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Abstract

Individual sites of superoxide production in the mitochondrial respiratory chain have previously
been defined and partially characterized using specific inhibitors, but the native contribution of
each site to total superoxide production in the absence of inhibitors is unknown. We estimated
rates of superoxide production (measured as H,O5) at different sites in rat muscle mitochondria
using specific endogenous reporters. The rate of superoxide production by the complex | flavin
(site 1g) was calibrated to the reduction state of endogenous NAD(P)H. Similarly, the rate of
superoxide production by the complex I11 site of quinol oxidation (site Il1g,) was calibrated to the
reduction state of endogenous cytochrome bsgg. We then measured the endogenous reporters in
mitochondria oxidizing NADH-generating substrates, without added respiratory inhibitors, with
and without ATP synthesis. We used the calibrated reporters to calculate the rates of superoxide
production from sites I and Illge. The calculated rates of superoxide production accounted for
much of the measured overall rates. During ATP synthesis, site I was the dominant superoxide
producer. Under non-phosphorylating conditions, overall rates were higher and sites Ig, I1lg, and
unidentified sites (perhaps the complex | site of quinone reduction, site Ig) all made substantial
contributions to measured H,O, production.
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Production of mitochondrial reactive oxygen species (ROS)? has been implicated in many
detrimental or degenerative biological processes. A truncated list includes metabolic
diseases [1;2], neurodegenerative diseases [3], and cancers [4]. Mitochondrial ROS
production has been asserted to play a fundamental role in the aging process, although this
remains contentious [5-9]. There is increasing evidence that ROS are also crucial signalling
molecules in many important physiological pathways [10]. The increasing number of
physiological and pathological hypotheses that cite ROS production as crucial to their
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mechanism brings the question of physiological ROS production into focus. What are the
native rates of mitochondrial ROS production in isolated mitochondria (i.e. the rates in the
absence of added electron transport chain inhibitors)? What are these native rates in cells, or
in vivo?\What controls these rates? Is there one site in the electron transport chain of
mitochondria that is responsible for most of the ROS production in cells? Do the rates of
production differ with substrate and tissue type?

Chance and colleagues [11-13] established that isolated mitochondria can produce H,O, /n
vitro. It is now appreciated that most of this H,O5 is formed as superoxide, and superoxide
dismutase-2 [14] in the matrix converts it to H,O,, which can escape and be assayed in the
surrounding medium. The field has subsequently expanded considerably and many
characteristics of H,O, production by mitochondria have been revealed. Using respiratory
chain inhibitors to manipulate the reduction state of sites under investigation and to prevent
superoxide generation from other sites, at least eight specific sites of superoxide and H,0,
production in the Krebs cycle and the electron transport chain of mammalian mitochondria
have been identified or suggested, and partially characterized. These sites are a-
ketoglutarate dehydrogenase; pyruvate dehydrogenase; glycerol 3-phosphate
dehydrogenase; the electron transferring flavoprotein:Q oxidoreductase (ETFQOR) of fatty
acid p-oxidation; the flavin in complex I (site Ig); the ubiquinone-reducing site in complex |
(site Ig); the ubiquinol-oxidizing site in complex H1 (site 11lg,) [15-17]; and complex I,
which can generate large amounts of superoxide and/or H,O, under appropriate conditions
[18].

Despite the importance ascribed to mitochondria as a source of ROS, it is still unknown
which enzymes or respiratory complexes are the main sources of superoxide or H,0,
production by mitochondria 7n vivo, in situin cells, or in vitro [16;17]. This is because
inhibiting or genetically modifying a candidate site interrupts normal electron flow and
alters the redox states of remaining sites, and can dramatically alter their rates of superoxide
or H,0, production. This raises the question: how can the individual contributions from a
complex suite of ROS-producing sites be assessed within intact mitochondria?

In the present paper we introduce and exploit a novel method of estimating the rates of
superoxide generation from two specific sites by calibrating the reduction state of
endogenous redox pools to the rate of superoxide generated from that site (the redox state of
endogenous NAD(P)H to report site I, and the redox state of cytochrome bsgg to report site
I11go), which we call endogenous reporters here. We describe the calibration of the
reporters, then present the first quantitative estimate of the contributions of site I and site
11, to total H,O; production by isolated mitochondria under native conditions in the
absence of respiratory chain inhibitors.

MATERIALS AND METHODS

Animals, reagents and mitochondrial preparation

Female Wister rats (Harlan Laboratories), age 5-8 weeks, were fed chow ad /ibitum with
free access to water. Skeletal muscle mitochondria were isolated at 4 °C in Chappell-Perry
buffer (CP1; 100 mM KCI, 50 mM Tris, 2 mM EGTA, pH 7.1 at 25 °C) by standard
procedures [19]. They had robust respiratory control ratios (3—4.5) for six hours after
isolation, and we generally completed all assays in under four hours. The animal protocol
was approved by the Buck Institute Animal Care and Use Committee, in accordance with
IACUC standards. All reagents were from Sigma (St. Louis, MO) except Amplex UltraRed,
which was from Invitrogen (Carlsbad, CA).
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Superoxide Production

Rates of superoxide production were measured indirectly as rates of H,O, production
following dismutation of two superoxide molecules by endogenous or exogenous superoxide
dismutase (SOD) to yield one H,O,. H,0, was detected using exogenous horseradish
peroxidase and Amplex UltraRed [20]. Peroxidase activity associated with exogenous SOD
was negligible compared to the added horseradish peroxidase activity, since SOD addition
did not decrease the observed rate of H,O, production when site I was driven by malate in
the presence of rotenone. Where there is clear evidence that the initial species formed at a
site is superoxide, as there is for sites I [21] and Illg, [22], we refer to it throughout the
present paper as ‘superoxide production’. Where it is not known or ambiguous whether a
site generates superoxide or H,O», as it is for site Ig, and a-ketoglutarate dehydrogenase
and pyruvate dehydrogenase [23-25], and also where the sites involved are not fully
defined, we refer to it as ‘superoxide/H,O, production’. Where we discuss purely the
experimental measurement we refer to it as ‘H,O, production’. Where we discuss effects of
the various species produced by mitochondria, including superoxide, H,O,, and their
downstream products such as hydroxyl radical and lipid peroxides, we refer to them
collectively as ‘ROS’.

Mitochondria (0.3 mg protein « ml~1) were suspended in medium at 37 °C containing 120
mM KCI, 5 mM Hepes, 5 mM KyPQy, 2.5 MM MgCl,, 1 mM EGTA, and 0.3% (w/v)
bovine serum albumin (pH 7.0 at 37 °C), together with 5 U-mI~1 horseradish peroxidase, 25
U« mlI~1 SOD and 50 M Amplex UltraRed. Where indicated, phosphorylating (“state 3")
conditions of ATP synthesis were established by adding an ADP regenerating system
containing 0.1 mM ADP, 2.5 units « mI~1 hexokinase, and 20 mM glucose. Non-
phosphorylating (“state 4”) conditions were established by adding 0.1 pg-mi~1 oligomycin.
Reactions were monitored fluorometrically in a Shimadzu RF5301-PC or Varian Cary
Eclipse spectrofluorometer (Aexcitation = 560 M, Aemission = 590 nm) with constant stirring,
and calibrated with known amounts of H,O5 [19]. After addition of substrate at 5 minutes,
linear rates of change were monitored between minutes 6.5 and 8; the background rate of
change of Amplex UltraRed fluorescence was corrected for by subtracting the rate preceding
substrate addition between minutes 4 and 5 (as illustrated in Fig. 4a).

NAD(P)H measurements

Experiments were performed using 0.3 mg mitochondrial protein-ml~1 at 37 °C in parallel
with measurements of H,O, and cytochrome bsgg in the same medium with the same
additions. The reduction state of endogenous NAD(P)H was determined by autofluorescence
[26] using a Shimadzu RF5301-PC or Varian Cary Eclipse spectrofluorometer at Aeycitation
= 365 nm, Agmission = 450 nm. NAD(P)H was assumed to be 0% reduced after 5 min
without added substrate (the small apparent further oxidation of NAD(P)H in the absence of
added substrate was ignored; this caused a small overestimate of NAD(P)H reduction state,
but did not affect the reported rates of H,O, production by site I since the overestimate
affected both assay and calibration equally) and 100% reduced with 5 mM malate and 4 M
rotenone (Fig. 4b). Intermediate values were determined as %NAD(P)H relative to the 0%
and 100% values.

Cytochrome bggg measurements

Experiments were performed at 1.5 mg mitochondrial protein-ml~1 in parallel with
measurements of H,O, and NAD(P)H in the same medium. The reduction state of
endogenous cytochrome bsgg Was measured with constant stirring at 37 °C in an Olis DW-2
dual wavelength spectrophotometer at 566-575 nm. The signal at this wavelength pair
reports ~75% cytochrome bsgg and ~25% cytochrome bsg, [20;27]. We did not correct for
the bsgp contribution because the combined signal led to the same interpretations as the
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corrected signal, and less protein was required for each assay. Cytochrome bggg Was
assumed to be 0% reduced after 5 min without added substrate and 100% reduced with
saturating substrates plus antimycin A (Fig. 4c). Intermediate values were determined as
%bsgg reduced relative to the 0% and 100% values. At least 15 consecutive data points were
used to calculate the average %reduction in each condition. Reduction of cytochrome bsg)
was measured at 561-569 nm [27].

Protonmotive force and respiration measurements

Protonmotive force was assayed as mitochondrial membrane potential (in the presence of
nigericin to abolish pH gradients), using an electrode sensitive to the membrane-permeant
cationic probe, methyltriphenylphosphonium [19]. This gave minimum values for the
normal steady state, because nigericin slightly inhibited substrate oxidation. Mitochondrial
respiration was measured in parallel in a Clark-type oxygen electrode (in the absence of
nigericin). Mitochondria were incubated under identical conditions to the H,O, assays at 37
°C. The four experimental conditions in Fig. 8 generated the following protonmotive force
values and respiration rates (mean + SEM of three biological replicates). (a) 5 mM malate,
phosphorylating: 140 £ 5 mV, 89 + 40 nmol O min~1 « mg protein~1; (b) 5 mM malate, non-
phosphorylating: 165 + 1 mV, 28 + 3 nmol O min~1 « mg protein~1; (c) 5 mM glutamate + 5
mM malate, phosphorylating: 158 + 3 mV, 222 + 29 nmol O min~1 « mg protein~1; (d) 5
mM glutamate + 5 mM malate, non-phosphorylating: 183 + 2 mV, 48 = 10 nmol O min~1 «
mg protein™L.

CDNB treatment and calibration

To allow correction for losses of H,O, caused by peroxidase activity in the matrix,
mitochondria were treated where stated with 1-chloro-2,4-dinitrobenzene (CDNB) to deplete
glutathione and decrease glutathione peroxidase and peroxiredoxin activity [26]. In a
previous publication [26], we performed the appropriate controls in skeletal muscle
mitochondria to show that this protocol does not damage respiratory chain components and
introduce artifactual H,O, production, nor does it have measurable effects on the redox state
of the NAD(P)H pool. Mitochondria (5 mg protein-ml~1) were treated with 35 LM CDNB or
ethanol control in CP1 medium for 5 min at room temperature, mixed with an equal volume
of ice-cold CP1 and centrifuged for 5 min at 15 000 g (at 2—4 °C). The pellet was washed
twice in ice-cold CP1 and resuspended to approximately 30 mg protein-ml=1.

The CDNB correction curve (Fig. 1) was determined as described [26], but with improved
accuracy at low H,O, production rates. The previous correction curve [26] utilized rates
from 0.25-1.5 nmol H,0, « min~1 « mg protein~! in a medium lacking phosphate and
magnesium. We generated a new CDNB-correction curve in the current medium, at rates
below 0.1 nmol H,0, « min~1 « mg protein~1, by titrating malate into CDNB and ethanol-
control treated mitochondria. The rates of H,O, production were measured after the addition
of 4 uM rotenone and assumed to be purely matrix-directed. The empirically-derived
hyperbolic equation that described this relationship was:

"CnNg:"Contr()l"'(loo * "cuntrn/)/(72'6+\'contml) (Eqg. 1)

(rates in pmol H,05 » min~1 « mg protein~1). We emphasize that this relationship should be
empirically determined for any new experimental condition and within the relevant data
range.

Free Radlic Biol Med. Author manuscript; available in PMC 2013 November 01.
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The control data for the Ig calibration curve (Fig. 5¢) were fitted by non-linear regression to
a single exponential, to give the parameter values in Eq. 2:

v =0.29 6(0.054*%NAD(P)H)+1 1.2 (Eq. 2)

Hy0, (%NAD(P)H)
where V4,0, is the rate of H,O, production.
The control data for the I11g, calibration curve (Fig. 7c) were fitted in the same way to give

the parameter values in Eq. 3.

v =0.68 x ¢0096+%bse6) _() 68 (Eq. 3)

Hy 07 (%bs66)

Data for CDNB-treated mitochondria were fitted in the same way (parameter values not
shown).

When using the calibration curves in Figs 5¢ and 7c¢ to calculate rates of H,O, production,
the error in the measurements during calibration was taken into account. This error was
calculated by error propagation using Eq. 4.

SE,, Sereporer) \/S E%’epl’ﬂel‘z * (d"Hzoz (%rz‘porler)/d(%reportcr))2+s EHzoz2 (Ba. 4)

Hy0, (%reporter)

For the data in Fig. 8, this error was combined with the error in the level of the measured
reporter (Table 1) using Eq. 5:

2
S Ercpurted \/S E%rcporter * (d‘ H,0, (/mpur[er)/d(%reporter))2+s Eﬁt (Ea.5)

Hy0, (%reporter) Hy 0y (%reporter)

The sums of the reported rates of H,O, production were calculated with Eq. 6:

2 (Eq.

vreported SEreported _( jreported reported ) \/(S E"L’I’U”Ed ) +(S E"C’Im”"d ) 5

H, 0 (total) H, 0, (total) Hy0, (/NA[)(P)H) H2()7 (%bse6) Hy 0y (%NAD(P)H) Hy 0y (%bs566)

The significance of differences between reported and experimentally measured rates of
H,0, production in each experimental condition was tested using Welch’s t-test. Because
error propagation was used to include uncertainty in the calibration curve, we could not
enter individual data-points for statistical analysis. Instead we used the traits describing the
population of data (mean, SEM based on error propagation and number of observations) to
calculate if differences were significant (p <0.05).

RESULTS AND DISCUSSION

Endogenous reporters of the rates of mitochondrial superoxide and H,O» production

The rate of superoxide/H,0, production at each individual site in the electron transport
chain will be a function of the concentrations of the electron donor (i.e. the reduction state of
the specific centre that donates its electron to oxygen), and electron acceptor (oxygen), and
the appropriate rate constants for the reaction.

Free Radlic Biol Med. Author manuscript; available in PMC 2013 November 01.
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Despite earlier assumptions to the contrary, e.g. [29], all sites of superoxide/H,0,
production have similar hyperbolic responses to increasing oxygen concentrations and
exhibit saturation kinetics, with little change in production rate above about 10 M O, at
standard pressure [30]. In our air-saturated, open-cuvette experiments, the O, concentration
was about 200 LM, so the rate of production at any site will be a function of the
concentration of the reduced electron donor and not rate limited by [O,]. For our analysis,
the function relating the redox state of the donor to the rate of superoxide/H,O5 production
has to be unique, but its other properties do not matter.

The redox states of the particular electron donors at each site may not be readily
measureable. However, any electron carrier that is close to redox equilibrium with the donor
will be a reporter of the donor’s redox state. Such a reporter can be used to construct an
empirical calibration curve that describes how the rate of superoxide/H,0O, production from
a site is related to the reduction state of the reporter. For our analysis, the relationship
between the redox states of the reporter and the donor needs to be unique, but its other
properties do not matter. However, if the reporter is close to equilibrium with the donor,
their redox states will be related by the Nernst equation and can be modelled using
exponentials. Even if there are complications (such as significant disequilibrium between
donor and reporter or more complex kinetic interactions within a redox site), as long as the
reporter has a unique relationship to the superoxide/H,O, production rate in the range of
conditions to be investigated, it can still be used.

Therefore, if there are unique relationships between the redox states of the reporter and the
donor, and between the redox state of the donor and the rate of superoxide/H,O, production,
an empirical calibration of H,O, production as a function of the redox state of the reporter
can be used to predict the rate of superoxide/H,O, production from any site with a suitable
reporter. This is the basis of the method we introduce in the present paper to measure the
native rates of superoxide production from different sites in the electron transport chain of
isolated mitochondria in the absence of added inhibitors of electron transport. Fig. 2 depicts
the principles and assumptions employed in using endogenous reporters of superoxide
production rate in this way.

Candidate sites of native superoxide and H,O, production

In this paper we use the term “native rate” to mean the rate in the absence of added
respiratory chain inhibitors. The obvious candidates for sites of native mitochondrial
superoxide and H,0, production during oxidation of NAD-linked substrates are respiratory
chain complexes I and 111 [12;16;29;31;32]. These two complexes contain three potentially
important sites: site I [21;31], site 1o [33;34]; and site 11, [12;20]. The black bars in Fig.
3 show the maximum rate of H,O, production observed from each of these sites under
optimal conditions of electron supply, in the presence of appropriate inhibitors to prevent
escape of electrons, with suppression of matrix peroxidase-catalyzed losses of hydrogen
peroxide.

The grey bars of Fig. 3 show the observed native rates of H,O» production by mitochondria
oxidizing NAD-linked substrates in the presence and absence of ATP synthesis. The
maximum rate of H,O, production from each site greatly exceeds any of the observed native
rates, and the sum of the maximum rates is 50-fold greater than any of the native rates,
illustrating vividly that any one site, or any combination of the sites, could, in principle,
account for the native rates. In the following sections we will dissect the native H,O,
production under each condition into its components using reporter-based assays.

This study can be divided into two parts: (A) identification and calibration of endogenous
reporters using respiratory inhibitors to define the individual sites, and (B) measurement of

Free Radlic Biol Med. Author manuscript; available in PMC 2013 November 01.
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the reporters in a complex system in which the sites of superoxide production are unknown,
prediction of the contributions of each of the reported sites, and comparison of the sum of
predicted rates to the total observed native H,O» production rates.

Experimentally, both parts of this study were performed in the same way (Fig. 4). For each
condition, during either calibration or measurement, we measured Amplex UltraRed
oxidation to determine the H,O, production rate (Fig. 4a), and the redox states of two
endogenous reporters, NAD(P)H (Fig. 4b) and cytochrome b5gg (Fig. 4c).

The reduction state of NAD(P)H as a site-specific endogenous reporter of superoxide
production at site Ig

The immediate electron donor to oxygen during superoxide production at site I (the flavin
mononucleotide in the NADH oxidation site of complex 1) is thought to be the fully-reduced
flavin [21]. Although the reduction state of the flavin can be detected by its absorbance [35],
and the “semiflavin” product can be detected using EPR [36], the signals are small and
therefore unsuitable for routine use as reporters of the rate of superoxide production from
site Ig.

NADH, the reductant of the flavin, is more suitable as a reporter. The observation in isolated
mitochondria that complex I is readily reduced by NADH, and in turn can readily reduce
NAD™ during reverse electron transport, indicates that NADH and flavin may be close to
equilibrium [37]. A potential problem is that NAD* competes with NADH for the binding
site, which can kinetically limit the reduction of the flavin and make it sensitive to NAD-
pool size [21]. However, in isolated mitochondria the NAD-pool size is effectively constant,
and any kinetic limitation by NAD* does not appear to prevent easy reversibility. NADH
may therefore be a suitable endogenous reporter of the redox state of the flavin and of I
superoxide production [26;38]. The reduction state of endogenous mitochondrial NAD(P)H
can be measured by autofluorescence with excitation at 365 nm and emission at 450 nm. It is
generally referred to as NAD(P)H to acknowledge that some of the signal comes from
NADPH, although that contribution is expected to be small in skeletal muscle mitochondria
[26]. Much of the fluorescence signal may come from NADH bound to the active site of
complex I [39], making it particularly specific and suitable as an endogenous reporter of site
Ir. Following these considerations, we have previously found that the autofluorescence of
NAD(P)H can report the rate of superoxide production at site Ig under different conditions
[26;38].

Calibration of NAD(P)H redox state as a reporter of superoxide production from site Ig

Site I generates superoxide at maximal rate when the NAD(P)H pool is highly reduced; this
can be achieved by the addition NADH to complex I, or NAD-linked substrates to isolated
mitochondria, in the presence of rotenone (a Q-binding site inhibitor of complex I) to block
electron escape from the complex [26;40-42].

The site can be titrated by adding different sub-maximal concentrations of substrate. We
chose to calibrate with different concentrations of malate in the presence of rotenone. This
was to minimize contributions from downstream electron transport chain complexes, which
will remain oxidized under these conditions. The matrix enzymes a-ketoglutarate
dehydrogenase and pyruvate dehydrogenase can generate superoxide/H,O, under some
conditions [23-25]. If these matrix dehydrogenases do cause any H,O, production in these
calibrations with no obvious source of a-ketoglutarate or pyruvate, using electrons from
NAD(P)H, it will be correctly accounted for but wrongly attributed to site Ig.

Fig. 5a shows the relationship of superoxide production rate from site Iz (measured as
H»0,) to the concentration of malate during titration with malate in the presence of

Free Radlic Biol Med. Author manuscript; available in PMC 2013 November 01.
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rotenone. Fig. 5b shows the relationship of NAD(P)H reduction state to the concentration of
malate during parallel titrations. Fig. 5¢ is the replot of superoxide production rate from site
I as a function of NAD(P)H reduction in control mitochondria (filled symbols). This is the
critical calibration curve to be used to report the rate of superoxide production from site Ir.

For completeness, Fig. 5c also shows the relationship between superoxide production rate
from site Ir and NAD(P)H reduction in CDNB-treated mitochondria (open symbols). CDNB
treatment, by decreasing matrix glutathione concentration and slowing matrix peroxidase-
dependent consumption of H,O,, allows a more realistic approximation of actual rates of
superoxide production by site I compared to the measurements under standard conditions
[26].

The reduction state of cytochrome bggg as a site-specific endogenous reporter of
superoxide production at site Illgg

The immediate electron donor to oxygen during superoxide production at site 111, (the
quinol oxidation site located on the outer side of complex Ill, facing the intermembrane
space) is thought to be the semiquinone in the Q, site [12;43;44]. Although this semiquinone
can be detected using EPR [45], the signal is very difficult to work with and therefore
unsuitable for routine use as a reporter of the rate of superoxide production from site I11g,.

Cytochrome bsgg is the immediate oxidant of this semiquinone in the Q, site [46;47], and
may be more suitable as a reporter, since its reduction state can be measured by dual-
wavelength absorbance spectroscopy [20;43].

In the presence of the Qj site inhibitor, antimycin A, superoxide production at site 11l is
not a unique function of cytochrome b5gg redox state but depends on the redox states of both
cytochrome b5gg and cytochrome bs5-[20]. However, the redox relationship between these
cytochromes depends on the membrane potential. At a protonmotive force of about 140 mV
(applied by ATP hydrolysis) in the presence of antimycin A, cytochrome b5 has a similar
apparent mid-point potential to cytochrome b5g6, and the dependence of superoxide
production rate approximates to a function of cytochrome b6 reduction alone [20]. In the
present study all measurements of native rates were made in the absence of antimycin A and
the presence of high protonmotive force (140 — 183 mV). Under these conditions, the
relationship between the superoxide production rate at site I11g, and the reduction state of
cytochrome b5gg (Fig. 7¢) was similar to that found previously when a protonmotive force of
140 mV was imposed in the presence of antimycin A [20]. Therefore, as proton motive force
rises higher than 140 mV, we assume that further oxidation of cytochrome bsgp relative to
cytochrome b5gg has no effect on the relationship between superoxide production and
cytochrome b5gg redox state. These considerations allow the use of cytochrome bsgg redox
state as a reporter of site Ig,.

Calibration of cytochrome bggg redox state as a reporter of superoxide production from

site lllgg

The superoxide production rate of site I1lg, was assayed as the rate with succinate as
substrate, in the presence of rotenone, that was sensitive to the Q, site inhibitor myxothiazol
(Fig. 6a). We initially assumed that this protocol would avoid reduction of NADH, but
found that NAD(P)H was significantly reduced by succinate, and further reduced when
myxothiazol was added (Fig. 6b). The residual rate of superoxide production after addition
of myxothiazol in Fig. 6a was correctly reported by the Ig calibration in Fig. 5¢ (not shown),
identifying its source as site If.

The superoxide production rate of site I1lg, was calibrated at different succinate:malonate
ratios. Fig. 6¢ shows the reduction of NAD(P)H at each succinate:malonate ratio. During

Free Radlic Biol Med. Author manuscript; available in PMC 2013 November 01.
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reporter calibration, the contribution of site Ig to the signal before and after addition of
myxothiazol was corrected for during calculation of the rate from site 111q,.

Fig. 7a shows the relationship of the superoxide production rate from site I11o, (measured as
H,0,) to the concentration of succinate during titration with different succinate:malonate
ratios. Fig. 7b shows the relationship of cytochrome b5gg reduction state to the concentration
of succinate during parallel titrations. Fig. 7c is the replot of the corrected superoxide
production rate from site Illg, as a function of cytochrome bsgg reduction in control
mitochondria (filled symbols). This is the critical calibration curve to be used to report the
rate of superoxide production from site Il1q,.

For completeness, Fig. 7c also shows the relationship between superoxide production rate
from site Illg, and cytochrome bgg reduction that would be predicted in CDNB-treated
mitochondria (open symbols) to allow a more realistic approximation of total superoxide
production by site Illg,. The prediction was made by correcting the observed rates in control
mitochondria to the rates in CDNB-treated mitochondria using the relationship in Fig. 1,
assuming that 50% of the superoxide from site Illg, is generated in the matrix
[26;29;48;49].

Use of the reporters to predict native rates of mitochondrial superoxide production

The calibration curves shown in Figs 5 and 7 were constructed to report the rates of
superoxide production from site I and site I11g, under different applied conditions in these
isolated skeletal muscle mitochondria. The applied conditions could include different
substrates, different inhibitors, and different respiratory states, making these reporter-based
assays powerful and general tools for the characterization of mitochondrial superoxide/H,0,
production. For the initial application and validation of the method, we chose to measure the
native rates of superoxide production by sites Ir and Illg, in a relatively simple system:
mitochondria oxidizing NAD-linked substrates (5 mM malate, or the combination of 5 mM
malate plus 5 mM glutamate), in the absence of inhibitors, during maximum rates of ATP
synthesis (phosphorylating; state 3), or in the presence of oligomycin to establish non-
phosphorylating conditions (state 4).

For these experiments, NAD(P)H reduction state, cytochrome b5 reduction state, and the
overall rate of H,O, production were measured in parallel on the same batch of skeletal
muscle mitochondria (in different cuvettes), as exemplified in Fig. 4. The observed
reduction levels of the two reporters are listed in Table 1. These values were used to report
the rates of superoxide generation from sites I and I1lg, using the calibration curves in Fig.
5c and Fig. 7c. The predicted rates of superoxide production from each site for control and
CDNB-treated mitochondria are reported in Table 2 and Fig. 8. The measured total rates of
H,0, production under the same conditions are also shown, allowing comparison of the sum
of the reported rates from each site with the experimentally-observed total rates.

The results for the four experimental conditions are shown in Fig. 8. Figs 8a and 8b show
H»0, production by mitochondria oxidizing malate; Figs 8c and 8d show production by
mitochondria oxidizing glutamate plus malate.

When mitochondria oxidized malate whilst generating ATP (Fig. 8a), NAD(P)H and
cytochrome bsgg Were relatively oxidized (Table 1), as would be expected since malate is a
relatively poor substrate for supply of electrons, and ATP synthesis keeps the protonmotive
force relatively low (140 mV) and the electron transport chain relatively oxidized. Under
these conditions, the reported rates of superoxide production were low (Table 2, Fig. 8a).
Most of the superoxide (~80%) was reported to arise from site Ig. The sum of the reported
rates was not different from the measured rate of H,O, production (second bar in Fig. 8a)
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(p>0.8; t-test). This good agreement between the sum of the reported rates and the measured
rate is consistent with the reporters working well, and with little or no contribution to H,O»
production under these conditions from sites other than Ig and Illgo. The third bar in Fig. 8a
shows the rates reported using the CDNB-corrected calibration curves in Figs 5¢ and 7c.
Because the correction was applied to the whole of the superoxide production from site I,
but only to the 50% of superoxide production from site I1lg, assumed to be in the matrix,
and because the correction is different at different rates, the proportion of superoxide
production reported from site I was slightly changed. Again, there was good agreement
between the sum of the reported rates and the measured H,O, production rate (fourth bar in
Fig. 8a); there was no statistical difference between the total reported and measured H,O5
production rates (p>0.9; t-test).

Fig. 8b shows the same analysis, but this time of mitochondria oxidizing malate under non-
phosphorylating conditions (not generating ATP), in which the protonmotive force was
higher (165 mV) and the electron transport chain was consequently less oxidized (Table 1).
The reported contribution of site I was little changed, but the reported contribution of site
I11g, increased ~3-fold (Table 2). The reported superoxide production rate was shared
between sites I and 1o (~36% I and ~20% Illg,). In this case the sum of the reported
rates was significantly less than the measured H,O, production rate. In the CDNB treated
mitochondria, the reporters accounted for only about half of the observed rate, with ~30
pmol H,0, » min~1 « mg protein~ remaining unassigned to either site.

Figs 8c and 8d show the second experimental condition, mitochondria oxidizing glutamate
and malate. Addition of glutamate removes matrix oxaloacetate by transamination and
makes malate a more effective substrate for supply of electrons. Fig. 8c shows the
phosphorylating state. Compared to Fig. 8a, addition of glutamate increased protonmotive
force from 140 to 158 mV, appeared to cause slightly more reduction of cytochrome &5g6,
but not of NAD(P)H, and increased the reported contribution of 11lg,, but not of site I¢
(Table 2). The reported and measured rates in CDNB-treated mitochondria are also shown.
Both sites Ir and Il contributed to superoxide production, with site Ir tending to dominate
(~70% Ig). There was no significant difference between the sum of the reported rates and the
observed rate of HyO, production in either set of data.

Fig. 8d shows the analysis of H,O, production by mitochondria oxidizing glutamate plus
malate, but under non-phosphorylating conditions. These conditions generated the highest
rates of H,O, production observed in this study. Because of the good electron supply and
high protonmotive force (183 mV), there was relatively high reduction of both NAD(P)H
and cytochrome bsgg (Table 1). This led to relatively high reported rates from both sites.
Compared to the phosphorylating state, the rate of superoxide production by site 1llqg
increased ~4-5-fold (Table 2). The reported rate of superoxide production was shared
between sites I and I1lg, (~45% IF and ~22% Illge). Similarly to the situation with malate
in the non-phosphorylating condition, the sum of the reported rates was significantly less
than the observed H,O» production rate. In the CDNB-treated mitochondria ~60 pmol H,05
« min~1 « mg protein~1 were unassigned, accounting for ~33% of the observed signal.

CONCLUSIONS

The present study is the first to dissect the individual sites of superoxide production by
mitochondria under native conditions of oxidation of NAD-linked substrates with no added
respiratory chain inhibitors.

The two conditions that most favour formation of H,O, by isolated mitochondria are a
highly reduced NAD(P)H pool [21;26;50], and a high protonmotive force together with a
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reduced ubiquinone pool [33;38;51;52]. From studies using respiratory chain inhibitors, we
know which sites are most active under specific contrived conditions, such as site 1o during
oxidation of succinate before addition of rotenone [33;51;52], site I during oxidation of
NAD-linked substrates in the presence of rotenone [40-42], or site 111g, during oxidation of
succinate in the presence of rotenone and antimycin A [12;20;43;44]. Although efforts have
been made to characterize the mitochondrial sites that generate superoxide/H,0, in complex
systems [53-56], such studies using inhibitors do not unambiguously reveal which sites are
most active under native conditions in the absence of added respiratory chain inhibitors with
more physiologically-relevant substrates.

Previous studies that have attempted to identify specific sites used pharmacological or
genetic manipulation of putative sites of superoxide/H,0, production and inferred the sites
from the resulting changes in ROS production. For example, it is sometimes reported that
addition of antimycin A to cells increases ROS production, with the implied or explicit
inference that the native ROS production must have been from complex 111 (e.g. [57]). This
inference is invalid for two reasons. First, the observation that a site produces ROS after
inhibition does not show that it produced them before the addition of the inhibitor. Second,
the addition of an inhibitor will increase superoxide/H,0, production from upstream sites as
they become more reduced, and decrease superoxide/H,O, production from any
downstream sites as they become more oxidized, distorting the pattern of production so
much that few valid inferences can be made about the native sites of production before
inhibitor addition. Similarly, addition of inhibitors of site Illgo, such as myxothiaxol or
stigmatellin, or genetic ablation of Illg, activity [58] may decrease ROS production in cells.
However, such inhibition will tend to increase superoxide/H,0O, production from site I and
complex Il by causing reduction of ubiquinone and NADH, and to decrease production from
site I by lowering the protonmotive force. These complications make the assignment of
production to site 11lg, using these methods unreliable.

Previous studies recognized that the reduction states of the NADH and ubiquinone pools
affect or determine superoxide production rates, but did not calibrate these relationships or
use them for quantitative predictions. Such studies related the observed rate of superoxide
production by site I to NAD(P)H reduction state [21;31;38], and the observed rate of
superoxide production by site Illg, to cytochrome bsgg reduction state [20].

In the present paper we introduce a novel general solution to the problem of identifying and
quantifying individual sites of superoxide/H,O, production: the calibration of endogenous
reporters using inhibitors to define the sites that they report on, and the measurement of
those reporters in the absence of added respiratory chain inhibitors to predict native rates of
superoxide production from individual sites and their contribution to the total rate of
superoxide production. We show that NAD(P)H reduction state can be used to report the
rate of superoxide production from site Ig, and cytochrome bsgg reduction state can be used
to report the superoxide production rate from site Illg,. Using these calibrated reporters, we
estimated the contributions of sites I and 111g, to H,O, production in mitochondria isolated
from rat skeletal muscle oxidizing malate or glutamate plus malate as substrates under two
different conditions.

Fig. 8 shows that under phosphorylating conditions the reported rates of superoxide
production from sites I and 111, accounted fully for the observed rates, with site I
generating much of the total. We conclude that these two sites are the only significant
contributors to mitochondrial H,O, production during ATP synthesis under the conditions
used in the present paper.
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Under non-phosphorylating conditions superoxide production was ~40% from site I, ~20%
from site Illg, and ~40% from unidentified sites. It is possible that this difference between
reported and observed rates reflects systematic errors in our assumptions and calibrations, or
it may suggest that there were contributions to H,O, production by other sites in this system.
The best candidates for other site(s) are the lipoic acid-containing enzyme complexes (a-
ketoglutarate dehydrogenase and pyruvate dehydrogenase) and site lo. Complex Il is not a
good candidate, since its superoxide/H,0, production is strongly inhibited by malate [18],
which was added in all the current experiments.

When malate alone is oxidized, a-ketoglutarate dehydrogenase is not expected to be active.
However, in the presence of glutamate it is possible that a-ketoglutarate dehydrogenase was
provided sufficient substrate to generate superoxide/H,0, [23-25], and this could have
contributed some of the unassigned H,O, generation during oxidation of glutamate plus
malate. However, when we used 5 mM glutamate plus 5 mM malate instead of 5 mM malate
alone in the I calibration of Fig. 5¢ (data not shown) there was no significant difference in
the rate of H,O5 production. This suggests that a-ketoglutarate dehydrogenase does not
contribute significant H,0, to the total even when glutamate is present under our conditions.

Site 1o generates superoxide/H,O; at high rates in the presence of succinate and absence of
rotenone [33] (Fig. 3), and in the presence of rotenone and NAD-linked substrates when a
protonmotive force is generated by ATP hydrolysis [54]. The site is very sensitive to
protonmotive force (particularly the transmembrane pH gradient) [33] and to the redox state
of the ubiquinone pool [38], both of which increase under non-phosphorylating compared to
phosphorylating conditions, and during oxidation of glutamate plus malate compared to
malate alone. Therefore, site g is an attractive candidate for the unassigned H,0,
production during non-phosphorylating respiration with malate alone and with glutamate
plus malate as substrates.

Our results show that the rate of H,O, production by mitochondria depends strongly on their
state (i.e. on the protonmotive force): in mitochondria treated with CDNB the rate of H,O,
production increased 2—3-fold (malate) or ~4-fold (glutamate plus malate) between the
phosphorylating and non-phosphorylating states (Table 2). The rate of superoxide/H,0,
production by the electron transport chain cannot depend simply on the rate of electron flow
through the chain (as implied when rates are reported as a percentage of respiration rate),
since there is no obvious mechanism for such a relationship, and rates are increased when
electron transport is stimulated by addition of substrate, yet decreased when electron
transport is increased by addition of uncouplers [28]. However, in this context in which no
inhibitors were added and respiration was not manipulated, reporting ROS production as a
percentage of respiration can give a general sense of the scale of the electron leak. In non-
phosphorylating conditions, electron leak to oxygen was 0.25% (malate) and 0.4%
(glutamate plus malate) of total respiration rate. Under phosphorylating conditions it was
considerably less, 0.03% (malate) and 0.02% (glutamate plus malate) of total respiration
rate.

An interesting aspect of our results is the prediction that the rate of direct superoxide
production (as opposed to H,O, production) in the extramitochondrial compartment depends
even more strongly on the respiratory state of the mitochondria: the rate of external
superoxide production increased ~3-fold (malate) or 4-5-fold (glutamate plus malate)
between phosphorylating and non-phosphorylating states (Table 2). External superoxide
production is expected to arise only from site Illq, in this system. Superoxide from site I,
site Ig and a-ketoglutarate dehydrogenase is produced exclusively in the matrix [29], but
~50% of site Il1g, superoxide production is thought to be directed to the extramitochondrial
compartment [26;29;48;49]. In principle, these large changes in extramitochondrial H,O5 or
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superoxide production rate could be used to signal the respiratory state of the mitochondria
to the cytosolic compartment through H,0, or superoxide-sensitive components in the
cytosol, as proposed by others [16;17;58].

As a proof of concept and illustration of its application, the experimental design in the
present work was necessarily relatively simple. However, the method can readily be
expanded to other substrates, conditions, and sites of interest. For example, site Ig has one
of the highest measured Vyax values of all the mitochondrial H,O,-producing sites [17;33],
(Fig. 3), but its contribution to H,O, production during oxidation of physiologically-relevant
substrates such as fatty acids or glycerol 3-phosphate in cells, or /n vivo is unknown.
Similarly, complex I1, a-glycerophosphate dehydrogenase, ETFQOR and lipoic acid
containing dehydrogenases may each be capable of generating superoxide/H,0, at
significant rates under specific conditions. Through careful experimental design, the strategy
introduced here should enable elucidation of the specific HoO»-producing behaviour of
isolated mitochondria under many experimental conditions. If technical issues can be
resolved, extension of these principles may also prove useful with intact cells as well as
whole tissues and organisms. An improved understanding of which mitochondrial
superoxide-and H,O,-producing sites are active physiologically and pathologically should
greatly assist evaluation of the mechanisms and roles of mitochondrial ROS production in
physiology and pathology.
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FIGURE 1. Comparison of rates of superoxide production (measured as HoO» production) by
site Ig in CDNB-pretreated and control mitochondria

Site I was titrated by adding malate from 0.01 mM to 5 mM in separate runs followed by
addition of rotenone. Points were fitted to give the parameter values in Eq. 1 (inset). The
dashed line indicates a 1:1 relationship. Values are means + SEM (n = 5).
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(a) General principles of the reporter-based ROS assay
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FIGURE 2. The theory and assumptions of the reporter-based assay of superoxide production
rate

(a) Theory. When the donor species in a superoxide-producing site (ovals) is reduced
(darker shading) it donates electrons to oxygen to generate superoxide. The redox state of
the donor is reported by an adjacent redox centre (rectangles). Two primary assumptions are
made. First, the rate of superoxide production is a unique function (#) of the reduction state
of the donor (in the simplest case, the rate of superoxide production is the product of a
pseudo first-order rate constant and the concentration or % reduction of the donor). Second,
the reduction state of a relevant, nearby reporter is a unique function of the reduction state of
the donor (in the simplest case the two centres are at equilibrium and their redox states are
related by the Nernst equation). It follows that the rate of superoxide production will be a
unique function of the reduction state of the reporter (in the simplest case, that function can
be derived from the two simplest cases above). These assumptions allow the rate of
superoxide production by a particular donor to be calibrated to the reduction state of the
appropriate reporter. In the present study we calibrated the rate of superoxide production
from site I to the reduction state of NAD(P)H, and the rate of superoxide production from
site 111, to the reduction state of cytochrome bsgg. (b) Reactions of donor (FMNH>) and
reporter (NADH,) at site Ig. (¢) Reactions of donor (QH’) and reporter (reduced cytochrome

bsge) at site o

Free Radlic Biol Med. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 20

6000 - Maximum rates achievable

in the presence of inhibitors
under optimal conditions
—~ 5000 -
£
2 9
S 92 4000-
c Q
2 o 5
3]
S E
T .. 3000+
g '
ol =
O, _— 20004
T (o]
£
Q
N
1000 - Native rates observed in this study
A in the absence of respiratory inhibitors
0 -__. — — [ |

IF IQ IIIOO st.3 st.4 st.3 st.4

ROS-producing site Malate Glutamate + Malate

FIGURE 3. Maximum observed rates of HoO» production from different sites compared to the
native rates observed in this study

Black bars indicate the approximate maximum rates of H,O, production from different sites
in CDNB-treated rat skeletal muscle mitochondria, to establish a basis for comparison with
the native rates. Data were obtained in standard KCI buffer (see MATERIALS AND
METHODS), but lacking phosphate and magnesium (phosphate lowers the rate of H,0O,
production from both site I and site 1llgo). Site Iz was assayed in the presence of 5 mM
malate, 4 .M rotenone, and 4 uM FCCP. Site I was assayed in the presence of 5 mM
succinate as the rotenone-sensitive portion of the signal (no correction was made for the
changes in rate of H,O, production by other sites on addition of rotenone). Site g data were
adapted from [21]. Site lllg, was assayed with 5 mM succinate and 2.5 mM malonate, in the
presence of 2 M antimycin A, as the myxothiazol-sensitive portion of the signal (no
correction was made for the changes in rate of H,O, production by other sites on addition of
myxothiazol). Site Illg, data were adapted from [20]. The final four bars (grey) show the
current assay conditions (data from Fig. 8): CDNB-treated mitochondria oxidizing 5 mM
malate or 5 mM glutamate plus 5 mM malate in the absence of inhibitors during ATP
synthesis (st. 3) or in non-phosphorylating conditions (st. 4); the sites generating H,O, in
each condition will be determined in this study (Fig. 8). Data are means £ SEM (n = 4).
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FIGURE 4. Design of the reporter-based superoxide assay

The assay was designed to measure the rate of H,O, production using Amplex UltraRed,
and the steady-state reduction levels of NAD(P)H and cytochrome b5gg under closely similar
conditions. The timing of all additions was synchronized between the three assays. The
addition of substrate, in this case 5 mM glutamate plus 5 mM malate, led to an increased rate
of change of Amplex UltraRed fluorescence (a), and increased steady-state reduction levels
of both NAD(P)H (b) and cytochrome bsgg (C). The gray traces in each graph show the
control in the absence of substrates or inhibitors. The 100% value for each reporter in (b)
and (c) was established by addition of its relevant downstream inhibitor (4 LM rotenone or 2
M antimycin A), as described in MATERIALS AND METHODS. The horizontal bars in
(c) indicate the regions of data that were averaged to give the mean value used to calculate
the % reduction of cytochrome b5gg. All of the data for the calibration curves (Figs 5 and 7)
and measurements of native rates (Fig. 8) were collected in essentially this way.
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FIGURE 5. Relationship between the rate of superoxide production by site Ir and the reduction
state of NAD(P)H

(a) Dependence of the rate of H,O, production on malate concentration after addition of 4
KM rotenone. (b) Dependence of %NAD(P)H reduction on malate concentration after
addition of rotenone (100% reduction was subsequently established by addition of 5 mM
malate). (c) Final calibration of the relationship between the rate of superoxide production
from site I and NAD(P)H reduction state, obtained by combining panels (a) and (b). Filled
symbols: control mitochondria; open symbols: CDNB-treated mitochondria (underlying data
for CDNB-treated mitochondria is not shown). Where not visible, error bars are contained
within the points. Lines show exponential relationships (for simplicity), fitted by non-linear
regression to give the parameter values in Eq. 2. See MATERIALS AND METHODS. Data
are means + SEM (n = 6).
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FIGURE 6. Contribution of site I during calibration of site 111,

For the calibration curve in Fig. 7c, the rate of superoxide production by site I11g, was
measured as myxothiazol-sensitive H,O, production at different succinate:malonate ratios in
the presence of rotenone. (a) Typical Amplex UltraRed fluorescence trace. 2 pM
myxothiazol was added where indicated. (b) Corresponding NAD(P)H autofluorescence
trace indicating that NAD(P)H becomes reduced under these conditions (5 mM glutamate
plus 5 mM malate were added at the end to establish 100% reduction of the NAD(P)H pool.
Therefore, correction for the changes in superoxide production from site I before and after
addition of myxothiazol was required. (c) The mean + SEM reduction state of NAD(P)H at
each succinate:malonate ratio in the absence and presence of 2 wM myxothiazol used to
generate the correction using the Ig calibration curve in Fig. 5¢ (n = 3).
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FIGURE 7. Relationship between the rate of superoxide production by site I11gq and the
reduction state of cytochrome bsgg

(a) Dependence of the rate of myxothiazol-sensitive H,O, production on succinate
concentration at fixed succinate+malonate concentration in the presence of rotenone. Data
were corrected for the contribution of site I (Fig. 6¢ and Fig. 5c). (b) Dependence of
cytochrome b5gg reduction on succinate concentration in parallel incubations (100%
reduction was subsequently established by addition of 2 wM Antimycin A). (c) Final
calibration of the relationship between the rate of superoxide production from site Illg, and
cytochrome b5gg reduction state, obtained by combining panels (a) and (b). Filled symbols:
control mitochondria; open symbols: control values after correction to CDNB-treated
mitochondria using Eg. 1, assuming that 50% of superoxide from site l1lg, was produced in
the matrix (see [26]). Where not visible, error bars are contained within the points. Lines
show exponential relationships (for simplicity), fitted by non-linear regression to give the
parameter values in Eq. 3. See MATERIALS AND METHODS. Data are means = SEM (n
=9).
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FIGURE 8. Reported and measured native rates of superoxide and H>O» production by
mitochondria oxidizing NAD-linked substrates in the absence of electron transport chain
inhibitors

Data from Table 2. (a) 5 mM malate as substrate under phosphorylating conditions. (b) 5
mM malate under non-phosphorylating conditions. (¢) 5 mM glutamate + 5 mM malate
under phosphorylating conditions. (d) 5 mM glutamate + 5 mM malate under non-
phosphorylating conditions. The two left-hand bars in each panel show results for control
mitochondria; the two right hand bars show results for CDNB-treated mitochondria.
Reported rates from site Ir are in dark grey; those from site I11g, are in light grey. Black
bars represent measured rates. Data are means + SEM (n = 6). SEM values for reported rates
were determined by error propagation; significance was tested using Welch’s t-test, see
MATERIALS AND METHODS.
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Reduction level of the reporters for sites I and 111, in four different experimental conditions. The redox
states of NAD(P)H and cytochrome bsgg Were determined in parallel as described in MATERIALS AND

METHODS.

Substrate, experimental condition

I reporter (Y%oreduced NAD(P)H)

111, reporter (oreduced cytochrome bsgg)

5 mM malate, phosphorylating 20+1 16+2
5 mM malate, non-phosphorylating 30+2 277
5 mM glutamate + 5 mM malate, phosphorylating 26+1 2343
5 mM glutamate + 5 mM malate, non-phosphorylating 85+7 3815

Values are means + SEM, n = 6.
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