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Mitochondria-derived oxygen-free radical(s) are important mediators of oxidative cellular injury. It is widely
hypothesized that excess NO enhances O2

•− generated by mitochondria under certain pathological conditions.
In the mitochondrial electron transport chain, succinate–cytochrome c reductase (SCR) catalyzes the electron
transfer reaction from succinate to cytochrome c. To gain the insights into themolecularmechanism of howNO
overproduction may mediate the oxygen-free radical generation by SCR, we employed isolated SCR, cardiac
myoblast H9c2, and endothelial cells to study the interaction of NO with SCR in vitro and ex vivo. Under the
conditions of enzyme turnover in the presence of NO donor (DEANO), SCR gained pro-oxidant function for
generating hydroxyl radical as detected by EPR spin trapping using DEPMPO. The EPR signal associated with
DEPMPO/•OH adduct was nearly completely abolished in the presence of catalase or an iron chelator and
partially inhibited by SOD, suggesting the involvement of the iron–H2O2-dependent Fenton reaction or O2

•−-
dependent Haber–Weiss mechanism. Direct EPR measurement of SCR at 77 K indicated the formation of a
nonheme iron–NO complex, implying that electron leakage to molecular oxygen was enhanced at the FAD
cofactor, and that excess NOpredisposed SCR to produce •OH. InH9c2 cells, SCR-dependent oxygen-free radical
generation was stimulated by NO released from DEANO or produced by the cells following exposure to
hypoxia/reoxygenation. With shear exposure that led to overproduction of NO by the endothelium, SCR-
mediated oxygen-free radical production was also detected in cultured vascular endothelial cells.
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1. Introduction

Mitochondria are the major cellular source of oxygen-free radicals
[1,2]. The generation of reactive oxygen species (ROS) and free radical
(s) in mitochondria is relevant under the physiological conditions of
low oxygen tension such as state 4 respiration and is particularly high
under certain pathological conditions such as inflammation and
ischemia-reperfusion injury [3–5]. The controlled production of NO,
another reactive species, has an important role in the human vascular
system [6,7]. NO produced from endothelial cells has the capacity to
modulate mitochondrial functions in regulation of respiration and
metabolism. It is widely accepted that excessive production of NO can
cause cell death (such as myocardial infarction) in human pathology
[6,8]. For example, myocardial ischemia–reperfusion provides a
stimulus to alter NO metabolism [6,9–11]. Increased production of
both O2

•− and NO and subsequent peroxynitrite (OONO−) formation
have been marked in the post-ischemic myocardium [12,13].

It has been well documented that NO can reversibly inhibit
mitochondrial cytochrome c oxidase (CcOor complex IV) in competition
with oxygen and serve as a physiological regulator of mitochondrial
respiration [7,14]. The inhibition of CcO by NO, although reversible, can
block electron flow of the respiratory chain from either NADH or
succinate tomolecular oxygen to cause electron accumulation in the ETC
and thus increaseO2

•−production. Furthermore, succinate–cytochrome c
reductase (SCR, a supercomplex hosting complex II (succinate ubiqui-
none reductase, SQR) and complex III (ubiquinol cytochrome c
reductase, QCR) has been implicated as the other target of NO in cellular
respiration [15]. Specifically, it has been reported that excessNO induced
by cytokines in smooth muscle cells under inflammatory conditions can
regulate mitochondrial respiration through inhibition of complex II.

Physiologically, the SCR supercomplex mediates electron transfer
fromsuccinate to cytochrome c (cyt c) duringmitochondrial respiration.
The redox centers of SQR contain flavin adenine nucleotide (FAD), three
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iron-sulfur clusters (S-1, S-2, and S-3), cytochrome b560, and ubiquinone
(Q). The redox centers of QCR consist of ubiquinol (QH2), cytochromes
bL (low potential b or b566), bH (high potential b or b562), and c1, and the
Rieske iron-sulfur cluster (RISP). Succinate serves as an electron donor
for SQR to reduce FAD, after which an electron is transferred from the
reduced FAD to the iron sulfur clusters and cytochrome b560, and Q is
reduced toQH2. Theelectron transfer fromQH2 to ferricytochrome c (cyt
c) is catalyzed by QCR and follows the Q cycle mechanism.

It has been reported thatmediation of O2
•− production by SCR is kept

minimized under the conditions of enzyme turnover in the presence of
succinate and cyt c [16]. Hypothetically, excess NO should out-compete
molecular oxygen in binding to CcO (complex IV) and subsequently
increase electron leakage from the ETC (see Supplementary Chart). It is
expected that excess NO also binds to the SCR and subsequently
stimulates the O2

•− production from the SCR in mitochondria as
illustrated in the Supplementary Chart. Exposure of SCR to excess NO
in vitro resulted in irreversible inhibition of SQR activity in SCR. This
inactivation was reported to be due primarily to damage to iron–sulfur
clusters from SQR [17]. In the ex vivo cellular studies, excessNO induced
by cytokine under inflammatory conditions mediated the formation of
iron-nitrosyl intermediate [18,19].However, themolecularmechanisms
are not clear, nor are the toxicological consequences of excess NO-
mediated oxidant stress on the SCR. The present study was undertaken
to address the fundamental questions regarding the molecular
mechanism resulting from the interaction of excess NO with SCR. In
vitro studies using the isolated SCR supercomplex have the advantage to
provide precise measurements and unequivocal results, which can
complement the ex vivo studies using living cells. Based on the studies
using purified enzyme supercomplex, we have found that excess NO
increased the pro-oxidant activity of SCR and predisposed SCR to be a
source of hydroxyl radical due to oxidative damage of the iron sulfur
cluster. Based on ex vivo cellular studies using the embryonic
cardiomyoblast H9c2 cell line and endothelial cells, we have demon-
strated that excess NO emitted by NO donor or produced under the
physiological conditions of H/RO (hypoxia-reoxygenation) and shear
exposure contributed to SCR-dependent oxygen-free radical produc-
tion. These findings of in vivo and ex vivo studies were mutually
supported and thus offered a strong conclusion in the connection of NO
with mitochondrial SCR in the cellular pathophysiological conditions.

2. Materials and methods

2.1. Reagents

Ammonium acetate, ammonium sulfate, diethylenetriaminepen-
taacetic acid (DTPA), ubiquinone-2 (Q2), sodium cholate, deoxycholic
acid, deferoxamine, Triton X-100, Zn/Cu superoxide dismutase (SOD),
bovine apotransferrin, oxaloacetic acid, potassium salt of 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1oxyl-3-oxide (c-
PTIO), ebeslen (2-phenyl-1,2-benzisoselenazol-3(2H)-one), and so-
dium succinate were purchased from Sigma Chemical Company (St.
Louis, MO) and used as received. Catalase (bovine liver) was
purchased from Roche Diagnostics (Indianapolis, IN). Peroxynitrite
and the NO donor diethylamine nonoate (DEANO) were purchased
from Cayman Chemical (Ann Arber, MI). The 5-diethoxylphosphoryl-
5-methyl-1-pyrroline N-oxide (DEPMPO) spin trap and Mn(III)
Tetrakis (1-methyl-4-pyridyl) porphyrin pentachloride (MnTMPyP)
were purchased from ALEXIS Biochemicals (San Diego, CA).

2.2. Preparations of mitochondrial succinate cytochrome c reductase (SCR)
and succinate ubiquinone reductase (SQR) and ubiquinol cytochrome c
reductase (QCR)

Bovine heart mitochondrial SCR, SQR, and QCR were prepared and
assayed according to the published method developed by Yu et al. [20].
The purified SCR contained 4–4.2 nmol heme b per mg protein and
exhibited an activity of approximately 8.5 μmol cyt c reduced/min/mg
protein. Purified SCR was stored in 50 mM Na/K phosphate buffer, pH
7.4, containing 0.25 M sucrose and 1 mM EDTA. The purified SQR has
specific activity ~15.2 μmol of succinate oxidized (or dichlorophenol
indophenol, DCPIP, reduced)/min/mg protein. The purified QCR has
specific activity ~8.0 μmol of cyt c reduced/min/nmol cyt b.

2.3. Analytical methods

Optical spectra were measured on a Shimadzu 2401 UV/VIS
recording spectrophotometer. The enzyme concentration (based on
the heme b) of SCR was calculated from the differential spectrum
between dithionite reduction and ferricyanide oxidation, using an
extinction coefficient of 28.5mM−1 cm−1 for the absorbance difference
of A562nm − A576nm. The enzyme activity of SCR was assayed by
measuring cyt c reduction. An appropriate amount of SCR was added to
an assay mixture (1 ml) containing 50 mM phosphate buffer, pH 7.4,
0.3 mM EDTA, 19.8 mM succinate, and 50 μM ferricytochrome c. The
SCR activitywasdetermined bymeasuring the increase in absorbance at
550 nm. The enzymatic activity of SQR was assayed by measuring Q2-
stimulated DCPIP reduction by succinate as described in the literature
[20]. QCR activity was assayed by Q2H2-mediated ferricytochrome c
reduction at room temperature [20].

The heme b concentration of SCRwas calculated from thedifferential
spectrum between dithionite reduction and ferricyanide oxidation. The
NOreleased fromDEANO in PBSwasmeasured at 25 °C (in PBS) or 37 °C
(in the cell culture medium) in a water-jacketed electrochemical vial
using a Clark-type NO electrode (ISO-NOP) from World Precision
Instruments (WPI, Sarasota, FL). The solution (2 ml) measured in the
vial was constantly stirred with a magnetic bar controlled by a stirrer
under the vial. The current collected by the NO electrode, which was
proportional to the NO concentration in the solution, was recordedwith
an Apollo 4000 Free Radical Analyzer from WPI. The NO electrode was
calibrated with known concentrations of NO, using NO-equilibrated
solutions as described in the literature [21].

2.4. Electron paramagnetic resonance measurements

EPR measurements were performed on a Bruker EMX spectrometer
operating at 9.86 GHz with 100 kHz modulation frequency at room
temperature. The reaction mixture was transferred to a 50 μl capillary,
whichwas then positioned in anHS cavity (Bruker Instrument, Billerica,
MA). The sample was scanned using the following parameters: center
field, 3510 G; sweep width, 140 G; power, 20 mW; receiver gain,
2×105;modulation amplitude, 1 G; timeof conversion, 163.84 ms; time
constant, 163.84 ms; number of scans, 4 scans. The spectral simulations
were performed using the WinSim program developed at NIEHS by
Duling [22]. The hyperfine coupling constants used to simulate the spin
adduct of DEPMPO/•OOH were as follows: isomer 1: aN=13.14 G,
aHß=11.04 G, aHγ=0.96 G, aP= 49.96 G; isomer 2: aN=13.18 G,
aHß=12.59 G, aHγ=3.46 G, aP=48.2 G; DEPMPO/•OH, aN=14.03 G,
aHß=13.34 G, aP=47.19 G [23,24].

2.5. Measurement of NO-induced oxygen-free radical(s) mediated from
SCR in H9c2 living cells

Rat embryonic cardiomyoblasts (H9c2 cell line fromATCC,Manassas,
VA)were grownandmaintained inDulbecco'smodified Eagle'smedium
supplemented with 5% fetal bovine serum and 1% penicillin/streptomy-
cin antibiotics in 35-mmpolystyrene tissue culture dishes at 37 °C in the
presence of 4.5% CO2. Confluent cells with N90% viability were used to
conduct fluorescence imaging of O2

•− production in living cells.
H9c2 cells were then cultured on sterile coverslips in 35-mm sterile

dishes at a density of 104 cells/dish and subjected to DEANO (10 μM)
treatment for 20 min at 37 °C. Tomeasure the contribution of SCR in the
O2
•− production induced by DEANO, H9c2s were treated with OAA
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(100 μM), a competitive inhibitor of succinate dehydrogenase from the
TCA cycle (Supplementary Chart). To verify the effect of NO generated
from DEANO, H9c2s were incubated with 2-(4-carboxyphenyl)-4,5-
dihydro-4,4,5,5-tetramethyl-1H-imidazolyl-1oxy-3oxide (Carboxy-
PTIO), an NO scavenger. Cells were then incubated with the O2

•−

indicator 5 μM MitoSOXTM (Molecular Probes, Inc., Eugene OR; a red
mitochondrial oxygen-free radical indicator for live-cell images) to
detect O2

•− in living cells. MitoSOXTM red fluorescences (Ex/Em 510/
580 nm) when oxidized by O2

•−. Nuclei were stained with blue
fluorescence DAPI (1 μM) for 10 min in the incubator. After the
incubation, cells were washed twice with PBS and mounted using a
mounting medium of fluoromount-G, and images were captured and
analyzed at a magnification of 20× for MitoSOXTM and DAPI by confocal
fluorescence microscopy (LSM 510; Zeiss Inc., Peabody, MA) and
overlaid using LSM software.

Hypoxic treatment was accomplished by placing cells in a Modular
Incubator Chamber (Billups-Rothenberg, Inc., Del Mar, CA) and
incubating for 1 h while flushing nitrogen gas on the surface of
glucose-free medium, after which reoxygenation was carried out by
incubating in medium with glucose for 3 min.

2.6. EC culture and exposure to shear stress

Primary bovine aortic endothelial cells (BAECs) were purchased
fromCambrex (East Rutherford,NJ) and cultured inDulbecco'smodified
Eagle's medium (DMEM) with L-glutamine and NaHCO3 supplemented
with 10% fetal bovine serum (FBS) and antibiotics. ECs (passages 3–6)
were seeded onto glass slides (75× 38mm; Fisher Scientific, Pittsburgh,
PA) thatwere sterilized, air-driedand coatedwith a 0.5%gelatin subbing
solution that contained 0.05% potassium chromium sulfate (Sigma, St.
Louis, MO). ECmonolayers were usedwithin 24 h upon confluence. ECs
were incubated overnight in the same medium as the culture medium,
except that DMEMwas phenol red-free and FBSwas 2%, and exposed to
shear stress in the same with the overnight incubation medium. For
shear exposure, three glass slides with EC monolayers were assembled
side-by-side into a parallel-plate flow chamber, and the chamber was
connected at both ends to a reservoir forming a flow loop. In this setup,
ECswere exposed to a constant gravity-driven laminar shear stress of 10
dyn/cm2 (low arterial range) for 30 min, as described before [25]. Flow
rate through the chamber was monitored by an ultrasonic flow sensor
(Transonic Systems, Ithaca, NY). Recirculating culture medium was
constantly exposed to a counter-current flow of a sterile-filtered gas
mixture (95% air–5%CO2) thatwaswarmed andhumidified bybubbling
through water; this permitted the use of protein-rich medium (with
≤10% FBS) without foaming. Medium O2 concentration and tempera-
ture were monitored real-time by inline optical O2 and temperature
sensors (WPI). The temperature of the entire system was kept at 37 °C.
Corresponding static controls were preincubated andmaintained in the
incubator for the same time periods and in the same medium as the
perfusionmedium. Some ECmonolayers were preincubatedwith either
an eNOS inhibitor (1 mM of L-NAME for 1 h) or OAA (100 μM for 1 h).

3. Results

3.1. Measurement of NO production fromDEANO in PBS by electrochemical
detection

Diethylamine NONOate (DEANO) has been widely used as an NO
donor. DEANO releases a short-term burst of NO, which should be
relevant in acute pathophysiological conditions such as shear exposure
and hypoxia/reoxygenation. In order to use DEANO as an NO generator
in the reaction system, we must measure the amount of NO released
from DEANO in PBS; we chose electrochemical detection using an NO
electrode as a powerful and sensitive approach to quantify NO released
from DEANO in PBS at 25 °C and to monitor the rate of its decay. When
DEANO (10, 25, and 50 μM)was added to the PBS solution, themaximal
concentration of NO generated from DEANO was calculated to be 1.2
(measured at timepoint between4.5 and 5.5 min), 3.6 (measured at the
time point between 4.1 and 4.7 min), and 5.8 μM(measured at the time
point between 3.2 and 3.6 min) (Supplementary Fig. 1).

3.2. DEPMPO spin-trapping hydroxyl radical generated from SCR under
the conditions of enzyme turnover in the presence of DEANO

To measure the molecular mechanism of interaction of NO with
mitochondrial SCR unambiguously, we isolated the supercomplex SCR
frombovine hearts and used it to evaluate the effect of NO on SCR in vitro.
It has been reported that O2

•− generation mediated by SCR was minimal
under the conditions of enzyme turnover in the presence of succinate and
cyt c ([16]; Fig. 1D). The NO donor, DEANOwas incubatedwith a solution
containing SCR (2 μM, based on heme b) at room temperature. When the
DEANO-inhibitedSCRwasactivatedwith succinate in thepresenceof cyt c
and DEPMPO, an eight-line EPR spectrum with an intensity ratio of
1:2:2:1:1:2:2:1wasdetected (Fig. 1A–C, solid line).Basedon the literature
and computer simulation (Fig. 1A–C, dashed line), this spectrum was
assigned to the DEPMPO-hydroxyl radical adduct (DEPMPO/•OH,
aN=14.0 G; aH=13.2 G; aP=47.3 G). It is important to note that
production of SCR-mediated DEPMPO/•OH adduct can be detected at
the dosage of DEANO concentration as low as 10 μM, generatingmaximal
steady-state NO concentration of 1.4±0.2 μM that is close to pathophys-
iological level (Fig. 1A).

The detected DEPMPO/•OHwas entirely dependent on the presence
of bothDEANOandSCR(Fig. 1D–E). In thepresenceof catalase or an iron
chelator (deferoxamine, DFO), the EPR signal associatedwith DEPMPO/
•OH was attenuated by more than 95% (Fig. 1F), suggesting the
involvement of the iron–H2O2-dependent Fenton reaction in the
hydroxyl radical production. Transferrin is the blood plasma protein
whichbinds avidly free iron, but is redox inactive at the state of iron-free
or iron-complexed. Addition of apotransferrin to the system inhibited
more than 80% of DEPMPO/•OH adduct formation (Fig. 1F), thus
eliminating the possibility of deferoxamine's antioxidant property
independent of its iron chelation effects [26]. However, the detected
DEPMPO/•OH was only partially inhibited by SOD (~65% inhibition;
Fig. 1F), indicating the involvement of O2

•−-dependent Haber–Weiss
mechanism in the SCR-mediated hydroxyl radical production. The
detectedDEPMPO/•OHwasenhancedby~23.4%whencyt cwasomitted
from the system (data not shown), suggesting scavengingof O2

•−by cyt c
partially diminished the pathway of O2

•−-dependent hydroxyl radical
production. It should be noted that cyt c in its oxidized state can bindNO
and in its reduced state can react with NO (k=200M−1 s−1) to form a
species with OONO−-like activity, which may also contribute to the
hydroxyl radical formation [27].

To provide a solid evidence of trapping •OH generated from
DEANO-treated SCR, we have carried out the same experiment using
DMPO (100 mM) as the spin trap, a four-line spectrum with an
intensity ratio of 1:2:2:1 was detected (Fig. 1G). This spectrum was
assigned to the DMPO-hydroxyl radical adduct with a hyperfine
coupling constants aN=14.85 G; aH=14.85 G. We then added the
well knownhydroxyl radical scavengerMe2SO (DMSO, 10% v/v) to the
system. The EPR spectrum recorded (Fig. 1H, solid line) was simulated
as a combination of two DMPO radical adducts (Fig. 1H, dashed line).
The first adduct was assigned to DMPO/methyl radical (DMPO/•CH3)
based on the hyperfine coupling constants aN=16.1 G; aH=23.0 G
(Fig. 1I). The second adduct was assigned to DMPO/•OH (Fig. 1J). The
intensity of DMPO/•OH adduct was inhibited due toMe2SO scavenging
of hydroxyl radical, yielding a 6-line spectrum of DMPO/•CH3.

3.3. An intact supercomplex is required for SCR-mediated hydroxyl
radical generation induced by DEANO

The supercomplex SCR hosts both SQR (complex II) and QCR
(complex III). The enzymatic activity of SCR in catalyzing electron



Fig. 1. EPR spin trapping of •OH generated from SCR under the conditions of enzyme turnover in the presence of DEPMPO (A–F) or DMPO (G–H) and the NO generator DEANO.
(A-C, E, and G-H) The computer simulation (dashed line) superimposed on the experimental spectrum (solid line) obtained using SCR (2 μM), succinate (18 μM), and cyt c
(6 μM), various concentration of DEANO (10, 25, and 50 μM), and DEPMPO (20 mM) in PBS. Note that SCR was pre-incubated with DEANO at room temperature for 1 min prior
to addition of substrates and spin trap. The experimental spectrum was recorded after signal averaging five scans at room temperature. (D) The same as A–C, except that the
DEANO was omitted from the system. (E) The same as A–C, except that the enzyme was omitted from the system. (F) Effect of catalase (5 U/μl), superoxide dismutase (SOD, 2 U/
μl), apotransferrin (1 mg/ml), and deferoxamine (DFO, 1 mM) on DEPMPO/•OH production in the reaction system of C. (G) Same as C, except that DEPMPO was replaced with
DMPO (100 mM). (H) Same as G, except that DMSO (10% v/v) was included in the system prior to EPR measurement. The computer simulated spectrum (dashed line) is
superimposed on the experimental spectrum (solid line). (I and J) Individual simulations of each species in the composite spectrum.
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transfer from succinate to cyt c can be reconstituted by SQR and QCR
[20]. To know whether an intact supercomplex of SCR is absolutely
required for the detected hydroxyl radical generation by SCR in the
presence of DEANO, SQR and QCRwere isolated frommyocardial tissue
according to a published procedure [20]. As indicated in Fig. 2A, SQR-
mediated O2

•−was detected under conditions of enzyme turnover in the
presence of succinate and Q2. In the presence of the NO donor DEANO,
production of O2

•− by SQR was diminished by 39.6% (Fig. 2B),
presumably due to trapping of O2

•− by NO. A similar situation was also
observed in the QCR (complex III) when O2

•− production was generated
under the turnover conditions in the presence of ubiquinol-2 (Q2H2)
and cyt c (Fig. 2C–D). Note that incubation of Q2H2 and spin trap did not
yield a detectable DEPMPO/•OOH adduct (Fig. 2E), thus eliminating the
possibility of O2

•− generated from Q2H2 autooxidation. When isolated
SQRwas reconstitutedwithQCR in vitro, the catalytic activity of SCRwas
restored [20]. Under the conditions of enzyme turnover in the presence
of succinate and cyt c, O2

•− production mediated by reconstituted SCR
was not detected (Fig. 2F), a result consistent with the observation in
intact SCR (Fig. 1D) [16]. In the presence of DEANO and DEPMPO, the
electron transfer activity of reconstituted SCR was inhibited and an
eight-line spectrum of DEPMPO/•OHwas detected (Fig. 2G), confirming
that the formation of intact supercomplex was required for SCR-
mediated hydroxyl radical production (as indicated in the Fig. 1A–C).

3.4. Effect of TTFA and succinate dosage on the SCR-mediated hydroxyl
radical formation in the presence of DEANO and cyt c

The enzymatic activity of SQR in SCR is sensitive to thenoyl
trifluoroacetone (TTFA), which inhibits electron transfer from SQR to
QCR via binding to the S3 center and the cytochrome b560 in SQR [28].
The addition of TTFA (1 mM) in the reaction system significantly
inhibited the formation of hydroxyl radical adduct of DEPMPO
(~83.1% inhibition based on computer simulation and spin quantita-
tion by double integration of simulated spectra, dashed lines of Fig. 3A
and B), but resulting in the detection of superoxide radical adduct of
DEPMPO (solid line in the Fig. 3B), implying that most electron
leakage is occurred at the FAD cofactor of the SQR.

Imlay and coworker have reported that high concentrations of
succinate suppress the O2

•− formation by protecting the FAD reaction
with O2 [29]. Higher levels of succinate (2–20 mM) were used to
examine the effect on the SCR-mediated DEPMPO/•OH generation. As
indicated in the Fig. 3C−E, higher concentrations of succiante suppress
most hydroxyl radical formation. Together with the result of TTFA
inhibition (Fig. 3B), O2

•−-dependent hydroxyl radical production was
controlled by FAD cofactor, and low level of succinate (μM range) was
not sufficient to saturate the binding site, which would contribute to
oxygen-free radical formation mediated by SCR.

3.5. Effect of DEANO on the electron transfer activities of SCR

As shown in the Supplementary Fig. 2A, incubation of DEANO
(50 μM) with SCR (2 μM, based on heme b) at room temperature for
30 min resulted in the impairment of electron transfer activity from
succinate to cyt c (SCR, 1.53±0.13 μmol cyt c reduced/min/nmol b) by
29.7% (SCR+DEANO, 1.07±0.08 μmol cyt c reduced/min/nmol b,n=3)
and impairment of electron transfer activity from succinate to
ubiquinone (SQR, 0.57±0.04 μmol DCPIP reduced/min/nmol b) by
34.7% (SCR+DEANO, 0.37±0.02 μmol DCPIP reduced/min/nmol b,
n=3). However, DEANO treatment of SCR did not affect the electron
transfer activity from ubiquinol to cyt c (QCR, 5.21±0.19 μmol cyt c



Fig. 2. Effect of DEANO on the oxygen-free radical generation by isolated SQR, isolated
QCR, and reconstituted SCR asmeasured by EPR spin-trappingwith DEPMPO. (A) Isolated
SQR (1 μM, based on heme b) was incubated with Q2 (0.72 mM) in the presence of
DEPMPO (20 mM). The reactionwas initiatedwith the addition of succinate (18 μM)prior
to EPR measurement. (B) The same as A, except that DEANO (50 μM)was included in the
reaction system. (C) QCR (2 μM,based onheme b)was incubatedwith cyt c (10 μM) in the
presence of DEPMPO (20 mM), and the reaction was initiated with Q2H2 (0.72 mM) prior
to EPR measurement. (D) The same as C, except that DEANO (50 μM)was included in the
reaction system. (E) The same as C, except that QCR and cyt c were eliminated from the
system. (F) SQR (1 μM)was reconstitutedwith theQCR (2 μM,basedonheme b) at 0 °C for
1 h. Reconstituted SCR was then incubated with cytochrome c (10 μM) in the presence of
DEPMPO (20 mM), and the reaction was initiated with succinate (18 μM) prior to EPR
measurement. (G) The same as F, except that DEANO (50 μM)was included in the reaction
system. Note that DEANOwas pre-incubatedwith enzyme at room temperature for 1 min
prior to addition of substrates and spin trap in B, D, and G.

Fig. 3. Effect of TTFAand thedosage of succinate onSCR-mediated •OHgeneration under the
conditions of enzyme turnover in the presence DEANO. (A) Computer simulation (dashed
line) superimposed on the experimental spectrum (solid line) as described in experimental
conditions of Fig. 1A (50 μMof DEANO used). The spin quantitationwas obtained by double
integration of simulated spectrum. (B) The same as A, except that SCR was pre-incubated
with TTFA (1 mM). Based on the simulated spectrum (dashed line), the molar ratio for the
two species is 0.988 for DEPMPO/•OOH, and 0.012 for DEPMPO/•OH. The spin quantitation
was obtained by double integration of simulated spectrum. (C–E) The same asA, except that
the dosage of succinate was increased to 2 mM, 5 mM, and 10 mM respectively.
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reduced/min/nmol b) to a significant level. These results indicate that
DEANO-mediated SCR inhibition is primarily caused by the interaction
of NOwith the SQR moiety of SCR. Note that hemes b and c1 are mainly
presented as the oxidized state in the absence of succinate. The addition
of DEANOdidnot affect on the heme spectrum (Supplementary Fig. 2B),
indicating no interaction between NO and the heme b and heme c1 of
SCR.

3.6. Effect of DEANO in the succinate-induced heme b reduction of SCR

To understand howNO released from theDEANO affecting the heme
b reduction of SCR, we employed UV/vis spectroscopy. As indicated by
UV/Vis spectra (Supplementary Fig. 2C), complete reduction of heme b
andheme c1was achieved by sodiumdithionite (Supplementary Fig. 2C,
dashed line). Addition of excess succinate (1 mM) to native SCR resulted
in the partial reduction of heme b (λmax=562 nm) and c1
(λmax=552 nm) in SCR (Supplementary Fig. 2C, solid line). When
SCR was pretreated with the NO donor DEANO (10–100 μM), the
addition of excess succinate partially inhibited the heme b reduction
found using native SCR (decreased by 49.7±0.6%, n=3, compared to
heme b reduction), indicating heme b was being differentially reduced
in the presence of DEANO. Complete reduction of DEANO-treated SCR
was achievedby sodiumdithionite. These results, in part, supported that
succinate-induced electron transfer from FAD to heme b in SCR was
interrupted by NO released from the DEANO.

3.7. Detection of NO–iron complex of SQR from the reaction of DEANO
with SCR in the presence of succinate

TheX-band EPR spectrum of succinate-reduced SCR obtained at 77 K
is characteristic of iron sulfur clusters from complex II in the reduced
state. It represents distinct ferredoxin-type iron–sulfur centers with
magnetic field parameters gz=2.03, gy=1.93, and gx=1.91 (Fig. 4A)
[17,30]. In the presence of excess DEANO (12.5-fold excess), the
characteristic signal of the EPR spectrum was converted to that of an
NO–iron complex with the magnetic field parameter g=2.05 (Fig. 4B),
presumably due to the formation of a dinitrosyl-iron complex at the
reduced S-1 center [2Fe–2S] of complex II [17,31]. The result suggested
that formation of dinitrosyl-iron complex in the SCR subsequently
blocked electron flow from succinate to cyt c, and enhanced electron
leakage fromFAD cofactor under the conditions of enzyme turnover. The
involvement of the iron–H2O2-dependent Fenton reaction in the
detected hydroxyl radical production also implies that excess amount
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Fig. 4. Effect of NO on the EPR spectrum of the iron sulfur cluster (S1 center) of
succinate-reduced SCR at 77K. (A) The reactionmixture contained SCR (80 μM,based on
heme b) in 50 mM Tris-Cl, pH 8.0 containing 0.66 M sucrose and 20% glycerol. Succinate
(500 μM)was incubatedwith SCR for 2 min prior to EPRmeasurement at 77 K. (B) Same
as A, except that DEANO was included in the mixture at a final concentration of 1 mM.
(C) Same as A, except that SCR was pre-incubated with OONO− (1 mM) for 5 min prior
to addition of succinate. (D) Same as C, except that the dosage of OONO−was increased
to 2 mM. EPR parameters: center field, 3401 G; frequency, 9.457 GHz; sweep width,
800 G (only 500 G is shown), power, 20 mM; receiver gain, 1 × 105; modulation
amplitude, 5 G; modulation frequency, 100 kHz; conversion time, 150.73 ms/G; time
constant, 655.36 ms; number of scans, 5.

Fig. 5. Effect of OONO− scavengers on the DEANO induced SCR-mediated hydroxyl radica
contained SCR (2 μM, based on heme b) in PBS containing 100 μM DEANO. After pre-incuba
initiate the reaction in the presence of DEPMPO (20 mM). EPR spectrum was collected as de
included in the reactionmixture. (C) Same as A, except that MnTMPyP (2 μM)was included in
mixture. Spin quantification was calculated based on the spin number obtained from doub
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of NO may mediate iron depletion from the iron–sulfur cluster through
the formation of a dinitrosyl-iron intermediate.

3.8. Effect of OONO− scavengers on the DEANO induced hydroxyl radical
generation by SCR

NO reacts rapidly with O2
•− to produce peroxynitrite (OONO−),

which acts as strong oxidant. To test whether OONO− formation was
involved in themolecularmechanism of SCR-mediated hydroxyl radical
production induced by DEANO, OONO− scavengers were employed to
inhibit hydroxyl radical generation. As indicated in the Fig. 5B, ebselen
(2 μM, a mimic of glutathione peroxidase and can react with OONO−)
decreased the detected DEPMPO/•OH by 65%. In the presence of Mn
porphyrin (2 μM, MnTMPyP, a cell-permeable superoxide dismutase
mimetic which also can scavenges NO), the level of DEPMPO/•OH was
inhibited by 76% (Fig. 5C). Uric acid (100 μM, a natural scavenger of
OONO−, but not a scavenger for NO) inhibited the level of DEPMPO/•OH
by 27% (Fig. 5D). It should be noted that many OONO− scavengers such
as urate may not be highly specific since they also scavenge NO2

• . These
data strongly supports the involvement of OONO− formation in DEANO
induced and SCR-mediated hydroxyl radical generation.

3.9. Effect of peroxynitrite (OONO−) on SCR-mediated oxygen-free radical
production

It has been reported that addition of OONO− to isolatedmitochondria
caused partial inhibition of SQR and SCR [32]. To further explore the role
peroxynitrite in the molecular mechanism of SCR-mediated hydroxyl
radical production, we incubated SCR (2 μM, based on heme b) with
OONO− (50 μM) inPBS.Weobserved that25%of theSCR-derivedelectron
transfer activity was irreversibly inhibited by OONO−. When themixture
was activatedwith succinate in the presence of DEPMPO, amulti-line EPR
spectrum was detected (Fig. 6A, solid line). The EPR spectrum was
simulated as a combination of two DEPMPO radical adducts (Fig. 6A,
dashed line). The first adductwas assigned to DEPMPO/•OOHbased on its
hyperfine coupling constants: isomer 1 (Fig. 6B): aN=13.14 G,
aHß=11.04 G, aHγ=0.96 G, aP= 49.96 G (57.6% relative concentration);
isomer 2: aN=13.18 G, aHß=12.59 G, aHγ=3.46 G, aP= 48.2 G (15.4%
relative concentration). The second adduct was assigned to DEPMPO/•OH
(27% relative concentration; Fig. 6C). Note that catalytic •OH generation
mediated by SCR can be detected with a lower OONO− concentration
l generation measured by EPR spin trapping with DEPMPO. (A) The reaction mixture
tion at room temperature for 1 min, succinate (18 μM) and cyt c (6 μM) were added to
scribed in the “Experimental Procedure.” (B) Same as A, except that ebselen (2 μM) was
themixture. (D) Same as A, except that uric acid (100 μM)was included in the reaction

le integration of simulated spectra.
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Fig. 6. Radical adducts of DEPMPO/•OH and DEPMPO/•OOH generated from SCR in the
presence of peroxynitrite and succinate. (A) The computer simulation (dashed line)
superimposed on the experimental spectrum (solid line) obtained using SCR (2 μM),
OONO− (50 μM), succinate (18 μM), and DEPMPO (20 mM) in PBS. OONO− was
premixed with SCR in the presence of spin trap, succinate was immediately added to
mixture prior to immediate EPR measurement. The experimental spectrum was
recorded after signal averaging 4 scans at room temperature. (B and C) Individual
simulations of each species in the composite spectrum. The molar ratio for the two
species is 0.73 for DEPMPO/•OOH and 0.27 for DEPMPO/•OH. (D) Same as A, except that
SCR was omitted from the system. (E) Same as A, except that succinate was omitted
from the system. (F) Same as A, except that cyt c (6 μM) was included in the system.
(G) Same as A, except that catalase (5 U/μl) was included the system. (H) Same as A,
except that SOD (5 U/μl) was included the system.
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down to 2.5 μMunder the conditions of enzyme turnover in the presence
of succinate (20 μM) and cyt c (2 μM), thus supporting its patho-
physiological relevance (Supplementary Fig. 3).

Catalytic O2
•− generation by SCR decreased gradually with increased

OONO−. The relative concentration of DEPMPO/•OH to DEPMPO/•OOH
increased proportionally with the amount of OONO− (data not shown).
The production of oxygen-free radical adducts (DEPMPO/•OOH +
DEPMPO/•OH)was not detected in the absence of enzyme (Fig. 6D) or in
the absence of electron donor (Fig. 6E). In the presence of cyt c, O2

•−

generation detected as the DEPMPO/•OOH adduct was minimal, and
only the DEPMPO/•OH adduct was detected under enzyme turnover
conditions (Fig. 6F), indicating that O2

•− produced by SCR was
presumably quenched by cyt c reduction. Replacement of the cyt c in
the reaction systemwith catalase or SODresulted in a dramatic decrease
in the detected oxygen-free radical adducts (Fig. 6G–H), further
supporting the involvement of O2

•− and H2O2 in the catalytic production
of •OH by OONO−-treated SCR.
Effect of OONO− on the iron sulfur clusters of SCR was further
evaluated by low temperature direct EPR at 77 K. The EPR spectrum
obtained from OONO−-treated SCR (SCR was mixed with 12.5- and 25-
fold excess of OONO−) reduced by succinate indicated diminishing EPR
signal intensity of ferredoxin-type iron–sulfur center (decreasingby35.6%
and 79.1% respectively) as shown in the Fig. 4C and D, thus supporting
OONO−-mediated destruction of the iron–sulfur cluster of SCR.

3.10. Excess NO increases SCR-mediated oxygen-free radical generation
in cardiac myoblast H9c2

Oxaloacetate (OAA) is known as a competitive inhibitor of succinate
dehydrogenase (the SDH portion of the SQR) from SCR due to its
structural similarity to succinate (see Supplementary Chart). Therefore,
in a system of the isolated enzyme complex, SCR-mediated O2

•−

production was greatly suppressed by the presence of OAA (Supple-
mentary Fig. 4, upper panel). In the presence of DEANO under the
conditions of enzyme turnover, SCR-mediated •OH production was also
dramatically inhibited by OAA (Supplementary Fig. 4, lower panel).

To demonstrate whether excess NO can enhance oxygen-free radical
production by SCR in living cells, we used confocal microscopy with
MitoSOXTM to detect O2

•− in themitochondria of cardiac myoblasts (H9c2
cell line), and OAA was employed to confirm the state of oxygen-free
radical generation catalyzed by SCR in these cells. Note that DAPI staining
was used to counter-stain the nuclei (blue). It is well known that
antimycinA can induceO2

•−production throughenhancement of unstable
semiquinone inmitochondria, thus increasing O2

•− production. Therefore,
H9c2 cells were treated with antimycin A (10 μM) as a positive control
experiment. As indicated in Fig. 7E, a strong red fluorescence from
oxidized MitoSOX™ was detected in the antimycin A-treated H9c2 with
an enhancement of ~23.0±2.2 fold compared to untreated H9c2. In the
control experiment of untreatedH9c2, therewas almost nodetectable red
oxidizedMitoSOX™fluorescence (Fig. 7A). However,when theH9c2 cells
were treated with DEANO (10 μM) for 20 min, a strong oxidized
MitoSOX™ red fluorescence was detected (an enhancement of 22.1±
1.8 fold compared to untreated H9c2; Fig. 7B), indicating that excess NO
stimulated O2

•− production from the mitochondria of H9c2. Note that
10 μM of DEANO in the Dulbecco's modified Eagle's medium at 37 °C
emitted 1.2 μMof NOwith a decay rate of 18.8 nMNO/min. Furthermore,
treatment of H9c2 with decomposed DEANO (10 μM) or nitrite (10 μM)
did not induce detectable oxidizedMitoSOX™ red fluorescence (data not
shown). The oxidized MitoSOX™ fluorescence induced by DEANO was
completely quenched by the NO scavenger c-PTIO (2-(4-carboxyphenyl-
4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide) (Fig. 7C) or the SOD
mimetic MnTMPyP (10 μM, data not shown), confirming that it was
derived from O2

•− and stimulated by excess NO. Treatment of H9c2 cells
with OAA (1 mM), which suppressed the FADH2 formation of SCR,
dramatically inhibited the red fluorescence of oxidizedMitoSOX™ (~80%
inhibition compared to DEANO-treated H9c2; Fig. 7D), thus confirming
that excess NO stimulated oxygen-free radicals mediated by the SCR of
mitochondrial electron transport chain.

3.11. Excess NO induced SCR-mediated oxygen-free radical generation in
endothelial cells (EC) during shear exposure

It is well known that EC exposure to steady laminar shear stress
(10 dyn/cm2, low arterial range) produces NO by activating eNOS via
several posttranslational mechanisms and at longer times via eNOS
induction [33,34]. In a recent study, Jones et al. reported that
mitochondrial O2

•− was produced by ECs sheared at different oxygen
tensions (5–21%), the O2

•− production was higher when ECs were
sheared at 21%, and the generated O2

•− was linked to the eNOS/NO
pathway [35]. We have employed the same cellular system to
investigate whether the oxygen-free radical(s) induced by EC shear
exposure is mediated by mitochondrial SCR. As indicated in Fig. 8B,
shear exposure (at 21% O2 for 30 min) caused an increase in the
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Fig. 7. Imaging of oxygen-free radical generation induced by DEANO in H9c2 cardiac
myoblast. (A) Confocal microscopy measurement of oxygen-free radical generation
from the culture of H9c2 without treatment. (B) Same as A, except that H9c2 was
incubated with DEANO (10 μM). (C) Same as B, except that an NO scavenger, c-PTIO
(100 μM), was included in the cell culture. (D) Same as B, except that OAA (1 mM) was
included in the cell culture. (E) same as A, except that H9c2 cells were incubated with
antimycin A (10 μM). The fluorescent intensity of image was quantitated (n=3) with
the software of NIS-Elements BR 3.0 (Nikon Inc., Melville, NY).
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fluorescence of MitoSOX™ red (an enhancement of ~31.3±0.4 fold
compared to static control), as monitored by confocal microscopy, in
living ECs. No noticeable increase in MitoSOX™ red fluorescence
occurred in a static control maintained at 21% O2 as shown in Fig. 8A.
Pre-incubation and shear at 21% O2 in the presence of L-NAME (NG-
nitro-L-arginine methyl ester, 1 mM) nearly abolished the MitoSOX™
fluorescence signal (N95% inhibition; Fig. 8C) compared with sheared
ECs, implicating that eNOS-mediated NO generation induced by shear
exposure contributed to oxygen-free radical production. Pre-incuba-
tion and shear at 21% O2 in the presence of OAA (0.1 mM) significantly
decreased the MitoSOX™ fluorescent signal compared with sheared
BAECs (N70% inhibition; Fig. 8D), indicating the involvement of SCR in
NO-induced mitochondria-derived O2

•− generation occurring during
shear exposure.

3.12. Hypoxia/reoxgenation induced SCR-mediated oxygen-free radical
generation in cardiac myoblast H9c2

Mitochondria are the major source of oxygen-free radical(s)
produced during myocardial ischemia–reperfusion. Myocardial ische-
mia also provides a stimulus to alter NOmetabolism. This alteration up-
regulates NO production in the myocardium via mediation of NO
synthase (NOS)-dependent [11–13,36] andNOS-independent pathways
[37,38]. To test whether excess NO produced during ischemia–
reperfusion can affect the mitochondria-derived oxygen-free radical
production, the H9c2 cell line was subjected to the physiological
conditions of hypoxia (H, 1 h) and reoxygenation (RO, 3 min). As
indicated in Fig. 9, a strong red fluorescence from oxidized MitoSOX™
was detected in the living H9c2 cells subjected to H/RO. H/RO-induced
red fluorescencewas quenched in the presence of a SODmimetic (~70%
inhibition; Fig. 9B), confirming that oxygen-free radical(s) were over-
produced during I/R. Pre-treatment of H9c2 cells with OAA (1.0 mM)
significantly diminished the fluorescent intensity of H/RO-induced
oxygen-free radicals (~38% inhibition; Fig. 9C), indicating that mito-
chondria were involved in the oxygen-free radical production, which
was profoundlymediated by SCR. This oxidizedMitoSOX™ fluorescence
induced by H/RO was partially inhibited by the NOS inhibitor L-NAME
(~61% inhibition; Fig. 9D), suggesting that oxygen-free radical produc-
tion was strongly stimulated by NO generated during H/RO.

4. Discussion

4.1. Mechanism of hydroxyl radical production by SCR in the presence of
DEANO

Welter et al. have reported that excess NO moderately inhibited the
catalytic function of SCR by blocking the electron transfer activity of SQR
[17]. The new finding of this study indicates that interaction of excess NO
with SCR predisposed the supercomplex to produce hydroxyl radical, as
measured by EPR spin trappingwith DEPMPO (Fig. 1A–C).Most hydroxyl
radical production by SCR can be inhibited by SOD and catalase,
demonstrating that it was linked to the formation of O2

•− intermediate
and its derivedH2O2 (Fig. 1F). As shownbyEPRat 77 K, excessNO induced
the formation of a dinitrosyl-iron complex at the SQR in the SCR (Fig. 4B).
It is likely that formation of a nonheme iron–NO complex in turn blocked
electron flow from succinate to cyt c and thus stimulated electron leakage
from the FAD cofactor for O2

•− generation under the conditions of enzyme
turnover (diagram of Fig. 10). O2

•− can be spontaneously dismutated to
H2O2 (k=4×105 M−1 s−1 at pH 7.4 and Equation 1). However, this
reaction (Equation 1) is catalyzed by Mn-SOD at a much faster rate
(k=2×109 M−1 s−1 at pH 7.4) in mitochondria.

2Hþ + 2O•−
2 →H2O2þ O2 ð1Þ

As shown by EPR spin trappingwithDEPMPO, generation of •OHwas
also inhibited by non-protein (DFO) and protein (apotransferrin) iron
chelators (Fig. 1F), indicating the involvement of free Fe2+ or Fe3+

which was presumably dissociated from the iron–sulfur cluster of SCR.
Themolecular mechanism of free Fe2+ dissociation from the iron sulfur
cluster of SQR in the SCRwas likely linked to the instability of dinitrosyl
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Fig. 8. Oxygen-free radical generation by bovine aortic endothelial cells (BAECs)
sheared at 21% O2. (A) Confocal microscopy measurement of oxygen-free radical
generation from the culture of BAECs subjected to static exposure. (B) Same as A, except
that BAECs were subjected to shear exposure at 21% O2. (C) Same as B, except that L-
NAME (1 mM) was included in the cell culture. (D) Same as B, except that OAA
(0.1 mM) was included in the cell culture. The fluorescent intensity of image was
quantitated (n=3) with the software of NIS-Elements BR 3.0 (Nikon Inc., Melville, NY).

Fig. 9. Imaging of oxygen-free radical generation in H9c2 cardiac myoblast under the
conditions of hypoxia/reoxygenation. (A) Confocal microscopymeasurement of oxygen-free
radical generation from the culture of H9c2 subjected to H/RO. (B) Same as A, except that
H9c2 was incubated with the SOD mimetic MnTMPyP (10 μM). (C) Same as A, except that
OAA (1mM)was included in the cell culture. (D) SameasA, except that L-NAME (1mM)was
included in the cell culture.
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iron intermediate and O2
•−-mediated iron sulfur clusters damage.

Presumably the excess NOmediates iron depletion from the iron sulfur
clusters, leading to impairment of the function of SQR (diagram of
Fig. 10). Low levels (20 μM to 1 mM) of succinate generate O2

•− at the
FAD cofactor, which then reacts secondary with the free ion released
from the damaged iron–sulfur clusters, which would contribute to
hydroxyl radical formation. This process changed the iron homeostasis
in the enzymatic system and induced •OH generation via the Fe2+-
dependent Fenton mechanism (Equation 2) or the Fe3+-catalyzed
Haber–Weiss mechanism (Equation 3). Therefore, excess NO predis-
posed the iron sulfur cluster of SQR in the SCR to be a source of •OH.

H2O2 þ Fe2+ → Fe3+ þ HO−þ HO• ð2Þ
H2O2 + O•−
2 →

Fe3þ
O2 + HO− + HO• ð3Þ

Basedon themeasurementofEPRspin trapping, ~65%ofDEPMPO/•OH
adduct from the reaction system was inhibited by SOD (Fig. 1F),
suggesting that iron-catalyzed and O2

•−-dependent Haber–Weiss mech-
anism (Equation 3) played a significant role in the SCR-mediated •OH
production. Furthermore, SOD-mediatedO2

•−dismutation also potentially
decreased peroxynitrite formation (even it increases H2O2 production),
thus restricting the iron depletion from the iron–sulfur cluster and
reducing •OHproduction (vide infra). The residualhydroxyl radical adduct
detected was presumably controlled by iron–H2O2 Fenton reaction
(Equation 2).
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Fig. 10. Diagram showing excess NO production predisposes SCR supercomplex to be a source of hydroxyl radical. Overproduction of NO facilitates the formation of iron–NO complex
intermediate at the S1 center [2Fe–2S] of SQR, and subsequently inhibits the electron transfer activity of SQR and stimulates electron leakage from the FAD cofactor for O2

•− production
(Reaction 1). O2

•− is spontaneously dismutated to yield H2O2 (Reaction 2), or trapped by NO to yield peroxynitrite (Reaction 3) in facilitating iron depletion from iron–sulfur cluster. Hydroxyl
radical is thus generated via the Fenton (Reaction 4) or Haber–Weiss mechanism (Reaction 5). O2

•− production is also mediated by the semiquinone at the Qo site of QCR (Reaction 6).
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4.2. Involvement of peroxynitrite

Formation of peroxynitrite was the other mechanism involved since
O2
•− can be subsequently trapped by excess NO to generate peroxynitrite

at an even higher rate (k ~ 1010 M−1 s−1). The inhibitory effect of
peroxynitrite scavengers (ebselen,MnTMPyP, and uric acid) on the SCR-
mediated •OH production supports the above hypothesis (Fig. 5).
Peroxynitrite has been reported to mediate iron depletion from the
iron sulfur cluster of mitochondrial ETC [14], thus initiating •OH
production via Equations 2 and 3. As shown in Fig. 6A, the presence of
peroxynitrite in the system (without cyt c) induced simultaneous
production of O2

•− and •OH. The production of O2
•− was derived from the

electron leakage of SCR, and •OH should be caused by peroxynitrite-
mediated free Fe2+/or Fe3+ dissociation from the iron–sulfur cluster
of SCR and H2O2 derived from spontaneous dismutation of O2

•−

(Equation 1). Under the conditions of enzyme turnover, O2
•− was

quenched by ferricytochrome c (rate constant, k~ 106M−1 s−1 [39]) and
electron leakage for O2

•− production by SCR was minimized, leading to
DEPMPO/•OOH as the only product detected in the system (Fig. 6F and
Supplementary Fig. 3).

The catalytic efficiency of catalase in H2O2 disproportionation
(Equation 4) is very high, kcat/KM ~ 4.0 × 108M−1 s−1, which is at the
diffusion limit. Therefore, the addition of catalase to the reaction system
efficiently removed the H2O2, leading to diminishing of DEPMPO/•OH.
Adduct of DEPMPO/•OOH was not detected in the presence of catalase
(Fig. 6G), presumablybecauseof the slower reaction rate constant (k~60–
90M−1 s−1 [40]) for trapping O2

•− by DEPMPO and because spontaneous
dismutation of O2

•− is more efficient than DEPMPO trapping of O2
•−.

2H2O2→ 2H2O + O2 ð4Þ

Failure to detect O2
•− adduct in the reaction system containing Suc/

SCR/DEANO/cyt c/DEPMPO (Fig. 1A–C)was likely due to trapping of O2
•−

by excess NO produced by DEANO, forming the peroxynitrite at a very
higher rate (Equation 5, k ~ 1010 M−1 s−1), which out-competed the
slower rate of DEPMPO trapping O2

•−. Furthermore, the formation of
peroxynitrite may contribute to the iron depletion from the iron sulfur
cluster (S3 center of SQR could be the initial center damaged, since it has
often been suggested as themost sensitive center to oxidative damage)
of SCR, leading to •OH formation through Fenton or Haber–Weiss
mechanism.

NO + O•−
2 →OONO− ð5Þ

Protein tyrosine nitration is widely recognized as a fingerprint of
peroxynitrite formation. We did not detect the signal of tyrosine
nitration of SCR from the reaction system containing SCR, DEANO,
succinate, and cyt c using a polyclonal antibody against 3-nitrotyrosine
in this study (Supplementary Fig. 5, lane 7). Therefore, electron leakage
for O2

•− production induced by the formation of iron–NO intermediate
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was rapidly trapped by NO, and subsequent peroxynitrite formation
should be localized at the iron sulfur clusters of SQR. The effect of
peroxynitrite localization would further stimulate iron depletion from
the SQR. However, exposure of SCR to peroxynitrite (40–100 μM)under
the conditions of enzyme turnover resulted in protein tyrosine nitration
at the multiple polypeptides of SCR (Supplementary Fig. 5, lanes, 5, 6,
and 8) including the 70 kDa FAD-binding subunit of SQR [32]. Protein
nitration of SCR was not detectable when the dosage of peroxynitrite
usedwas below30 μM(Supplementary Fig. 5, lanes 2–4). Therefore, the
peroxynitrite induced by DEANO was not likely sufficient to cause the
protein nitration of SCR.

4.3. Involvement of intact supercomplex of SCR

In the system of isolated SQR or isolated QCR, •OHmediated by SQR
or QCR in the presence of DEANOwas not detected under conditions of
enzyme turnover (Fig. 2A and C). Instead, we have observed that excess
DEANO suppressed SQR- or QCR-mediated O2

•− generation under the
conditions of enzyme turnover (Fig. 2B and D), presumably due to
excess NO scavenging of O2

•− produced by SQR or QCR. Reconstitution of
SQR and QCR in vitro restored the catalysis of electron transfer from
succinate to cyt c [16] and thus restored the ability of DEANO to induce
hydroxyl radical production under enzyme turnover conditions
(Fig. 2G). Therefore, DEANO-stimulated •OH production by SCR is likely
in partmediated byQCRdue to the requirement of intact supercomplex.
Normally O2

•− mediated by SCR is kept minimal under the conditions of
enzyme turnover in thepresenceof succinate and cyt c (Figs. 1D and2F).
It should not be ruled out that the formation of the iron–NO complex at
the iron sulfur clusters of SQR or oxidative damage of SQR weakens the
protein–protein interaction between the SQR and QCR in the super-
complex, and subsequently stimulates QCR-mediated O2

•− production
(reaction 6 in Fig. 10), contributing to consequent •OH generation. Note
that isolated QCR can generate higher level of O2

•− (measured by EPR
spin trapping) than the QCR hosted in the SCR under the conditions in
the presence of QH2 with cyt c or without cyt c (data not shown).

4.4. Physiological relevance

The impact of excess NO on the mitochondrial respiration of smooth
muscle cells has been linked to the impairment of complex II through the
mechanism of nitrosylating non-heme iron sulfur proteins [15,19].
Oxidative modification with protein tyrosine nitration occurred at the
70 kDa subunit of complex IIwas alsomarked in thepost-hypoxic cardiac
myocyte [41] and post-ischemic heart [32], and the detected protein
tyrosine nitration was presumably caused by overproduction of NO and
subsequent peroxynitrite during hypoxia/reoxygeneration. It was also
reported that chronic exposure of the endothelium to NO resulted in the
destruction of iron homeostasis in mitochondria [42]. In this study, we
havedemonstrated that excessNO released fromDEANOstimulates SCR-
mediated oxygen-free radical production in livingH9c2 cells and isolated
supercomplex (Fig. 7). Similar physiological relevance was further
observed in ECs subjected to shear exposure (Fig. 8) and post-hypoxic
H9c2 cells (Fig. 9). Therefore, the finding elucidates an important
physiological mechanism in controlling oxygen-free radical generation
by SCR under the pathological conditions with NO overproduction.

In contrast to normal physiological conditions, production of
excess NO has been marked in disease conditions such as myocardial
ischemia–reperfusion injury [11]; the markers of NO overproduction,
including peroxynitrite-mediated protein nitration, iNOS upregula-
tion, nitrite disproportionation, and eNOS upregulation during blood
reflow and subsequent shear exposure, have been demonstrated in
systems of myocardial tissue [11,13,36] and ex vivo endothelium [25].
High concentrations of NO and peroxynitrite were expected to block
mitochondrial respiration and subsequently stimulate oxygen-free
radical production by SCR under the pathological conditions.
4.5. Conclusions

Based on the studies using isolated supercomplex together with
physiological alterations detected in the living cells, we delineate a
plausible mechanism of correlating SQR-derived iron–NO complex
intermediate, peroxynitrite formation, iron depletion, and oxygen-free
radical productionwith the toxicological consequences of excess NO. As
illustrated in the diagram of Fig. 10, overproduction of NO facilitates the
formation of the iron–NO complex intermediate at the S1 center of SQR,
and subsequently enhances electron leakage at the FAD cofactor for O2

•−

production (reaction 1 in Fig. 10). O2
•− is spontaneously dismutated to

yieldH2O2 (reaction 2 in Fig. 10), or trappedbyNO to yield peroxynitrite
(reaction 3 in Fig. 10) in facilitating iron depletion from the iron–sulfur
clusters of SQR (Note: S3 center of 3Fe-4 S cluster is most sensitive to
ROS). Hydroxyl radical is thus generated via the Fenton (reaction 4 in
Fig. 10) or Haber–Weiss mechanisms (reaction 5 in Fig. 10). Therefore,
excess NO predisposes SCR to be a hydroxyl radical synthase. This
acquired pro-oxidant activity presumably could result from disruption
of the iron homeostasis and substrate deprivation in mitochondria
under disease conditions. Although the statements that SCR produces
hydroxyl radical may be simplification, the finding and elucidation of
the above mechanism are important in understanding how NO affects
mitochondrial physiology and its related disease pathogenesis. The
current in vitro and ex vivo studies thus constitute a valuablemodel that
addresses the molecular mechanism of NO overproduction, implicating
it as a cause of oxidative damage under disease conditions. Recognition
of this molecular mechanism is important in understanding the
fundamental basis by which NO and oxidants modulate cellular injury
caused by mitochondrial dysfunction.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbabio.2011.03.001.
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