide production rate
was decreased from 2.65 to 0.45 nmol - min~' - mg of protein™'
(Figure la). This leads to the important qualitative conclusion
that superoxide production by complex I was much more inhibited
by the 40 mV drop in ApH than it was stimulated by the equal
40 mV rise in Ay. The residual superoxide production under
these conditions was still sensitive to rotenone (Figure la),
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Figure1 (a)Rates of superoxide production (measured as H,0, production)

by isolated rat skeletal mitochondria respiring on succinate and (b) effects
of internal (matrix) pH (pH;,) and ApH on H,0, production rate

(a) Standard incubation conditions were 120 mM KCI, 3 mM Hepes, 1 mM EGTA, 0.3 %
(w/v) BSA (pH 7.2 and 37 °C), 50 g PHPA-mlI~", 4 units- ml~" horseradish peroxidase,
30 units- mi~" SOD and 1.875 M TPMP+. Where shown, 4 mM succinate, 4 M rotenone,
2 M piericidin, 2 M FCCP and 100 nM nigericin were also present. *Significant (P <
0.0001) difference from succinate; **significant (P < 0.05) difference from succinate +
nigericin. Bars show means + S.E.M. of measurements on four to ten separate mitochondrial
preparations. (b) Incubation conditions were as for (a), except that the pH of the buffer was
adjusted to 6.6-7.4 in steps of 0.2 pH units. Open symbols, nigericin absent; closed symbols,
plus 100 nM nigericin. pH;, in the absence of nigericin was determined in parallel incubations
using the TPMP electrode, as described in the Materials and methods section. In the presence
of nigericin, pHi, = pHot. Points represent means + S.E.M. of measurements on four separate
mitochondrial preparations.

showing that both the nigericin-sensitive and nigericin-insensitive
components originated in complex I by reverse electron transport
from complex II.

These results suggest that most of the large rate of superoxide
production from complex I is dependent on the pH difference
across the mitochondrial inner membrane. However, since
nigericin collapses the ApH component of Ap to zero, it will also
change the internal (matrix) pH (pH;,), and this might provide an
alternative explanation for the lowering of the superoxide gene-
ration rate. This possibility was explored by measuring ApH and
H,0, production in a series of buffers with different pH values,
in the presence and absence of nigericin. In the presence of
nigericin, ApH=0, and so pH,, will equal pH,,; thus pH,, is

Table 1 Values of ApH, Ay and Ap under various conditions

Potentials were determined using a TPMP electrode as described in the Materials and methods
section. Standard incubation conditions were 120 mM KCI, 3 mM HEPES, 1 mM EGTA, 0.3 %
(w/v) BSA (pH 7.2 and 37 ©C), 50 g of PHPA - mI~", 4 units - mI~" horseradish peroxidase,
30 units - ml~=* SOD and 1.875 .M TPMP. Where shown, 4 mM succinate, 4 .M rotenone,
2 1M piericidin, 2 M FCCP and 100 nM nigericin were added. Values are means + S.E.M.
for measurements on four to ten separate mitochondrial preparations. *Significant (P < 0.001)
difference from succinate. We define ApH as zero in the presence of nigericin.

Ay (mV)  ApH(mV)  Ap(mV)
Succinate 141+4 40+5 181+5
Succinate + rotenone 139+4 1+4 180+4
Succinate + piericidin -~ 14743 4043 187+3

Succinate + FCCP 0+0* 0+0* 0+0*
Succinate + nigericin 181+ 5" 0 181+5

easily manipulated by using buffers of different pH in the presence
of nigericin. In the absence of nigericin, ApH is normally approx.
30-40 mV (the exact value is calculated from the relationship
ApH= Ap — Ay, determined using the TPMP* electrode), and
pHi, can be calculated as pH,, + ApH (in pH units). As shown
in Figure 1(b), H,O, production did not depend strongly on pH;,,
regardless of the absence or presence of nigericin. However, it did
depend on ApH: at any given pH,,, the rate of H,O, production
was always severalfold higher in the absence of nigericin than in
its presence. This indicates that the superoxide production rate
during reverse electron transport is dependent on ApH, and not
on pH,,.

Having established that the rate of superoxide production by
reverse electron transport into complex I depends more strongly
on ApH than on A, we investigated the relationship in more
detail. To vary ApH over a range of values, we could have titrated
with nigericin, but it is difficult to obtain consistent results with
submaximal concentrations of nigericin, so instead, a phosphate
titration was performed. Inorganic phosphate (P;) enters the mito-
chondrial matrix effectively in symport with protons, and thus
lowers ApH, leading to a compensatory rise in Ayr. The effect
of increasing P; concentration on Ap, Ay and ApH is shown
in Figure 2(a). As expected, with increasing P; concentrations,
ApH progressively declined, A increased and Ap remained
almost constant. Figure 2(b) shows the corresponding effect of P,
titration on the H,O, production rate: increasing P; concentration
caused a sharp reduction in H,O, production rate. In the presence
of nigericin, increasing P; concentration had no effect on H,O,
production, as expected, since ApH was already abolished. Once
again, qualitatively, superoxide production is more sensitive to
small decreases in ApH than to the equivalent small increases in
AY.

Another way to vary ApH is to uncouple progressively with
FCCP. In this case, the supply of electrons to complex I may also
decline as uncoupling lowers Ap, stimulates downstream electron
transport and tends to oxidize the Q pool. Figure 2(c) shows
that with increasing FCCP concentration, Ap, Ay and ApH all
declined slightly. Even though the changes in ApH with FCCP
were not significant, there was a strong effect of FCCP on super-
oxide production rate, again indicating qualitatively that
superoxide production is very sensitive to ApH (Figure 2d). The
effect may be slightly exaggerated, due to reduced electron supply
into complex I resulting from oxidation of the Q pool. In the
presence of nigericin, the rate of H,O, production also declined
with increasing FCCP concentration, unlike the titration with
phosphate shown in Figure 2(b). This indicates that, as well as
its effect through ApH, there was an additional effect of FCCP on

© 2004 Biochemical Society
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Figure 2 Effects of phosphate, FCCP and malonate on the components of Ap and on the H,0, production rate

Incubation conditions were the same as those described in the legend to Figure 1(a). Open symbols (a,c,e) represent potentials (squares, Ap; triangles, Avr; diamonds, ApH). Closed symbols
(b,d.f) represent H, 0, production rate (squares, 100 nM nigericin present; diamonds, nigericin absent). Data points represent means + S.E.M. for measurements on four to six separate mitochondrial
preparations. Phosphate (P;) was added as KH,PQ, and malonate was added as the K* salt. *Significant (P < 0.05) difference from the datum point at zero concentration of P;/FCCP/malonate for

each respective panel.

H,O, production rate. This could be via the redox state of the Q
pool due to the drop in Ap as FCCP increased, or a direct effect
of Ay on complex I. The relatively small absolute magnitude of
this additional effect suggests that alterations in the redox state
of the Q pool or in Ay are less important than alterations in
ApH in causing the decrease in H,0O, production in response to
uncoupling.

© 2004 Biochemical Society

ApH can also be varied by inhibiting succinate oxidation with
malonate, a competitive inhibitor of succinate dehydrogenase. In
this case, the supply of electrons to the Q pool and to complex I
will also decline as succinate dehydrogenase is progressively
inhibited. The effect of malonate concentration on Ap, Ay
and ApH is shown in Figure 2(e). With increasing malonate
concentration, Ap and ApH declined and Ay remained almost
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constant. Figure 2(f) shows the corresponding effect of malonate
titration on H,O, production rate. In both the presence and absence
of nigericin, the H,O, production rate declined with increasing
malonate concentration. The steep slope of the line in the absence
of nigericin, where ApH declined but Ay remained almost
constant, once again suggests that superoxide production is very
sensitive to ApH, whereas the effect in the presence of nigericin
echoes the indirect effect through the Q pool and the direct effect
through At also seen in Figure 2(d), and leads to the same
interpretation.

The data in Figure 2 allow a quantitative analysis of the effects
of Ay and ApH on the rate of superoxide production by complex I
to be made, as shown in Figure 3. Figure 3(a) shows that there
is no unique dependence of H,0, production on Ay in the ab-
sence of nigericin; the relationship depends on the contribution
of ApH, which varies in different ways in the different titrations.
During titration with phosphate, ApH and A change in different
directions, but during titration with FCCP they vary in the same di-
rection, whereas malonate titration leads to greater changes in
ApH than in Ayr.

In the presence of nigericin, ApH is clamped at zero, and these
complications are eliminated. Figure 3(b) shows the dependence
of H,O, production on Ays when nigericin is present and ApH is
zero. Because the redox state of the Q pool, and hence the electron
supply to complex I, is compromised during FCCP and malonate
titrations (see above), the true dependence on Ay may be much
less steep than the relationship shown here.

Figure 3(c) shows the dependence of H,O, production on ApH
during the phosphate titration, after correction for effects of Ay
(results for the FCCP and malonate titrations were unsuitable,
because Ap changed and compromised the Q pool redox state).
For each point on the phosphate titration, we took the rate of
H,0, production in the absence of nigericin in Figure 3(a) and
subtracted the small rate at the same value of A1 in the presence
of nigericin in Figure 3(b), and then plotted the result against the
appropriate ApH value shown in Figure 2(a). The result in Fig-
ure 3(c) shows quantitatively how superoxide production by com-
plex I depends on ApH.

Comparison of Figure 3(b) with Figure 3(c) shows how super-
oxide production from complex I during reverse electron transport
is much more dependent on ApH than on Ay. An increase in
ApH from O to 15 mV (at a Ap of approx. 170-180 mV) gave an
increase of approx. 2 nmol - min™' - mg of protein™' in the H,0,
production rate (Figure 3c). The same 15 mV increase in Ay at
the same overall Ap gave an increase of 0.7 nmol - min™ - mg of
protein~! in H,0, (Figure 3b). Because of compromised electron
supply in the FCCP and malonate titrations in Figure 3(b), the
true increase in H,O, production in response to A/ is likely to be
rather less. Thus the H,O, production rate is at least 3-fold more
sensitive to changes in ApH than changes in Ayr.

We next investigated the dependence of reverse electron
transport on ApH, since the inhibitory effect of nigericin on the
superoxide production rate might reflect inhibition of reverse
electron transport through complex I. Figure 4(a) indicates that
nigericin did decrease the rate of reverse electron transport from
succinate to NAD" by approx. 40 %. This effect might have been
due to changes in ApH, or to changes in pH;, (as discussed pre-
viously for the effect of nigericin on superoxide production).
Therefore the rate of reverse electron transport was determined at
different values of pH,,, as in Figure 1(b). Unlike the superoxide
production rate, the rate of reverse electron transport did depend
on pH;,; it declined with increasing pH, as shown in Figure 4(b).
However, like superoxide production, reverse electron transport
rate also depended on ApH; at any pH,, the rate of reverse
electron transport was higher in the absence of nigericin than in its
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Figure 3 Dependence of H,0, production rate on Ay and ApH

Data are taken from Figure 2. (@) Membrane potential (Avr) where ApH is present; (b) Ay
where ApH is zero; and (¢) ApH, with the effect due to Ay in panel (b) subtracted. ApH
and Ay were titrated with P; (squares), FCCP (diamonds) or malonate (triangles) in the
presence (closed symbols) or absence (open symbols) of 100 nM nigericin. Points represent
means + S.E.M. of measurements on four to six separate mitochondrial preparations.

presence. Thus the different effects of pH;, show that superoxide
production from complex I during reverse electron transport is
not just a simple function of reverse electron transport rate, while
the similar effects of ApH show that the two processes do have
some common features.
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Figure 4 Effects of nigericin and pH;, on reverse electron transport

(a) Reverse electron transport measured by NADH production with succinate as substrate. The
fluorescence signal was set to zero at time zero. Points represent means for measurements on
three separate mitochondrial preparations, with error bars omitted for clarity. Succinate (4 mM)
was added at 20 s. (b) Effect of internal (matrix) pH (pH:,) on reverse electron transport rate. pHi,
in the absence of nigericin was determined in parallel incubations using the TPMP+ electrode,
as described in the Materials and methods section. In the presence of nigericin, pHiy = pHoy:.
Open symbols, nigericin absent; closed symbols, plus 100 nM nigericin.

DISCUSSION

High rates of superoxide production by complex I during
reverse electron transport have been reported for brain and heart
mitochondria from the rat [14,16,21] and for mitochondria from
the fruit fly Drosophila melanogaster [30]. In the present study,
we show that the same is true for mitochondria isolated from
rat skeletal muscle: succinate-supported superoxide production is
high, and it is rotenone- and piericidin-sensitive, showing that it
depends on reverse electron transport into complex I, and explain-
ing its high dependence on protonmotive force.

The relationship between the high rate of superoxide pro-
duction from complex I during reverse electron transport and
protonmotive force has not previously been investigated in
detail. Previous reports [22,24,25] have used uncouplers and/or
inhibitors to show that superoxide production is sensitive to Ay,
but under conditions in which electron supply and ApH will also
be altered. We have confirmed these observations using FCCP
and malonate (Figure 3a). We show here that protonmotive force
alters superoxide production mostly by a direct effect on com-
plex I, and only to a small extent through an indirect effect on
the redox state of the Q pool, and hence on electron supply. We
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confirm the earlier finding [25] that addition of nigericin, which
lowers ApH and raises Ay at constant Ap, strongly decreases
superoxide production, showing that it is more strongly inhibited
by the drop in ApH than it is stimulated by the rise in Ayr.

We demonstrate using a phosphate titration (where Ap and
electron supply are relatively constant) that a high ApH across the
mitochondrial inner membrane during reverse electron transfer is
required for high rates of superoxide production. Quantitatively,
superoxide production by complex I is at least 3-fold more
sensitive to ApH than to Ay (Figure 3). The published results
showing sensitivity to Ay [22,24,25] are probably better inter-
preted as reflecting mostly sensitivity to ApH and reduced
electron supply.

Whilst many biochemical processes are dependent on pH, it is
those that directly or indirectly move protons across a membrane,
such as the reactions catalysed by complexes III and IV [31,32],
that can be dependent on ApH. It seems likely, therefore, that the
ApH-sensitive generation of superoxide from complex I is linked
mechanistically to the transport of protons by the enzyme.
The mechanism of proton pumping by complex I remains almost
completely unknown, partly because of the large size of the com-
plex, and partly because of the lack of easily studied intermediates
in the coupling reaction. In other respiratory complexes, the be-
haviour of intermediates has led to mechanistic insights: the
oxidant-induced reduction of the b cytochromes led to the for-
mulation of the Q cycle in complex III [33], and analysis of the
different states of the binuclear cluster has allowed considerable
progress in understanding the mechanism of complex IV [34].
Superoxide production during reverse electron transport in com-
plex I is strongly dependent on the components of Ap (Figure 3),
implying that the reductant of oxygen at this site is intimately
involved in the coupling mechanism. Superoxide production by
complex I may provide a new tool for the elucidation of the
mechanism of proton pumping by this complex.

In intact cells, the pH gradient across the mitochondrial inner
membrane is generally high, despite high concentrations of phos-
phate. Estimates range from 30 mV in hepatocytes [35,36] and
adipocytes [37] to 73 mV in thymocytes [38]. Whether high
rates of superoxide production from complex I occur in cells
will depend on the current supply of electrons from NADH and
ubiquinone, on the current value of ApH (which may be regulated
by calcium uptake [39], the mitochondrial permeability transition
pore [40] or uncoupling proteins [41]) and on other cellular
regulators of complex I superoxide production [42,43]. Fatty acid
oxidation may be particularly prone to cause superoxide pro-
duction from this site, since it is regulated mostly by fatty acid
supply, leads to reduction of both NADH and Q, and is associated
with high ApH. One test of whether the site is active in cells under
any particular condition is to measure the sensitivity of ROS pro-
duction to rotenone: some studies have reported that ROS
production in intact cells is inhibited by rotenone [44—47], al-
though other studies find that rotenone increases cellular ROS
production [48-51].
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