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Abstract

Coupled rat heart mitochondria produce externally hydrogen peroxide at the rates which correspond
to about 0.8 and 0.3 per cent of the total oxygen consumption at State 4 with succinate and glutamate
plus malate as the respiratory substrates, respectively. Stimulation of the respiratory activities by
ADP (State 4-State 3 transition) decreases the succinate- and glutamate plus malate-supported
H»0, production 8- and 1.3-times, respectively. NH,* strongly stimulates hydrogen peroxide
formation with either substrate without any effect on State 4 and/or State 3 respiration. Rotenone-
treated, alamethicin-permeabilized mitochondria catalyze NADH-supported H,O, production at a
rate about 10-fold higher than that seen in intact mitochondria under optimal (State 4 succinate-
supported respiration in the presence of ammonium chloride) conditions. NADH-supported hydrogen
peroxide production by the rotenone-treated mitochondria devoid of a permeability barrier for
H,0, diffusion by alamethicin treatment are only partially (~50%) sensitive to the Complex | NADH
binding site-specific inhibitor, NADH-OH. The residual activity is strongly (~6-fold) stimulated by
ammonium chloride. NAD™ inhibits both Complex I-mediated and ammonium-stimulated H,O»
production. In the absence of stimulatory ammonium about half of the total NADH-supported
hydrogen peroxide production is catalyzed by Complex I. In the presence of ammonium about 90%
of the total hydrogen peroxide production is catalyzed by matrix located, ammonium-dependent
enzyme(s).
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1. Introduction

More than 50 years ago [1] it was recognized that hydrogen peroxide production in
mitochondria accounts for up to 2% of the total oxygen consumption during controlled (State
4) respiration. Participation of respiratory chain components in the two-electron reduction of
oxygen was originally demonstrated in 1966 by Jensen who observed significant antimycin-
insensitive oxidation of NADH and succinate by bovine heart electron-transport particles
coupled with a formation of H,0, [2]. The NADH-ubiquinone [3-6] and ubiquinol-
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cytochrome c oxidoreductase (Complex I11) [7-9] regions of the respiratory chain have been
identified as the sites where superoxide, an immediate stoichiometric precursor of hydrogen
peroxide [10], is formed. NADH-supported and ubiquinol-supported superoxide generation

has also been demonstrated for isolated purified Complex I [11,12] and Complex I11 [13,14].

The rate of superoxide generation depends on both the concentration of oxygen and a reductant.
Indeed, it was shown many years ago that the rate of mitochondrial hydrogen peroxide
production is strongly dependent on the metabolic state: it is high in State 4, when the NADH/
NAD™ and ubiguinol/ubiguinone pools are largely reduced, and is low in State 3, when the
steady-state concentrations of the potential oxygen reductants are decreased [15,16]. The
degree of reduction of these components (or the components which are in equilibrium with
them) and therefore the rate of superoxide/hydrogen peroxide production are expected to be
under proton-motive force control, as has been experimentally demonstrated in a number of
later studies on different mitochondrial preparations [6,15-20]. This simple thermodynamic
model for energy-dependent superoxide production does not hold for Complex I. The NADH-
supported Complex I-catalyzed superoxide generation by inside-out submitochondrial
particles shows maximal activity at low NADH concentration (~50 uM), and the reaction is
strongly inhibited at higher physiologically relevant concentrations of NADH (mmolar range)
[21]. Thus, an apparent contradiction seems to exist: mitochondria are capable of the NAD(P)
H redox state-dependent hydrogen peroxide formation and the activity of Complex I, the major
contributor to the matrix located superoxide production is inhibited by high concentrations of
NADH. This apparent contradiction and other considerations (see Ref [21] for the details) led
us to propose that other matrix located component(s) in addition to Complex I are significant
contributors to the overall mitochondrial hydrogen-peroxide production. This proposal has
been confirmed by the demonstration of NADH-supported, ammonium-stimulated generation
of hydrogen peroxide by the soluble crude matrix protein fraction derived from bovine heart
mitochondria [22]. Although the specific matrix located protein(s) responsible for the
ammonium-sensitive NADH-supported H,O, formation has not been identified, the
quantitative evaluation of relative contributions of Complex | and matrix to the overall reaction
seemed desirable. Here we will show that only about one-half of the total hydrogen peroxide
produced in the mitochondrial matrix can be accounted for the Complex I-mediated reaction.
Soluble matrix protein(s) are responsible for the other half of H,O, formation. In the presence
of stimulatory NH,* the total hydrogen peroxide production drastically increases and about
90% of the NH,*-stimulated activity is accounted for by soluble matrix located protein(s). Data
on limited diffusion of hydrogen peroxide across the mitochondrial membranes will also be
presented and discussed.

2. Materials and Methods

Rat heart mitochondria were prepared essentially as described [23]. Fractionation procedure
was conducted at 0-4° as follows. Mitochondria (10 mg protein/ml) were suspended in 0.15
M sucrose. One mM EDTA-KOH (pH 7.5, final concentration) was added and the mixture was
incubated under argon flow for 15 min. The pH was adjusted to 8.6 by 1 M NH4OH and the
mixture was subjected to sonication (Soniprep 150 MSE) 6 times for 30 s with 1 min intervals.
The suspension was centrifuged for 15 min at 26,000 g, small precipitates were discarded, 5
mM Tris-ClI buffer (pH 7.5, final concentration) was added to the supernatant, and the mixture
was centrifuged for 1 h at 200,000 g. The clear supernatant was collected and used for assays
of the “matrix” protein activity. The precipitated material was suspended in 0.25 M sucrose
and used as the membrane-bound (unbroken mitochondria, submitochondrial particles, outer
membranes) protein activity. The standard reaction mixture for all assays was composed of
0.25 M sucrose, 10 mM KCI, 0.1 mM EDTA-KOH, and 5 mM potassium phosphate, pH 7.5
(other additions are indicated in the legends to the Tables and Figures). The respiratory
activities were measured amperometrically with a Clark-type electrode. H,O, generation was
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monitored at 30°C at 572-600 nm (formation of resorufin, es72_g00=54 MM~ ¢™1 [24]) in the
standard reaction mixture supplemented with 10 uM Amplex Red, horseradish peroxidase (2
units/ml), and superoxide dismutase from bovine erythrocytes (6 units/ml).

Protein content was determined by the biuret procedure. Amplex Red was from AnaSpec, Inc.
(U.S.A)); other fine chemicals were from Sigma-Aldrich (U.S.A.). NADH-OH was kindly
provided by Dr. Alexander Kotlyar (Tel Aviv University, Israel).

As the first step of our studies the rates of total oxygen consumption and hydrogen peroxide
formation during State 4 and State 3 respiration of coupled rat heart mitochondria were
measured (Table 1). About 0.8% of the total oxygen consumed during succinate-supported
State 4 respiration appeared in the surrounding medium as hydrogen peroxide. This value was
decreased down to less than 0.03% when respiration was activated by ADP. The corresponding
figures for glutamate/malate-supported H,O5 production were substantially lower (0.3 and
0.04%, respectively). Rotenone significantly decreased the succinate-supported and increased
the glutamate/malate-supported generation of hydrogen peroxide thus suggesting that State 4
succinate-supported reaction proceeded via energy-dependent reverse electron transfer
pathway. The data shown in Table 1 for hydrogen peroxide production correspond to the lowest
values of the actual one- and two-electron reduction of oxygen in the matrix since
intramitochondrial superoxide dismutases operating together with glutathione peroxidase and
catalase are expected to decrease the amount of H,0, that appears in the surrounding medium.
Ammonium chloride, an activator of the matrix-catalyzed NAD(P)H-supported hydrogen
peroxide production [22] stimulated both succinate- and glutamate/malate-supported
generation of H,O5, whereas no effects of NH4* on the respiratory activities in State 4 and
State 3 with either substrate were seen ( data not shown). This is an expected phenomenon if
the stimulatory effect of NH,™ is targeted to H,O»-producing activity other than that catalyzed
by the respiratory chain components. The data presented in Table 1 suggest that the highest
H,0, production is observed when intramitochondrial pool of NAD(P)*+NAD(P)H is
maximally reduced. Thus, the actual maximal rates of the NADH-supported H,0, generation
by Complex | and by other enzymes can be determined in rotenone-treated mitochondria
providing that externally added NADH would serve as a reductant for the intramitochondrial
enzymes. This can be achieved by treatment of intact mitochondria with the pore-forming
antibiotic alamethicin (in the presence of Mg2*) as has been described previously [25]. This
approach also permitted the use of the potent nucleotide binding site-directed inhibitor of
Complex I, NADH-OH [26] which inhibits both NADH-supported and succinate-supported
(via energy-linked reverse electron transfer pathway) superoxide production by Complex I in
tightly coupled submitochondrial particles [27].

Table 2 summarizes experiments aimed to dissect the relative contributions of Complex | and
other enzyme(s) to the overall NADH-supported hydrogen peroxide production by
permeabilized mitochondria at different concentrations of NADH and NAD*. When both
matrix enzyme(s) and Complex | were operating (ho NADH-OH was added) at optimal for
Complex | superoxide generation activity (50 uM NADH) the overall reaction was about 4-
times stimulated by NH4*. Both basal and NH4*-stimulated activities were significantly
inhibited by equal (to NADH) concentrations of NAD™*. In contrast to what has been shown
for Complex I-mediated superoxide generation by inside-out coupled submitochondrial
particles devoid of matrix proteins [21] higher level of NADH (2 mM) did not inhibit H,O,
production. In the presence of NADH-OH (Complex I activity was blocked) mitochondria still
produced H,0, at a rate that accounted for about half of the activity seen in the absence of the
inhibitor. The residual NADH-OH insensitive hydrogen peroxide production was stimulated
about 6-fold by ammonium. This stimulatory effect was particularly strong (about 10-fold)
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when the NADH-OH insensitive reaction proceeded at high (2 mM) NADH concentration.
Taken together the data shown in Table 2 suggest that: (i) at least two enzymes (one is evidently
Complex 1) are responsible for the overall NADH- and succinate-supported (via rotenone-
sensitive energy-linked reverse electron transfer pathway) hydrogen peroxide production in
mitochondria; (ii) in the absence of NH4+* Complex | at optimal non-physiological
concentration of NADH is responsible for about half of the total activity and the other half
becomes 6-times higher than that catalyzed by Complex | when stimulated by ammonium; (iii)
both Complex I-catalyzed and ammonium-dependent H,O, production are under the control
of the NADH/NAD" ratio.

Comparison of the data in Tables 1 and 2 provides interesting insight into this phenomenon.
The specific activities of permeabilized mitochondria in the presence of low or high NADH
concentrations were much higher than those seen in intact mitochondria in the presence of
succinate in State 4 or in the presence of glutamate/malate and rotenone, i.e., under the
conditions where the intramitochondrial pool of NAD(P)H+NAD(P)* is expected to be highly
reduced. Endogenous reduced glutathione in intact mitochondria [28] and intramitochondrial
catalase [29,30] are expected scavengers of some part of the matrix-produced hydrogen
peroxide thus decreasing external H,O, accessible for the peroxidase used for its analytical
detection. The stimulating effect of alamethicin thus could be explained at least partially by
the loss of glutathione (not catalase) from permeabilized mitochondria. It also seemed possible
that the inner mitochondrial membrane is not freely permeable to hydrogen peroxide. The latter
possibility was directly confirmed by experiments shown in Fig. 1. Hydrogen peroxide was
added to the rotenone-treated intact mitochondria after all the oxygen has been consumed in
State 3 respiration with glutamate/malate, and the internal mitochondrial catalase activity was
followed as an increase of oxygen concentration in the assay medium. The addition of
alamethicin resulted in significant (three-fold) stimulation of hydrogen peroxide
decomposition by intramitochondrial catalase. Because no evidence, whatsoever, exists for
limited penetration of oxygen through the mitochondrial membranes, it is safe to interpret this
results as an evidence for limited permeability of the inner membrane for hydrogen peroxide.

Next, the quantitative distribution of the hydrogen peroxide producing enzymatic activities in
mitochondrial compartments was addressed. Alamethicin- and rotenone-treated mitochondria
were used as the starting material and the specific activities of the fractions obtained after
ultrasonic disruption and high speed centrifugation were measured (Table 3). The highest
specific NADH-OH-insensitive H,O, producing activity was recovered in the soluble fraction,
which was increased up to about 50 nmol/min per mg protein in the presence of NH*. A
relatively low specific activity was found in the precipitated material. The membrane-
associated activity was only slightly stimulated by ammonium and it was only partially
sensitive to NADH-OH. The residual ammonium-sensitive and NADH-OH-insensitive
activity recovered in the precipitated material was evidently due to a slight contamination of
the membranes by soluble matrix proteins. Fig. 2 shows the distribution of the total hydrogen
peroxide producing activities of mitochondria treated as described in Table 3. About half of
the total activity could be accounted for by Complex I-catalyzed H,O, production. The other
half (NADH-OH-insensitive activity) was recovered in the soluble matrix fraction. In the
presence of ammonium dramatic changes both in the total activity and its distribution were
seen. The total activity was greatly increased and about 90% of that could be accounted for by
the matrix-catalyzed H,O, production.

4. Discussion

The major aim of this study was to evaluate quantitatively the relative contributions of Complex
I and matrix-associated proteins to the overall production of hydrogen peroxide by
mitochondria. Despite a vast literature on the subject we experienced difficulties in finding
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articles where the absolute specific rates and percentage of oxygen reduction to water and to
hydrogen peroxide (via superoxide) have been directly compared during State 4 and State 3
respiration with different substrates, except for the old classical report [31] on H,O, production
by pigeon heart mitochondria and more recent data for rat and human brain mitochondria
respiring at saturating oxygen concentration [32]. Interestingly, our average values for the
succinate-supported hydrogen peroxide formation by intact mitochondria in State 4 at pH 7.5
(0.65 nmoles per min per mg of protein) are the same as reported by Chance et al., for pigeon
heart mitochondria using the same conditions (0.7 nmol/min per mg protein) [31]. These
coincident values disagree with several reports on the difference between the rates of hydrogen
peroxide production by mitochondria from heart [33,34] and other organs [35] from long-
(pigeon) and short-life span (rat) vertebrates of similar size. It should be emphasized that in
the vast majority of published data the highest rates of external H,O, production by
mitochondria are seen during State 4 succinate-supported respiration. As exemplified by the
data in Table 1, this activity is decreased by rotenone and by State 4-State 3 transition (see
also [15,16]) thus suggesting that the degree of NAD(P)* reduction via energy-linked reverse
electron transfer is the critical factor for the rate of hydrogen peroxide formation. On the other
hand the reverse electron transfer activity is, perhaps, the most sensitive indicator of coupling
tightness for any particular preparation of mitochondria. We believe that comparison of
hydrogen peroxide production by mitochondria from different organs (or animals) without
normalizing the measured activity to their coupling efficiency should be interpreted with
caution.

Complex 11 that presumably generates H,O, via superoxide formation at the ubisemiquinone
level at the Qo-site facing the intermembranous space [20] contributes in about 40% to the
maximal externally detected hydrogen peroxide formation as is evident from the comparison
of the succinate-supported H,O, formation in the absence and presence of rotenone (0.65 and
0.25 nmol/min per mg protein, respectively, Table 1).

Under conditions where the Complex I-mediated reaction is prevented by NADH-OH
significant H,O, production greatly stimulated by ammonium was observed (Table 2). Both
total and NADH-OH-insensitive fractions of the externally detected hydrogen peroxide
production were increased by permeabilization of mitochondria. It is generally believed that
the inner mitochondrial membrane is freely permeable to hydrogen peroxide in contrast to its
precursor, the superoxide anion. Our data (Table 2 and Fig. 1) show that this is not the case.
To our knowledge this is the first demonstration of limited diffusion of hydrogen peroxide
across the mitochondrial membranes. The existence of H,O, gradients across plasma and
peroxisomal membranes of Jurkat T-cells has been detected by Antunes and Cadenas [36].
Aquaporin-mediated facilitated diffusion of hydrogen peroxide across the cellular membrane
of yeast has recently been reported [37] (see also [38] for the review). Limitation of hydrogen
peroxide diffusion across the mitochondrial membrane as demonstrated here raises two
important questions: what is the H,O5 concentration gradient, if any, between the
mitochondrial matrix space and the cytosol, and is the external production of hydrogen peroxide
by mitochondria under control by specific protein-carrier like aquaporins? Further detailed
studies on H,O, permeation across the outer and inner mitochondrial membranes are evidently
needed. The specific rates of the intramitochondrial hydrogen peroxide production (in matrix)
as measured using intact mitochondria reported here (Table 1) and likely in many other papers
seem to be underestimated because of limited diffusion of hydrogen peroxide across the
membrane (Fig. 1). We believe that the specific activities of hydrogen peroxide formation
measured in permeabilized mitochondria (Table 2) are more realistic. If the specific activity
of about 5 nmol/min per mg protein measured with 2 mM NADH in the presence of rotenone
(without activating ammonium) is the value to approximate hydrogen production at State 4
respiration, the percentage of electron flow in one-/two-electron reduction of oxygen would
be as high as about 6%. In the presence of activating ammonium about an equal amount of the
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reducing equivalents from NADH are utilized by the respiratory chain in State 4 (35 natom
O,/min per mg protein, Table 1) and by the enzyme(s) catalyzing hydrogen peroxide production
(33 nmol HyO5/min per mg protein, Table 2).

Here we confirmed and extended our previous data [22] showing that a substantial fraction of
mitochondrial superoxide/hydrogen peroxide generation is formed by soluble matrix-
associated protein(s). This is expected to be especially true when external or endogenously
formed NH,4* is present. Although the apparent K, for the activating effect of NH4* is well
above the physiologically relevant concentration [22] the actual intramitochondrial
concentration of ammonium (formed in glutamate dehydrogenase, AMP-deaminase, and
glycine-cleavage reactions) in a variety of metabolic states is not known.

The data presented here and elsewhere [21,22] show that the specific sites of superoxide anion/
H»0, production are located in the hydrophilic matrix space: FMN bound to hydrophilic part
of Complex I [11] and matrix associated NAD(P)H+NAD(P)*-dependent protein(s). Reactive
oxygen species, including those produced by mitochondria, are believed to be important players
in development of a number of pathologies and aging, and also in normal cellular signaling
(see different aspects of the problem in reviews [39-44]). Vigorous attempts to use
mitochondria-targeted antioxidants have been recently undertaken to prevent oxidative stress-
related diseases and senescence [45,46]. These mitochondria-addressed drugs are lipophilic
ubi- [45] or plastoquinone [46] moieties covalently linked with positively charged
triphenylphosphonium, and they are expected to be accumulated in the inner mitochondrial
membrane, thus acting as lipophilic antioxidants. In light of the findings reported here that the
major part of reactive oxygen species are formed in hydrophilic matrix it would be of interest
to compare the effects of hydrophilic mitochondria-targeted antioxidants with those described
for the lipophilic ones [45,46].

The last point to be briefly discussed concerns the nature of the soluble NAD(P)H-dependent,
ammonium-stimulated hydrogen peroxide producing enzyme(s) in mitochondrial matrix. At
present we are not able to answer this question confidently. Some results recently obtained by
our group (V. Grivennikova, A. Kareyeva, A. Vinogradov, manuscript in preparation) can be
summarized as follows. (i) SDS-electrophoretically pure protein (one band with apparent
molecular mass of 50 kDa) with a specific activity of about 1 umol/min per mg protein in the
presence of ammonium chloride is responsible for the matrix-associated NADH-dependent
hydrogen peroxide production. (ii) Mass-spectrometry analysis shows significant homology
of this protein and bovine heart dihydrolipoyl dehydrogenase. In light of earlier data on
significant heterogeneity of dihydrolipoyl dehydrogenases in bovine heart mitochondria [47,
48] it is not unreasonable to suggest that the protein in question is one of the multiple forms
of that enzyme or other flavoproteins similar to it.
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Fig. 1.

Limited permeability of mitochondrial membranes for hydrogen peroxide. Trace 1,
Mitochondria (Mito) (1.8 mg/ml) were added to the standard reaction mixture in a closed vessel
with oxygen-sensitive electrode and oxygen consumption and production were followed. The
additions were: G+M, glutamate and malate 5 mM each; ADP 2 mM; Rot, rotenone 5 uM;
H,0, 1 mM; Ala, alamethicin 40 ug/ml and MgCl, 2.5 mM. Trace 2, alamethicin and
MgCl, were added just before hydrogen peroxide. Trace 3, control, no mitochondria were
added. The numbers (in italics) at the traces show the rates of oxygen consumption or
production in two-electron equivalents per min per mg protein.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 June 1.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Grivennikova et al.

Total activity in the fractions (nmol of H,O, per min)

Page 11

A B
-NH,CI +30 mM NH,CI
2000
1600 |
i I - NADH-OH
] +NADH-OH
1200 |
800 |-
400 |
, im m
@ Q& o il > @
& & '@'5& o&\ ,5&° &
o e"Q C‘SQ ‘00 & 6\Q
& R e & & ¢
N NG
N %
QQP &
L] Q"
G o

Fig. 2.

Distribution of the total NADH-supported hydrogen peroxide generating activities between
the membrane-bound and matrix proteins in rat heart mitochondria. Mitochondria were treated,
fractionated, and assayed as described in Table 3.
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