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Interruption of electron flow at the quinone-reducing
enter (Qi) of complex III of the mitochondrial respira-
ory chain results in superoxide production. Unstable
emiquinone bound in quinol-oxidizing center (Qo) of
omplex III is thought to be the sole source of electrons
or oxygen reduction; however, the unambiguous evi-
ence is lacking. We investigated the effects of complex
II inhibitors antimycin, myxothiazol, and stigmatellin
n generation of H2O2 in rat heart and brain mitochon-
ria. In the absence of antimycin A, myxothiazol stimu-

ated H2O2 production by mitochondria oxidizing
alate, succinate, or a-glycerophosphate. Stigmatellin

nhibited H2O2 production induced by myxothiazol.
yxothiazol-induced H2O2 production was dependent

n the succinate/fumarate ratio but in a manner differ-
nt from H2O2 generation induced by antimycin A. We
onclude that myxothiazol-induced H2O2 originates
rom a site located in the complex III Qo center but
ifferent from the site of H2O2 production inducible by
ntimycin A. © 2001 Academic Press

Key Words: mitochondria, complex III, reactive oxy-
en species, hydrogen peroxide, superoxide, myx-
thiazol, stigmatellin.

Mitochondrial production of reactive oxygen species
ROS) is thought to play an important role in many
athologies, including heart and brain injury due to
schemia/reperfusion (1, 2), and in apoptotic cell death
3, 4). Therefore, a detailed understanding of the mech-
nism of ROS production by mitochondria is important
nd could aid in the development of new strategies for
he prevention of cell death.

The primary species of ROS produced by mitochon-
ria is superoxide (5–9), which quickly dismutates

Abbreviations used: BSA, bovine serum albumin; EGTA, ethylene
lycol-bis(b-aminoethylether)-N,N,N9,N9-tetraacetic acid; FCCP,
-trifluoromethoxycarbonylcyanide phenylhydrazone.

1 To whom correspondence should be addressed at Department of
nesthesiology, School of Medicine, University of Maryland, 685 W.
altimore St., MSTF-534, Baltimore, MD 21201. Fax: (410) 706-
711. E-mail: gfiskum@anesthlab.ummc.umaryland.edu.
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ave been identified in the respiratory chain of mam-
alian mitochondria (see (11) for a recent review). The

resent study focuses on the site located in the quinol-
xidizing center (Qo) of the Complex III (bc1 complex)
f the mitochondrial electron transport chain (Fig. 1).
he one-electron donor responsible for the superoxide

ormation is believed to be an unstable semiquinone (7,
2–14) formed in the Qo center. According to the
-cycle mechanism of electron transport in the bc1

omplex, an unstable semiquinone is formed in center
o due to the sequential, bifurcated reaction of quinol

xidation (15, 16) (Fig. 1).
The formation of semiquinone and hence, superoxide

roduction can be modulated by specific inhibitors of
he bc1 complex. According to the Q-cycle hypothesis,
nhibitors acting at the quinone reducing center (Qi),
.g., antimycin A, stimulate superoxide formation by
nhibiting semiquinone oxidation (Fig. 1B), whereas
nhibitors of the Qo site, e.g., such as myxothiazol,
nhibit superoxide production by preventing semiqui-
one formation (11, 15, 16) (Fig. 1A).
The semiquinone proposed to be present in the Qo

enter has, however, never been detected (11, 17). The
ffects of specific inhibitors on mitochondrial ROS pro-
uction are therefore important for identification of
oth the site and the source of superoxide production in
he bc1 complex. In this study, we conducted a compar-
son between the effects of three different bc1 complex
nhibitors, antimycin A, myxothiazol and stigmatellin,
n mitochondrial ROS production. The results indicate
hat myxothiazol-induced H2O2 originates from a site
ocated in the complex III Qo center but different from
he site of H2O2 production inducible with antimycin A.

ATERIALS AND METHODS

Isolation of heart and brain mitochondria. All animal experi-
ents were conducted in accordance with guidelines established by

he Institutional Animal Care and Use Committee of the University
f Maryland, Baltimore. For preparation of heart mitochondria, a
ale Sprague–Dawley rat (120–140 g body weight) was euthanized,

he heart excised and placed into ice-cold isolation medium (Medium
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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) composed of 225 mM mannitol, 75 mM sucrose, 5 mM Hepes (pH
.4), 1 mM EGTA, and 1 mg ml21 BSA. Cooled heart muscle, purified
rom fat and tendons, was minced and homogenized for 2 min with a
eflon pestle in a glass (Pyrex) homogenizer; the ratio of tissue to

solation medium being 1 to 20 (weight to volume). After the first
entrifugation (10 min, 600g), the supernatant was decanted and
hen centrifuged at 10,000g for 10 min. The supernatant and the
ight fraction of the pellet were discarded. The pellet was resus-
ended in 15 ml of isolation medium not containing EGTA (medium
). Mitochondria were centrifuged at 10,000g for 10 min and the

FIG. 1. The scheme of electron transport and superoxide produc-
ion in bc1 complex. (A) The simplified reaction scheme and sites of
ction of inhibitors of bc1 complex are demonsatrated. Quinol is
xidized at the Qo-site of the complex. The oxidation occurs in a
ifurcated reaction. The first electron is transferred to a high poten-
ial chain consisting of the iron sulfur protein (ISP, or Rieske pro-
ein), cytochrome c1 and cytochrome c and cytochrome oxidase (not
hown), leaving a semiquinone at the Qo-site. The semiquinone
ormed is unstable, and undetectable during normal turnover. This
emiquinone donates the second electron to the low potential chain
onsisting of two cytochrome b hemes (cyt b566 and cyt b562), which
erve as a pathway through which electrons are transferred from
emiquinone at the Qo-site to the Qi-site, at which quinone is reduced
o quinol. To provide the two electrons at the Qi-site required for
eduction of quinone, the Qo-site oxidizes two equivalents of quinol in
uccessive turnovers. The first electron at the Qi-site generates a
elatively stable semiquinone that is reduced to quinol by the second
lectron. Antimycin A interrupts the transfer of the second electron
o Qi-site, Stigmatellin prevents the transfer of first electron to ISP,
nd myxothiazol prevents the binding of quinol at the Qo-site (see
16) for details). (B) The hypothetical mechanism of superoxide for-
ation at the Qo-site in the presence of antimycin A is shown. The

nhibitor prevents the transfer of the second electron to Qi-site, thus
witching off the low potential chain. This leads to the accumulation
f unstable semiquinone at Qo-site and increases the probability of
ts side reaction with oxygen. See (11) for details.
646
f mitochondria (50–60 mg protein ml21) was stored on ice.
Synaptosomal plus nonsynaptosomal rat brain mitochondria were

solated exactly as described in (18). Two rat forebrains were used for
ach mitochondria isolation procedure.
To estimate the functional quality of mitochondrial preparations,

cceptor control index (ACI) was determined. For these experiments,
ncubation medium (see below) was supplemented with 1 mM MgCl2,

mM glutamate, and 5 mM malate. Oxygen consumption was re-
orded with a Clark-type oxygen electrode. The State 3 respiration
as initiated by the addition of 400 mM of ADP to the mitochondrial

uspension, and was terminated with 2 mM oligomycin, an inhibitor
f the ATP synthetase. The ratio of respiration rate in State 3 to that
n the presence of oligomycin (State 4) was defined as ACI. Only

itochondria with an ACI of greater than 7 were used in our exper-
ments.

Experimental conditions and incubation medium composition. In
ll experiments, the incubation medium contained 125 mM KCl, 20
M Hepes (pH 7.0), and 1 mM KH2PO4 and was maintained at 37°C.
he concentration of mitochondria was 0.25 mg protein ml21 through
ll the experiments.
The concentrations of myxothiazol and stigmatellin that inhibited

lectron flow through the bc1 complex of the electron transport chain
ere determined by measuring the effect of these inhibitors on
itochondrial respiration in the presence of 5 mM succinate, 4 mM

otenone, and 0.5 mM FCCP. Greater than 98% inhibition of respi-
ation was obtained at 0.20 mM myxothiazol and 0.05 mM stig-
atellin, respectively.

Measurement of hydrogen peroxide. The production of reactive
xygen species was measured as H2O2 production by mitochondria
mploying a classical scopoletin plus horseradish peroxidase method
5, 12, 14, 19, 20). The fluorescence of scopoletin was measured with
Perkin–Elmer fluorescence spectrometer. The excitation and emis-

ion wavelengths were 388 nm and 460 nm, respectively. The con-
entration of scopoletin was 1100 pmol ml21 and that of peroxidase
as 7.5 U ml21 through all the experiments. The scopoletin fluores-

ence was calibrated by adding aliquots of a H2O2 standard solution
o the suspension of mitochondria in the absence of respiratory
ubstrates. The concentration of commercial 30% H2O2 solution was
alculated from light absorbance at 240 nM employing E240

mM 5 43.6;
he stock solution was diluted to 100 mM with water and used for
alibration immediately. Under the conditions used in our experi-
ents, the relationship between H2O2 concentration and scopoletin

uorescence was linear up to 800 pmol ml21 of H2O2, and was
naffected by the presence of mitochondria. All the measurements of
itochondrial H2O2 production were performed within the linear

ange of the scopoletin response. Hydrogen peroxide production rates
re expressed as nmol H2O2 3 min21 3 mg21 protein.

NADH-ubiquinone-reductase assay. Mitochondria (0.25 mg ml21)
ere permeabilized by osmotic shock in incubation medium diluted
:10 with distilled, deionized H2O in the presence of 80 mM exoge-
ous NADH and 2 mM KCN (37°C). The oxidation of NADH was

nitiated by the addition of 100 mM decylubiquinone (DcQ). The
ecrease in NADH fluorescence was followed for 4 min, and the
nitial rate of NADH fluorescence decay was calculated. NADH flu-
rescence was calibrated by sequential additions of NADH to the
edium containing mitochondria in the absence of DcQ, and the rate

f NADH oxidation was expressed in nmol NADH min21 mg21 pro-
ein. No detectable NADH oxidation was observed in the absence of
cQ.

Chemicals and reagents. Oligomycin, myxothiazol, stigmatellin,
ntimycin A1, and rotenone were dissolved in ethanol, and scopoletin
as dissolved in DMSO. All reagents and ethanol were tested and
xhibited no interference with H2O2 assay at the concentrations used
n our experiments. All the reagents were purchased from Sigma
U.S.A.).
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ESULTS

Myxothiazol has been reported to inhibit mitochondrial
uperoxide (21) and H2O2 production (7, 12, 13, 20, 22).
he results shown in Fig. 2 confirm and expand upon
hese observations. In the presence of the NADH-linked
ubstrate malate, little H2O2 was generated by isolated
at heart mitochondria until antimycin A was added (Fig.
A). The subsequent addition of 0.2 mM myxothiazol in-
ibited H2O2 production by approximately 65%. An in-
omplete inhibition of H2O2 production by myxothiazol at
n even higher concentration of 1.0 mM was also observed
n the presence of FADH-linked substrate succinate (Fig.
B) or a-glycerophosphate (not shown). The protonophore
ncoupler FCCP was present in these experiments to
liminate any contribution of reversed electron flow
hrough Complex I to the production of H2O2. The resid-
al H2O2 production observed in the presence of myx-
thiazol was inhibited by the alternative Complex III
nhibitor stigmatellin (2.4 mM) (Figs. 2A and 2D). When
he same experiments were conducted with isolated
rain mitochondria, similar results were obtained (not
hown).

Surprisingly, myxothiazol appeared to induce H2O2

roduction when added in the absence of antimycin.

FIG. 2. Effects of myxothiazol and stigmatellin on H2O2 produc-
ion by heart mitochondria oxidizing various substrates. Incubation
edium and other conditions were as described under Materials and
ethods. Incubation medium (37°C) was supplemented with either 5
M malate (A), 5 mM succinate (B, C), or 10 mM a-glycerophosphate

D) and 25 nM FCCP (A-D) prior to the addition of isolated cardiac
itochondria (0.25 mg protein ml21). Hydrogen peroxide generation
as monitored fluorometrically at 388 nm excitation and 460 nm
mission wavelengths using the scopoletin and horseradish peroxi-
ase method described under Materials and Methods. Other addi-
ions to the mitochondrial suspensions were 2 mM antimycin A1
Ant. A), 0.2 mM myxothiazol (Myx) in A and 1.0 mM Myx in B–D, and
.4 mM stigmatellin. Slope values represent rates of H2O2 production
xpressed in nmol 3 min21 3 mg21 protein.
647
nduced by the addition of myxothiazol to suspensions
f heart mitochondria oxidizing succinate or
-glycerophosphate. Myxothiazol-induced H2O2 pro-
uction was not affected by the subsequent addition of
ntimycin A but was completely inhibited by stig-
atellin (Fig. 2D).
Figure 3 demonstrates that the site of H2O2 produc-

ion in the presence of myxothiazol is located in the
espiratory chain downstream of Complex I. With mi-
ochondria oxidizing malate, the Complex I inhibitor
otenone stimulates H2O2 generation likely at the level
f the iron-sulfur center at the NADH dehydrogenase
8, 11). Rotenone stimulated malate-dependent H2O2

eneration to identical rates in the presence and ab-
ence of myxothiazol (Figs. 3A and 3B). However, ro-
enone was without effect in the presence of the FAD-
inked oxidizable substrate a-glycerophosphate that
onates electrons directly to ubiquinone downstream
f Complex I (Fig. 3D), whereas myxothiazol induced

2O2 production (Figs. 3C and 3D).
Figure 4 shows the effects of myxothiazol and rote-

one on the level of reduction of pyridine nucleotides in
itochondria. Both rotenone and myxothiazol induced

he reduction of pyridine nucleotides to almost identi-
al level (Figs. 4A and 4B) with malate as substrate.
ith a-glycerophosphate, pyridine nucleotides were

ssentially oxidized and both myxothiazol and rote-
one were without effect (Fig. 4C). However the rate of
2O2 production induced by myxothiazol was similar

oth with malate and with a-glycerophosphate (Fig. 3).

FIG. 3. Effects of myxothiazol and rotenone on the rate of H2O2

roduction. Incubation medium and other conditions were as in Fig.
. Incubation medium was supplemented either with 5 mM malate
curves A and B) or with 10 mM a-glycerophosphate (curves C and D)
dded before mitochondria. Additions: Myx, 1 mM myxothiazol; Rot,
mM rotenone; stigmatellin, 2.4 mM stigmatellin. Slope values rep-

esent rates of H2O2 production expressed in nmol 3 min21 3 mg21

rotein.
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High concentrations of both myxothiazol and a
losely related analog of stigmatellin have been re-
orted to inhibit Complex I (23). Although we used
hese inhibitors at significantly lower concentration,
e decided to determine if there is an inhibition (if any)
f Complex I under our conditions. We measured
ADH-ubiquinone reductase activity of heart mito-

hondria as described under Materials and Methods in
he presence of various concentrations of myxothiazol,
tigmatellin, and rotenone. Myxothiazol produced no
pparent inhibition at 0.2 mM and 13% at 1 mM,
hereas 2.4 mM stigmatellin was without any effect on

he rate of NADH oxidation. Rotenone inhibited
ADH-ubiquinone reductase by 92% at 0.4 mM.
Figure 5 demonstrates that myxothiazol-induced

roduction of H2O2 exerts different dependence on the
atio of fumarate to succinate than that induced with
ntimycin. As expected [13], antimycin A-induced

2O2 production curve was bell-shaped with the max-
mum H2O2 generation rate at the 10:1 ratio of fuma-
ate to succinate. However, H2O2 production induced
y myxothiazol declined continuously with an increase
n fumarate/succinate ratio.

ISCUSSION

The hypothesis that semiquinone in Qo center is the
onor of electrons for the reduction of oxygen to super-
xide in bc1 complex is based on three sets of argu-
ents. First, it has long been known (7, 24) that qui-
one of inner mitochondrial membrane is necessary for
ntimycin A-induced superoxide production in bc1
omplex. Second, the effects of specific Qi site inhibitor
ntimycin and the inhibitor of Qo site myxothiazol on
he superoxide production may be best explained in the
ramework of the “classical” Q-cycle model of electron
ransport in bc1 complex, as it was demonstrated in
everal studies (7, 12, 13). According to this model,

FIG. 4. Effects of myxothiazol and rotenone on the level of re-
uction of intramitochondrial pyridine nucleotides. Incubation me-
ium and other conditions were as in Fig. 3. Incubation medium was
upplemented either with 5 mM malate (curves A and B) or with 10
M a-glycerophosphate (curve C) added before mitochondria. Mito-

hondrial pyridine nucleotides fluorescence was measured at 346 nm
xcitation and 460 nm emission wavelengths. Additions: Myx, 1 mM
yxothiazol; Rot, 2 mM rotenone; a-GP, 10 mM a-glycerophosphate.
648
nstable semiquinone at center Qo by inhibiting its
xidation by cytochromes b (Fig. 1B). Myxothiazol in-
ibits semiquinone formation at center Qo by simply
isplacing quinol at its binding site (Fig. 1A; see
11, 15)).

Therefore, antimycin A should, and was repeatedly
hown to stimulate superoxide production in bc1 com-
lex, whereas myxothiazol should prevent and inhibit
t. Indeed, myxothiazol was reported to inhibit super-
xide production in mammalian mitochondria (7, 12,
3, 20–22). However, in the study of Turrens et al. (12),
yxothiazol did not completely suppress the rate of

ntimycin-induced H2O2 production. These results are
herefore similar to those reported here (Fig. 2B). The
spect of our results that is significantly different from
hose previously reported is that myxothiazol not only
ncompletely inhibits H2O2 production but actually
artially stimulates H2O2 generation. Our finding that
ntimycin does not affect H2O2 production when added
fter myxothiazol (Fig. 2D) indicates that myxothiazol
timulates H2O2 production at a site proximal to the
ite in electron flow that is inhibited by antimycin.
hese results are not unique to heart mitochondria as
imilar effects of both myxothiazol and stigmatellin
ere also observed with isolated brain mitochondria.
Earlier, myxothiazol was shown to stimulate H2O2

roduction in insect mitochondria, where a-glycero-
hosphate dehydrogenase and not bc1 complex was

FIG. 5. Redox dependence of H2O2 production in rat heart mito-
hondria. Incubation medium and other conditions were as in Fig.2.
ncubation medium was supplemented with 2 mM succinate and
arious (0–40 mM) concentrations of fumarate. After 2 min of incu-
ation, mitochondria were permeabilized with alamethicin (80
g/mg protein). Myxothiazol (0.5 mM) or antimycin A1 (2 mM) was
dded 3 min after alamethicin, and H2O2 production was measured
s described under Materials and Methods. Data points represent an
verage from 3–4 experiments and the error bars show standard
rrors.
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oreover, myxothiazol was recently shown to inhibit
omplex I (23). The ability of myxothiazol to inhibit
omplex I can potentially complicate interpretation of

esults as Complex I is apparently also a source of
OS production (11). Several observations indicate

hat Complex I is not the source of H2O2 production
bserved in the presence of myxothiazol in our experi-
ents. Myxothiazol-induced H2O2 production was ob-

erved with substrates for succinate and a-glycero-
hosphate dehydrogenases (Figs. 2 and 3), enzymes
hat have not been reported to be affected by myxothia-
ol. Furthermore, in our experiments myxothiazol in-
uced H2O2 production at concentrations that have
egligible effects on Complex I (NADH-ubiquinone re-
uctase) activity. In addition, the observation that the
omplex I inhibitor rotenone stimulates malate-
ependent H2O2 in the presence of myxothiazol (Fig. 3)
ndicates that the site of H2O2 production in Complex I
s located upstream of that induced by myxothiazol.
inally, Additional evidence favoring localization of
yxothiazol-induced H2O2 production to the bc1 com-

lex is provided by the observation that stigmatellin
ompletely inhibited H2O2 production induced by ei-
her myxothiazol (Figs. 2 and 3) or antimycin. This
nhibitor can be considered to be specific toward center

o of bc1 complex (15).
Data presented in Fig. 5 indicate that the electron

onor for myxothiazol-induced H2O2 production may be
ifferent than the semiquinone accumulated in the pres-
nce of antimycin A. It was previously shown with sub-
itochondrial particles that superoxide and H2O2 pro-

uction in the presence of antimycin A depend on the
edox poise of the respiratory chain, as commonly estab-
ished by adjusting the ratio of the concentrations of
umarate:succinate. Antimycin-induced ROS production
urve was bell-shaped with the maximum observed at a
:1 fumarate to succinate ratio (13). We also obtained a
ell-shaped curve for H2O2 production in the presence of
ntimycin (Fig. 5), however, at a slightly higher 10:1
umarate:succinate ratio. Under the same experimental
onditions, the dependence of myxothiazol-induced H2O2

roduction on the ratio of fumarate to succinate was
learly different, with the rate of production declining
ontinuously with the increase in the ratio (Fig. 5).

In summary, our results indicate that the site of
2O2 production in the presence of myxothiazol is the
o site of the bc1 complex. According to the most well

upported hypothesis on the organization of electron
ransport and binding of inhibitors and quinone within
he bc1 complex (16), semiquinone cannot exist at this
enter. Hence, semiquinone may not formally be con-
idered as a source of ROS without making several ad
oc assumptions about structure and functioning of Qo

ite and/or the site of binding of myxothiazol. There-
ore, although the presented data allow us to assign
his new H2O2 producing site to center Qo of bc1 com-
649
t Qo site has yet to be revealed.
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