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Summary

The production of H,O, by isolated mitochondria is frequently used as a measure of mitochondrial
superoxide formation. Matrix superoxide dismutase quantitatively converts matrix superoxide to
H,0,. However, matrix enzymes such as the glutathione peroxidases can consume H,O, and
compete with efflux of H,O,, causing an underestimate of superoxide production. To assess this
underestimate we depleted matrix glutathione in rat skeletal muscle mitochondria by more than
90% by pretreatment with 1-chloro-2,4-dintrobenzene (CDNB). The pretreatment protocol
strongly diminished the mitochondrial capacity to consume exogenous H,O,, consistent with
decreased peroxidase capacity, but avoided direct stimulation of superoxide production from
complex I. It elevated the observed rates of H,O, formation from matrix-directed superoxide up to
two-fold from several sites of production, defined by substrates and electron transport inhibitors,
over a wide range of control rates, from 0.2 to 2.5 nmol H,05 » min~1 « mg protein™1. Similar
results were obtained when glutathione was depleted using monochlorobimane or when soluble
matrix peroxidase activity was removed by preparation of submitochondrial particles. The data
indicate that the increased H,O» efflux observed with CDNB pretreatment was a result of
glutathione depletion and compromised peroxidase activity. A hyperbolic correction curve was
constructed, making H,O» efflux a more quantitative measure of matrix superoxide production.
For rat muscle mitochondria, the correction equation was: [CDNB pretreated rate = control rate +
(1.43*(control rate))/(0.55+control rate)]. These results have significant ramifications for the rates
and topology of superoxide production by isolated mitochondria.
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Introduction

The production of mitochondrial reactive oxygen species (ROS) has been implicated in
cellular signaling [1], aging [2], and many pathologies including diabetes [3], non-alcoholic
steatosis [4] and neurodegenerative diseases [5;6]. Despite such apparent biological
significance, remarkably little is known about the mechanism or regulation of ROS
production in mitochondria.

Measurement of H,O, efflux from intact isolated mitochondria provided one of the earliest
demonstrations that mitochondria produce ROS [7-9]. This technique continues to be widely
utilized in studies exploring the sites, mechanism and regulation of mitochondrial ROS
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production (for example [10-18]). The basic premise of the assay is straightforward.
Superoxide is the initial product formed by reduction of O, by single electrons from the
mitochondrial electron transport chain. Superoxide in aqueous solution is predominantly
anionic at physiological pH (its pK, is 4.9) and does not readily diffuse across membranes,
therefore superoxide formed in the matrix is not detected directly in the suspending medium.
Instead, superoxide formed in the matrix is rapidly dismutated to H,O, by matrix
manganese-dependent superoxide dismutase (Mn-SOD [EC 1.15.1.1]). The resulting H,O»
can readily diffuse across membranes. The addition of an H,O, detection system to the
medium allows the efflux of H,O, from mitochondria to be used as a measure of superoxide
production in the matrix. An additional consideration should also be, and generally is,
incorporated, some superoxide-producing enzyme complexes of the mitochondrial inner
membrane also release superoxide to the intermembrane space [14;19-21]. The addition of
exogenous superoxide dismutase (SOD) to the assay prevents underestimation of this ROS
production by dismutating outwardly directed superoxide into H,O, [14;20].

There are significant antioxidant processes within the mitochondria, especially the
decomposition of H,O, by glutathione (GSH) peroxidase [2]. Compartmentalization of
intact mitochondria means that any matrix antioxidant systems that retain function in vitro
may have preferential access to H,O» prior to its diffusion out into the medium where the
detection system is present. Thus, the use of H,O, production by mitochondria as a
quantitative measure of superoxide formation requires the assumption that mitochondrial
antioxidant systems are not a significant source of interference. While this assumption is
generally made, it has rarely been tested [11;22].

Matrix GSH-peroxidase (EC 1.11.1.9) can decompose H,0, to H,0, using GSH and
forming GSSG (oxidized glutathione disulfide). Glutathione reductase (EC 1.8.1.7) uses
NADPH to reduce GSSG back to GSH. Since GSH is central to this peroxidase system,
GSH-depleting agents should compromise the capacity of glutathione peroxidase to
decompose matrix H,O,. 1-chloro-2,4-dinitrobenzene (CDNB) is such an agent; in a
reaction catalyzed by glutathione-S transferase (EC 2.5.1.18), CDNB depletes GSH by
irreversible conjugation with GSH [11;22;23]. Pretreatment of mitochondria with CDNB to
lower the content of GSH increases the observed rate of mitochondrial H,O, production
[11;22;23], suggesting that glutathione peroxidase is a significant sink for matrix H,O, and
potentially may cause significant underestimation of matrix superoxide production when this
is measured as extramitochondrial H,O».

An important caveat on the interpretation of experiments with CDNB treatment of
mitochondria is that CDNB can also markedly increase ROS production independently of
GSH depletion. For example, superoxide production by complex | measured directly in
submitochondrial particles, which are already GSH depleted, is increased fourfold on the
addition of CDNB to the assay [23]. The mechanism by which CDNB directly activates
ROS production by complex 1 is not known. In contrast to complex I, the antimycin A-
dependent superoxide production by complex I11 in submitochondrial particles is not
activated directly by CDNB [23] indicating that effects of CDNB on ROS production by
complex I11 can be used in intact mitochondria to assess the importance of glutathione
peroxidase in compromising the assay of mitochondrial ROS production. Using rat heart
mitochondria, Han et al. [11] demonstrated a correlation between the degree of GSH
depletion with CDNB and increased rates of mitochondrial H,O, production from the Q,
site of complex 111, providing qualitative evidence for the underestimation of matrix
superoxide production by the extramitochondrial H,O, assay.

The experiments reported in the present paper were developed to test the hypothesis that the
intramitochondrial GSH-dependent antioxidant system interferes significantly with the
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extramitochondrial H,O, assay, and that depletion of GSH using CDNB can be used to
assess the extent of the problem and provide a single quantitative correction for all
superoxide-producing sites in the matrix. To minimize interference from other competing
H,0, consuming processes, rat muscle mitochondria were used because of their lack of
catalase activity and low level of contaminating peroxisomes [24]. To minimize
complications from direct effects of CDNB at complex I, we limited the exposure of the
mitochondria to CDNB. We find that the observed increase in H,O, production by GSH-
depleted muscle mitochondria can be described by a single equation, over a wide range of
rates from multiple sites of ROS production, including the CDNB-insensitive complex 11
Q, site. These results allow correction of observed H,O, production by intact mitochondria
to give a more quantitative measure of superoxide production that is not compromised by
matrix glutathione-dependent peroxidase activities.

Sites of ROS production

Several sites of mitochondrial superoxide production have been recognized and defined by
the selective use of specific substrates and inhibitors. The four major sites of importance to
the present study, the substrates used to feed electrons to these sites, and the effects of
inhibitors are illustrated in Figure 1. In the present study the rates of superoxide production
from different sites were defined as follows. Site IF: rate from the flavin site of complex | in
the presence of malate (to reduce NAD™ to NADH), maximized by addition of rotenone (to
block exit of electrons from complex | and fully reduce the active site FMN, and to collapse
protonmotive force). Site IF plus aKGDH: rate in the presence of malate plus glutamate,
also maximized by addition of rotenone due to the full reduction of FMN and of NAD™.
Addition of glutamate allows production of a—ketoglutarate, which, together with low
NAD™* and high NADH, gives high ROS production from the aKGDH complex [15]. It
should be noted that the aKGDH complex produces superoxide, which can be measured
directly as the SOD-sensitive reduction of acetylated cytochrome c [15]. The data in Starkov
et al. [15] indicate that this superoxide can account for about 75% of the H,O, produced by
the isolated complex in the presence of SOD and an H,0, detection system. Thus, some of
the product of this complex is likely to be H,O, produced directly by aKGDH and not
superoxide that has been dismutated by SOD2. Site 1Q: rate from the quinone-binding site of
complex I in the presence of succinate (to reduce Q to QH, and generate protonmotive force
to drive reverse electron transport) that is abolished by addition of rotenone (to block the Q-
reducing site of complex I) [13]. Site 111Qo: rate from the outer quinone-oxidizing site of
complex Il in the presence of rotenone (to prevent complex | superoxide production at site
1Q), succinate (to reduce Q to QHy) and antimycin A, which is a Qj site inhibitor (to prevent
exit of electrons from complex I11 and build up the concentration of QH- at site 111Q,, and to
collapse protonmotive force). Stigmatellin is a Qq site inhibitor that prevents electron entry
into complex I11. The difference in the rate of H,O, production following the addition of a
Q. site inhibitor, such as stigmatellin, can be used to define the contribution by site 111Q, to
the antimycin A-stimulated rate of superoxide production [20].

CDNB pretreatment decreases mitochondrial GSH content and H,O, consumption

The GSH content of rat muscle mitochondria was 1.6 nmol « mg protein~1 (Table 1), similar
to the level in isolated guinea-pig cerebral cortex mitochondria [22] and lower than the
levels in isolated rodent liver, kidney or heart mitochondria ([25-28]). Pretreatment of
mitochondria with CDNB depleted GSH by about 95% (Table 1), confirming that CDNB
was effective at removing glutathione in our hands.

FEBS J. Author manuscript; available in PMC 2011 July 1.



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

1duasnuey Joyiny vd-HIN

TREBERG et al.

Page 4

The mitochondria had substantial capacity to consume H,0,. The initial rate of depletion of
1.5 uM added H,0, was 1.5 nmol H,O, « min~ « mg protein™ in control mitochondria
(Table 1). Pretreatment of mitochondria with CDNB resulted in a large decrease, about 75%,
in this rate (Table 1). These results are consistent with significant GSH peroxidase activity
in rat muscle mitochondria [29], which is highly compromised when GSH is depleted by
CDNB-pretreatment. Because of its high rate, this activity has the potential to cause
underestimation of H,O, efflux from mitochondria, and hence underestimation of
superoxide production in the matrix using assays based on the extramitochondrial detection
of H,O,. CDNB-pretreatment may be a way to prevent this underestimation.

CDNB acutely activates superoxide production by complex | but not by complex Ill; CDNB
pretreatment does not cause this effect

Acute exposure to CDNB is known to result in direct activation of superoxide production by
complex I, while superoxide production by complex Il is not affected [23]. These
observations were confirmed in the present study using CDNB in great excess compared to
our standard CDNB pretreatment and washing protocol for GSH depletion. Figure 2 shows
that acute CDNB treatment doubled superoxide production from site IF (Figure 2A) but not
site 111Q, (Figure 2B) in membrane fragments. Membranes from control and CDNB
pretreated mitochondria were disrupted by freeze-thawing and sonication. Superoxide
production was monitored as H,O, production with exogenous SOD added.

In contrast, CDNB pretreatment had no effect on either site in membrane fragments, and
acute CDNB treatment still stimulated superoxide production from site IF in pretreated
membranes. There was no difference in the rate of superoxide production between control
and CDNB pretreated membranes from either site IF (in the presence of NADH and
rotenone, Figure 2A) or site 111Q, (succinate, rotenone and antimycin A, Figure 2B).
However, the acute addition of 35 uM CDNB to the assay resulted in a marked activation of
superoxide production from site IF but was without effect on superoxide production from
site 111Q,. The amount by which CDNB increased superoxide production from site IF was
the same for membranes prepared from control and CDNB pretreated mitochondria (Figure
2A), indicating that it is unlikely the CDNB pretreatment alters complex | in a way that
makes the complex more prone to superoxide production.

CDNB-pretreatment increases observed H,O, production from multiple sites

Using intact mitochondria, CDNB-pretreatment more than doubled the observed rate of
H,0, production from site IF with malate or site IF plus tKGDH with malate plus
glutamate as substrates (Figure 3). This was true for both the native rates without rotenone
and the maximum rates in the presence of rotenone. To confirm that this effect was general
(caused by inhibition of the competing GSH peroxidase reaction in the matrix) and not
specific (caused by direct activation of complex | superoxide production), we asked i)
whether CDNB-pretreatment increased the observed rate of H,O, production only from
complex I, or more generally from several different sites of production including complex
I11, and ii) whether increases in measured H,O, production in CDNB-pretreated
mitochondria showed the same consistent and unique pattern over a range of rates of
superoxide production from two different sites.

i.  The observed rates of H,O, production with all substrate and inhibitor
combinations examined were higher in mitochondria that had been pretreated with
CDNB than they were in control mitochondria (Figure 3). All data fell on the same
line, fitting a hyperbola, consistent with a general effect of GSH peroxidase activity
causing an underestimate of matrix H,O, production and inconsistent with a
specific effect of CDNB-pretreatment on complex | alone. The singular exception
was the rate with succinate plus rotenone and antimycin, corresponding to site
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I11Q,. However, this site produces superoxide to both sides of the mitochondrial
inner membrane [11;14;21;30]. H,O, production from site 111Q, by muscle
mitochondria from mice lacking SOD1 (which is localized in the cytosol and the
intermembrane space) is doubled by addition of exogenous SOD [14], indicating
that approximately 50% of the measured superoxide is directed to the
intermembrane space. Assuming this value, the corrected rate for superoxide
generated specifically in the matrix can be determined using the formula:

Matrix rate (CDNB) =observed rate (CDNB) — observed rate (control) = 0.5

After this correction was applied, the matrix component of superoxide production
from site 111Q, fell on the same line as all other data (Figure 3). Thus, pretreatment
with CDNB enhanced measured H,O, production from several different sites to
give a single relationship, consistent with a general effect on the assay of matrix
superoxide rather than a specific effect on any one site. That a hyperbola was a
strong fit for the observed increase in H,O, production with CDNB-pretreatment
may be anticipated a priori for a saturable intramitochondrial enzyme-catalyzed
process competing with H,O, diffusion out of the matrix.

ii. The second approach further characterized the effect of CDNB-pretreatment by
using site-specific inhibitors to vary superoxide production from two single sites
(1Q and 111Qo) from maximal to low rate (Figure 4). This approach generated a
range of H,O, production rates similar to that found with multiple different
substrates (Figure 3). However, generation of a range of rates from a single
inhibitor-defined site tested whether the overall effect of CDNB-pretreatment was a
unique function of the rate of production and not a fortuitous mixed response from
several different sites of production. H,O, production from both complex | and
complex I11 was titrated to ensure the results were a general phenomenon of
impaired matrix capacity to consume H,O5, and not simply a result of complex |
sensitivity to CDNB.

Superoxide production by site 111Q, was stimulated by the addition of antimycin A and
titrated down by the potent Q, site inhibitor, stigmatellin. The results were corrected to give
matrix-directed superoxide production as described above. Figure 4 shows that CDNB-
pretreatment increased apparent matrix superoxide production to the same extent as it did
from multiple sites of production (Figure 3). When apparent superoxide production by site
1Q was titrated progressively with rotenone, the resulting curve also fitted a similar line
(Figure 4). Thus measured H,O, production in mitochondria pretreated with CDNB show
the same hyperbolic increase over a range of rates of superoxide production by specific
single sites as it did more generally from several sites.

Comparison of superoxide production from site 11IQ, using intact mitochondria and
submitochondrial particles

We compared H,0, production from intact mitochondria and submitochondrial particles
(SMP) to further examine whether measurement of H,O» diffusion from intact mitochondria
under-reports true superoxide production. The process of making submitochondrial particles
washes away both soluble matrix antioxidant enzymes and endogenous small molecule
matrix antioxidants like GSH. In addition, once the matrix is exposed, the horseradish
peroxidase in the assay system can compete directly with any residual peroxidase activities
in SMP. Therefore, unlike intact mitochondria, little HoO5 should be lost during the assay of
superoxide production in SMP. Because proteins are also lost during preparation of SMP,
we normalized data not to total protein content, but to complex | FMN content.
Submitochondrial particles made from rat muscle respired on succinate at comparable rates
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to intact mitochondria when normalized to FMN content (Figure 5A), validating this
normalization.

The rate of H,0, production from site 111Q,, measured in the presence of succinate,
rotenone and antimycin A, was 58% greater from submitochondrial particles than from
intact control mitochondria (Figure 5B), supporting the contention that matrix components
(presumably mainly GSH peroxidase) cause an underestimation of the rate in intact
mitochondria. This value agrees fairly well with the 39% increase in measured H,0,
production from site 111Q, caused by pretreatment with CDNB (Figure 3, succinate +
rotenone + AA uncorrected), supporting the contention that CDNB pretreatment corrects for
most of the effects of these matrix components in intact mitochondria.

Effect of monochlorobimane on mitochondria H,O, production

The capacity of a second GSH-depleting compound, MCB, to increase the observed rate of
H,0, production by intact mitochondria was also tested. Since both MCB and CDNB are
substrates for glutathione S-transferase, the mechanism of GSH depletion is similar.
However, pretreatment with MCB depleted GSH by only about 50% (Figure 6). Although
less effective at removing GSH, MCB-pretreatment of mitochondria increased the rate of
H,0, production using succinate plus rotenone by 22% (Figure 6), compared to 39% with
nearly complete GSH depletion using CDNB (Figure 3, uncorrected for sidedness).

An increase in the rate of H,O, production remarkably similar to the one we observed with
MCB was found with CDNB in guinea-pig cerebral cortex mitochondria depleted of GSH to
a similar extent [22]. Guinea-pig cerebral cortex mitochondria have similar GSH content
(1.98 nmol « mg protein~1 [22]) to rat muscle mitochondria (Table 1). Depletion of GSH by
50% using CDNB in guinea pig cerebral cortex mitochondria increased the observed rate of
H,0, production from site 111Q,, as defined above, by approximately 20% [22], in good
agreement with our results with 50% GSH depletion of muscle mitochondria using MCB
pretreatment. Importantly, acute addition of MCB significantly inhibited complex |
superoxide production, both during forward electron transport with NADH-generating
substrates and during reverse electron transport with succinate (data not shown). This
inhibitory effect of MCB was in stark contrast to the acute effect of CDNB, which activated
complex I superoxide production (Figure 2). Thus, the increase in the rate of H,O5 efflux
following MCB-pretreatment was not a result of directly increased complex | superoxide
production. The experiments in this section plus the submitochondrial particle data, although
not “‘correction values’ themselves, support the contention that H,O, efflux from intact
mitochondria significantly underestimates matrix superoxide production when the
glutathione peroxidase system is present and active.

Increased H,O, production from site IF is not due to impaired NADH utilization

Site IF was further characterized in control and CDNB-pretreated mitochondria to test
whether putative effects of CDNB on NADH oxidation could affect H,O, production. To
avoid production of ROS by pyruvate or a-ketoglutarate dehydrogenase complexes [15],
superoxide production from site IF was established using malate alone to generate NADH.
Superoxide production was increased by titration of the quinone-binding site of complex |
with rotenone to inhibit reoxidation of the flavin. As described in Figure 3, control
mitochondria produced H,0, at much lower rates than CDNB-pretreated mitochondria both
in the absence and presence of excess rotenone. Figure 7A shows that H,O, production from
CDNB-pretreated mitochondria displayed a typical inhibitor-response curve with increasing
rotenone concentration, but this relationship appeared to be more complex in control
mitochondria.
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Mitochondrial matrix NADH/NAD* was measured by NAD(P)H autofluorescence.
Although this technique measures contributions from both the mitochondrial NADH and
NADPH, the content of NAD* plus NADH in skeletal mitochondria is much greater than the
combined NADP* and NADPH [31]. Moreover, the enhancement of NADH fluorescence in
mitochondria is 2-4 times greater than it is for mitochondrial NADPH [32]. The higher
content and greater fluorescent enhancement of NADH makes our autofluorescence signal
predominantly a measure of NADH. However, it should be appreciated that a small
contribution from NADPH will also be a component of the measurement. The NADPH
contribution is approximately 6% or less of the maximally reduced NAD(P)H signal.
Control and CDNB-pretreated mitochondria had the same NADH/NAD™ ratio at each
rotenone concentration (Figure 7B). Since steady-state cofactor reduction depends on
NADH generation from malate oxidation and NADH removal by complex I, Figure 7B
illustrates that CDNB-pretreatment does not impair NADH utilization by complex | under
these conditions. Therefore, it is unlikely that either the increased rate of H,O, production or
the different curve shapes in Figure 7A are due to effects of CDNB-pretreatment on NADH
utilization by complex I.

The rate of superoxide production by site IF in isolated complex | can be set by the NADH/
NAD* ratio [33;34]. Figure 7C shows H,0, production (Figure 7A) plotted against cofactor
reduction (Figure 7B). H,O» production by CDNB-pretreated mitochondria depended
strongly on the apparent NADH/NAD™ ratio (Figure 7C). However, H,O5 production by
control mitochondria was insensitive to large changes in the ratio, requiring a highly reduced
cofactor pool before the observed rate of H,O, production increased above that found with 5
mM malate alone (Figure 7C). Based on the experiments described above, the relationship in
CDNB-pretreated mitochondria better reflects the true dependence of superoxide production
by site IF on the NADH/NAD? ratio in isolated mitochondria.

Discussion

Pretreatment of rat skeletal muscle mitochondria with the GSH-depleting agent CDNB
followed by washing to remove excess CDNB had no direct effect on complex | ROS
production (Figure 2) or NADH oxidase activity (Figure 7). However, it greatly inhibited
mitochondrial H,O, removal (Table 1) by preventing the activity of glutathione peroxidase
and other GSH-dependent peroxidases. It clearly increased the observed rate of H,O,
production from all sites of mitochondrial superoxide formation examined in this study
(Figures 3, 4 and 7), rather than having a specific effect at any one site.

We interpret these findings to mean that the standard assay of matrix superoxide production,
as measured by extramitochondrial H,O, detection systems such as the horseradish
peroxidase/Amplex UltraRed method, significantly underestimate the true rate of superoxide
production. The increase in observed H,O, production with CDNB-pretreatment was a
hyperbolic function of the control rate. The equation for this hyperbola is given in Figure 3.
This equation corrects for the underestimate in H,O, production rate caused by glutathione
peroxidase activity. It can be used to predict the H,O, production rate (and hence the
superoxide production rate) in the matrix of isolated rat skeletal muscle mitochondria at any
measured rate of matrix H,O, production in control mitochondria. The measured peroxidase
activity of isolated mitochondria (Table 1) is very similar to the maximal observed
underestimation of H,0, production rate (1.5 and 1.4 nmol « min~1 « mg protein~1
respectively), although this similarity may be coincidental.

The use of CDNB-pretreatment to provide a correction algorithm for the quantitative assay
of superoxide production by H,O, efflux from intact mitochondria needs to be developed
carefully because CDNB can acutely alter complex | ROS production by an uncharacterized
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mechanism. Consistent with previous data [23], acute addition of CDNB markedly increased
ROS production by complex | (Figure 2A) but not complex 111 (Figure 2B). In the current
study, there are several lines of evidence that support the interpretation that CDNB-
pretreatment improves detection of superoxide production and does not simply acutely
activate complex | ROS production.

First, acute treatment with CDNB increased complex | ROS production in disrupted
membranes, but CDNB-pretreatment followed by washing did not (Figure 2). Acute
activation by CDNB was still observed in CDNB-pretreated membranes, showing that
pretreatment did not preactivate complex I.

Second, measured H,05, efflux increased from multiple sites of mitochondrial superoxide

production, including sites IF and 1Q of complex I, aKGDH, and site 111Q, of complex I,
following CDNB pretreatment. Furthermore, all data indicated the same unique pattern of

underestimation, which was saturable and dependent on the control rate of matrix-directed
superoxide production (Figure 3).

Third, titrations of two distinct inhibitor-defined sites of superoxide production, site 1Q of
complex I and site 111Q, of complex Ill, fell on the same line as the data from multiple sites
(Figure 4). A range of superoxide production rates generated from each single site gave the
same response as production from several sites, indicating that this relationship was unlikely
to be a fortuitous coincidence. Instead, the data in Figure 4 support the contention that the
observed underestimation of rates is a saturable function of matrix-directed superoxide
production.

Fourth, multiple lines of evidence demonstrate that H,O, efflux from intact rat muscle
mitochondria underestimates superoxide production. These include CDNB-pretreatment,
comparison of submitochondrial particles with intact mitochondria, and GSH depletion with
a second agent (MCB-pretreatment). The similarities in the underestimates using
submitochondiral particles and MCB-pretreatment are strong support for the contention that
the increased rate with CDNB- pretreatment is not simply a result of altered superoxide
production by complex I, or other complexes. Taken together, these data all support a
similar underestimation of site 111Q, superoxide production when it is measured as H,O»
production by intact mitochondria (Figures 3-6).

The mechanism of the acute stimulation of complex I ROS production by CDNB is not clear
[23], but our data show that activation is not due simply to GSH depletion, since neither
pretreatment with CDNB nor MCB addition or pretreatment caused such activation.
Presumably activation involves a direct, acute effect of CDNB itself on complex I.

Use of the correction described here has a number of ramifications. It implies that previous
values for the rate of superoxide production by isolated rat skeletal muscle mitochondria
using assays of H,O, production are substantial underestimates, by approximately 50-60%
at moderate rates of superoxide production (control rates of around 0.5-1.0 nmol H,0, *
min~1 « mg protein~1), and by an even greater factor at lower rates (a control rate of 0.25
nmol Hy0, » min~1 « mg protein~ is a 64% underestimation of the CDNB-pretreated rate).
The same is probably true for superoxide production by mitochondria from other sources,
although the extent of the correction for other mitochondria has yet to be determined. It also
affects calculations of the topology of superoxide production. St Pierre et al. [20] found that
there was a significant enhancement of H,O, production from site 111Q, by exogenous SOD,
and concluded that this site produced superoxide exclusively or mainly to the
intermembrane space. The raw data showed that about 25% of the superoxide was directed
to the matrix in rat skeletal muscle mitochondria, and about 45% had this topology in rat
heart mitochondria. Similarly, 75% [35] or 70% [19] was matrix-directed in Drosophila
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mitochondria. Muller et al. [14] found that 65% was matrix-directed in wild-type mouse
skeletal muscle mitochondria, and 50% in skeletal muscle mitochondria from SOD1-
knockout mice. All of these values are probably underestimates. Our current experiments
give an empirical value of about 65% matrix-directed superoxide in wild-type rat skeletal
muscle mitochondria (not shown), effectively the same as that reported for wild type mice
muscle [14]. This may be an overestimate because of Cu/Zn-SOD (product of the SOD1
gene) activity outside the inner membrane. If we take the empirical value of 50% matrix-
directed from Muller et al. [14] measured in SOD1 knockout mice and apply it to rat skeletal
muscle mitochondria, then correction for matrix peroxidase activity using the equation in
Figure 3 raises this value to 63% matrix-directed superoxide production, which now
becomes the best estimate of the topology of site 111Q, currently available for intact
mitochondria.

Next, we turn to the relationship between ROS production by site IF and the degree of
NAD(P)H reduction, a proxy for matrix NADH/NAD™. In isolated complex I, the rate of
superoxide production from site IF depends on the NADH/NAD? ratio [33;34]. In isolated
mitochondria, there was no difference between control and CDNB-pretreatment in the %
reduction of NAD(P)H, measured by autofluorescence, in response to increasing amounts of
rotenone with 5 mM malate as substrate (Figure 7B). CDNB-pretreated mitochondria
displayed the anticipated strong relationship between H,0, efflux and cofactor reduction
over the entire range of measured NAD(P)H autofluorescence. In contrast, control
mitochondria showed a marked lack of responsiveness in H,O, efflux over a large range of
cofactor reduction (Figure 7C). This point indicates that only in the CDNB-pretreated
mitochondria did we recapitulate the characterized response between NADH/NAD* ratio
and superoxide production by the flavin of isolated complex | [33;34].

We conclude that in intact mitochondria, endogenous H,O,-consuming processes scavenge
significant amounts of H,O, before it diffuses out of the matrix and is detected by assays
designed to report matrix superoxide production. Comparison of the increases in ROS
production by CDNB-pretreated mitochondria and SMPs (Figure 3, Figure 5) suggests that
CDNB pretreatment largely overcomes the effects of soluble matrix peroxidase activities,
and the rates in intact mitochondria after CDNB pretreatment are not greatly compromised
by further unidentified peroxidase activities. Additionally, although skeletal muscle
mitochondria lack catalase [24], the presence of mitochondrial catalase, as in rat heart, may
not be a limitation to the CDNB-pretreatment. This is because the contribution to H,0,
decomposition by mitochondrial catalase is small compared to glutathione peroxidase [36].

Despite the experimental caveats that come with CDNB-pretreatment, by limiting the
amount of CDNB exposure to that needed for GSH depletion, followed by washing to
remove unreacted CDNB, H,05 losses by H,O,-consuming processes can be minimized.
CDNB-pretreatment can greatly improve the resolution and sensitivity of the assay,
particularly at very low rates of production. This may be of critical importance to
understanding the mechanism of ROS production (Figure 7C). Furthermore, CDNB-
pretreatment makes it possible to derive a correction equation, at least for the major
endogenous H,0O,-consuming process that compromise the use of the extramitochondrial
detection system. This equation is given in Figure 3 for rat muscle mitochondria under the
current experimental conditions. Because of the non-linear nature of the correction, it should
be applied to raw data before subtraction of inhibitor-sensitive or insensitive rates — such
subtraction should only be carried out after correction. The correction was robust from
approximately 0.2 to > 2.5 nmol H,05 » min~1 « mg protein™! from several sites of
production. It is important to stress that this correction curve is likely to be tissue- and
species-specific because of differences in matrix levels of GSH and GSH-metabolizing
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enzymes [22;25-29], and the correction will need to be re-measured for each new
experimental situation.

Experimental Procedures

Animals and reagents

Female Wistar rats, aged between 5-8 weeks, were purchased from Harlan Laboratories and
allowed ad libitum access to chow and water. Animal housing, husbandry and sampling
procedures were approved by the Buck Institute Animal Care Committee. All reagents were
purchased from Sigma or EMD Bioscience except Amplex UltraRed, which was from
Invitrogen. A Pierce BCA kit was used for protein quantification following disruption of
mitochondria by addition of deoxycholate to 0.1% w/v.

Mitochondrial isolation

Animals were anaesthetized with CO, and killed by cervical dislocation. Both rear hind
limbs, as well as the musculature lateral to the spine, were dissected out and rinsed in ice-
cold Chappell-Perry buffer (CP1; 100 mM KCI, 50 mM Tris, 2 mM EGTA, pH 7.1 at 25°C).
Muscle was treated and homogenized according to [37] and mitochondria were prepared by
standard differential centrifugation, resuspended in CP1 and kept on ice until used.

Treatment of mitochondria with CDNB and monochlorobimane (MCB)

Treatment of mitochondria with 1-chloro-2,4-dinitrobenzene was based on [11]. Muscle
mitochondria were incubated for 5 min at 20-25°C at 5 mg protein-ml~ in CP1 with 35 uM
CDNB, or ethanol control. Mitochondria were then 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 by
resuspending in ice-cold CP1 and centrifuging as above to remove residual CDNB. The final
pellet was resuspended at approximately 20 mg protein-ml~1,

Treatment of mitochondria with monochlorobimane (MCB) as a GSH-depleting agent was
the same, but incubation was for 30 min at 20-25°C with 500 uM MCB, or ethanol control.

GSH content

Mitochondrial GSH content was measured fluorometrically in a Shimadzu RF-5301PC
spectrofluorophotometer by an enzymatic glutathione S-transferase-linked MCB assay
[38;39]. Mitochondria were extracted for at least 10 min on ice in 1% (v/v) trichloroacetic
acid. The suspension was centrifuged at 15 000 g for 5 min and the supernatant was
neutralized to about pH 7 with 0.5 M Tris (pH 7.4 at 25°C). Neither increasing the
concentration of trichloroacetic acid nor sonication increased the amount of mitochondrial
GSH extracted. 100 uM MCB (in ethanol) was added to the neutralized extract, or similarly
prepared GSH standards, and the GSH concentration was determined as the increase in
fluorescence (excitation 390 nm, emission 478 nm) following the addition of 1 U-mI~1
glutathione S-transferase and incubation at 20-25°C in the dark for 30 min.

Superoxide production

The rate of superoxide production was measured indirectly by coupling the dismutation of
superoxide to H,0,, which was detected by its reaction with exogenous horseradish
peroxidase and subsequent reaction with Amplex UltraRed, forming a stable, highly
fluorescent product. The assay buffer contained 120 mM KCI, 5 mM Hepes, 1 mM EGTA,
0.1 ug-mi~1 oligomycin and 0.3 % (w/v) BSA (pH 7.0 at 37 °C). The assay system included
the following as an H,0, detection system: 5 U-ml~1 horseradish peroxidase, 25 U-ml™1
SOD and 50 uM Amplex UltraRed. Exogenous SOD was added to ensure that any
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superoxide released to the intermembrane space was rapidly to converted to H,O, to ensure
detection and prevent direct interaction with horseradish peroxidase [14]. Reactions were
monitored fluorometrically (excitation 563 nm, emission 587 nm) at 37°C with constant
stirring and were generally started by the addition of substrate, rather than mitochondria,
because addition of mitochondria (approximately 0.1-0.35 mg protein-ml~1) to the assay
medium without exogenous substrate caused a small but detectable rate of fluorescence
change, which was subtracted from all other rates. Rates of change in relative fluorescence
units were converted to molar rates of change by standard curves produced by the addition
of known amounts of H,05.

Mitochondrial H,O, consumption

To assess the effect of CDNB treatment on the mitochondrial capacity for HoO, removal, an
assay based on the H,0O, detection assay was used. Mitochondria were added (0.2 mg
protein-ml™1) to the same assay buffer and reaction constituents as the superoxide detection
assay, at 37°C, but with the omission of horseradish peroxidase. Hydrogen peroxide was
added (3 nmol in 2 ml final volume) to a mixing cuvette with 5 U-ml~ horseradish
peroxidase already present, to determine the initial fluorescent signal, or to cuvettes where 5
U-ml~1 horseradish peroxidase was added after incubation for 1-3 min to determine the
H»0, remaining.

NAD(P)H autofluorescence

The degree of reduction of the NAD(P)H mitochondrial cofactor pool was measured in the
same assay buffer as used for superoxide production (the presence of the H,O, detection
system had negligible effect and was omitted for most autofluorescence experiments).
Detailed explanation of the autofluorescence protocol can be found in Supplementary figure
1, and the associated legend. Briefly, the autofluorescence of the NAD(P)H pool was
monitored using excitation at 365 nm and emission at 450 nm. Mitochondria (generally 0.3
mg protein-ml~1) were added and left mixing in a de-energized state at 37°C for 3 min and
the fluorescence value was taken as 0% reduction of the nicotinamide cofactors. The
fluorescence value obtained following the addition of 5 mM malate and 4 uM rotenone was
taken as the signal from the fully reduced cofactor pool. All other values were determined as
% NAD(P)H relative to the determined 0 and 100% values.

Submitochondrial particles and flavin mononucleotide (FMN)

Respiration

Muscle mitochondrial were isolated and frozen (—80°C) until used. Submitochondrial
particles were prepared from freeze-thawed muscle mitochondria according to [40] and used
directly or, in some cases for FMN and protein quantification only, frozen for later analysis.
For comparison of the rates of respiration and superoxide production between intact muscle
mitochondria and SMPs, data were normalized to the amount of complex I. Complex | was
determined by measuring the FMN content in each preparation fluorometrically (excitation
450 nm, emission 525 nm) following trichloroacetic acid extraction as described by Burch
[41]. An initial FAD contribution of 15% fluorescence on a mole-to-mole basis at the assay
pH was assumed and riboflavin was used as the fluorescent standard [41].

Oxygen consumption was measured in a water-jacketed cell, fitted with a Clark-type oxygen
electrode (Rank Brothers, Bottisham, Cambridge, UK), maintained at 37°C using a
circulating water bath. Respiration medium contained 120 mM KCI, 3 mM Hepes, 5 mM
potassium phosphate, 1 mM EGTA and 0.3% (w/v) BSA (pH 7.0 at 37°C).
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Statistics and data presentation

All data are presented as mean + SEM unless otherwise stated. Means were compared by t-
test (paired when appropriate) assuming 2-tailed distribution with p < 0.05 being considered
significant. Curves were fit by non-linear regression. The correction curve for the CDNB-
pretreated mitochondria was determined using a hyperbola fitted to the following:

CDNB-—pretreated rate=Control rate+ (A = Control rate) / (B+Control rate)
Where A is the maximal increase in observed H,O, production with CDNB-pretreatment

and B is the control H,O5 production rate that corresponds to half the maximal increase with
CDNB-pretreatment. This curve was fitted using least-squares nonlinear regression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

aKG a-ketoglutarate

aoKGDH a-ketoglutarate dehydrogenase complex

AA antimycin A

ASP aspartate

CDNB 1-chloro-2,4-dinitrobenzene

CP1 Chappell-Perry buffer

FCCP carbonylcyanide-p-trifluoromethoxyphenylhydrazone
FMN flavin mononucleotide

Fum fumarate

GOT glutamate-oxaloacetate transaminase

MCB monochlorobimane

MDH malate dehydrogenase

Q ubiquinone

QH> ubiquinol

Qo outer Q binding site of complex 111

Qi inner Q binding site of complex 11l

ROS reactive oxygen species

Rot rotenone

Site IF the superoxide forming site of complex | associated with the flavin moiety
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Figure 1. The sites, topology and effect of inhibitors on mitochondria superoxide production
Only sites of importance to the current study are included. Sites include the flavin of
complex I (IF), the high rate involving interaction between complex | and QH, (1Q), the
outer Q-binding site of complex 111 (111Q,) and the a-ketoglutarate dehydrogenase complex
(«KGDH). The direct and indirect effects of inhibitors at specific sites of superoxide
production are indicated for each site, with upward and downward arrows indicating
increasing and decreasing rates respectively. The mitochondrial inner membrane is indicated
by the double dotted line and is considered an impermeable barrier to matrix directed
superoxide, which is dismutated to H,O, by Mn-SOD. Note, some substrates and cofactors
are omitted for clarity. Substrates of importance are indicated in bold, but only NADH and
succinate facilitate electron entry into the electron transport chain in the current study.
Abbreviations: aKG, a-ketoglutarate; AA, antimycin A; ASP, aspartate; Fum, fumarate;
GOT, glutamate oxaloacetate transaminase; MDH, malate dehydrogenase; Stig, stigmatellin;
Rot, rotenone.
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Figure 2. CDNB pretreatment does not affect superoxide production from either site IF or 111Qgq
but addition of 35 pM CDNB activates superoxide production by site IF

(A) The rate of superoxide production by disrupted mitochondrial membranes with 0.5 mM
NADH as a substrate for complex I, in the presence of 4 uM rotenone. (B) Stigmatellin-
sensitive (100 nM) component of the antimycin A-dependent superoxide production by
disrupted mitochondrial membranes incubated with 5 mM succinate plus 4 uM rotenone to
block complex | ROS formation. Membranes from control and CDNB-pretreated
mitochondria were disrupted by freeze-thaw and sonication. Superoxide was monitored as
H,0, production in the presence of 50 uM Amplex Ultrared, 5 U - mI~1 horseradish
peroxidise and either 100 or 25 U-ml~1 of Cu/Zn-SOD for site IF and 111Q, respectively.
Note, although 25 U-mlI~1 of SOD is sufficient for superoxide detection, 100 U-mI~1 of SOD
was found to substantially decrease the endogenous background reaction that occurs
between NADH and the H,O5 detection system. Data are means + SEM; n = 3, * p < 0.05 (t-
test) from membranes prepared from control and CDNB-pretreated mitochondria.
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Figure 3. Comparison of rates of HoO» production by control and CDNB-pretreated
mitochondria incubated with different substrates

All substrates were present at 5 mM, rotenone was present at 4 uM where indicated. Data
are mean + SEM (n = 3-4). H,O, production in the presence of succinate, rotenone and
Antimycin A (AA, 100 nM) is plotted as the raw uncorrected rate (light grey triangle), and
as matrix-directed superoxide (black triangle), corrected assuming a 50% sidedness of
superoxide production (see the text). The dashed line indicates a 1:1 relationship; the dotted
line, a hyperbolic fit to (CDNB-pretreated rate — Control rate) for all points except
uncorrected succinate+rotenone+AA. The rate with CDNB-pretreated mitochondria was
significantly greater than control (p < 0.05, t-test for all values).
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Figure 4. Comparison of rates of HoO» production from different inhibitor-defined sites by
control and CDNB-pretreated mitochondria

Site 1Q: succinate was 5 mM. This rate was more than 60% sensitive to rotenone indicating
that it was predominantly from site 1Q. Superoxide derived from site 1Q was titrated down
with submaximal to maximal concentrations of rotenone (0-4.6 uM). Site 111Q,: succinate (5
mM), rotenone (4 uM) and Antimycin A (AA) at 100 nM were present. This rate was almost
fully sensitive to stigmatellin indicating that it was predominantly from site 111Q,. The rate
of matrix-directed superoxide (triangles) was calculated as described in the text, and was
titrated down with stigmatellin from 0 to 200 nM. The dashed line indicates a 1:1
relationship; the dotted line shows the hyperbola from Figure 1 derived from multiple sites
of production (for comparison). Data are means + SEM for n = 3 independent experiments.
Error bars that are not visible are obscured by the symbol.
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Figure 5. SMP have higher observed superoxide production from complex 111 than intact
mitochondria

(A) Similar maximal respiration rates with 5 mM succinate of mitochondria in state 3 (0.2
mM ADP added) and uncoupled SMPs (2 uM FCCP added) when normalized to FMN
content. (B) H,O, production with 5 mM succinate (in the presence of 4 uM rotenone and
100 nM antimycin A) in control mitochondria and SMP. Data are means = SEM (n = 3-6); *
p < 0.05, t-test between mitochondria and SMP.
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Figure 6. Monochlorobimane pretreatment depletes GSH and increases observed H>O»
production from complex I11

GSH content and rates of H,O, production from site 111Qo (with 5 mM succinate, 4 uM
rotenone and 100 nM antimycin) were measured in mitochondria preincubated with 500 uM
monochlorobimane and washed as described in the experimental section. Data are means +
SEM (n = 3); * p < 0.05 relative to control mitochondria (t-test).
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Figure 7. CDNB pretreatment of mitochondria alters observed HoO» production from site IF,
but not NAD(P)H reduction

(A) Hy05 production in the presence of 5 mM malate in CDNB-pretreated (open circles o)
and control (closed circles @) mitochondria at different concentrations of rotenone (added
sequentially). In all cases rates were higher in CDNB-pretreated mitochondria (p < 0.05, t-
test). (B) Steady-state reduction level of NADH, measured by the NAD(P)H
autofluorescence, during the same titrations. Symbols are overlapping for highest [rotenone].
(C) Relationship between H,O, production rate and % NAD(P)H. Data are means + SEM
(n=3). When not visible, error bars are obscured by the symbol.
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Table 1

CDNB treatment depletes GSH and reduces peroxidase capacity in isolated rat muscle mitochondria

Control CDNB-pretreated % decrease

GSH 1.58 +0.07 0.10 + 0.06* 93.0+3.9
(nmol » mg protein=1)

H,0, consumption 153+0.16 0.42+0.10° 73.3+4.6
(nmol » min « mg protein~1)

Data are mean £ SEM (n = 4),

different from control (p < 0.05, paired t-test).
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