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Abstract

In response to oxidative stress, mitochondrial Complex | is reversibly S-glutathionylated. We
hypothesized that protein S-glutathionylation (PrSSG) of Complex | is mediated by a kinetic
mechanism involving reactive protein thiyl radical (PrS*) and GSH in vivo. Previous studies have
shown that in vitro S-glutathionylation of isolated Complex | at the 51 kDa and 75 kDa subunits
was detected under the conditions of O, production, and mass spectrometry confirmed that
formation of Complex | PrS* mediates PrSSG. Exposure of myocytes to menadione resulted in
enhanced Complex | PrSSG and PrS* (Kang et al Free Radical Biol. Med. 2012; 52: 962—73). In
this investigation, we tested our hypothesis in the murine heart of eNOS™~. The eNOS™~ mouse
is known to be hypertensive and develops the pathological phenotype of progressive cardiac
hypertrophy. The mitochondria isolated from the eNOS ™/~ myocardium exhibited a marked
dysfunction with impaired state 3 respiration, a declining respiratory control index, and decreasing
enzymatic activities of ETC components. Further biochemical analysis and EPR measurement
indicated defective aconitase activity, a marked increase in *O,~ generation activity, and a more
oxidized physiological setting. These results suggest increasing prooxidant activity and subsequent
oxidative stress in the mitochondria of the eNOS™~ murine heart. When Complex | from the
mitochondria of the eNOS™~ murine heart was analyzed by immuno-spin trapping and probed
with anti-GSH antibody, both PrS* and PrSSG of Complex | were significantly enhanced.
Overexpression of SOD2 in the murine heart dramatically diminished the detected PrS*,
supporting the conclusion that mediation of Complex | PrSSG by oxidative stress-induced PrS* is
a unique pathway for the redox regulation of mitochondrial function in vivo.
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INTRODUCTION

Mitochondria are the major source of oxygen free radical production. In mitochondria, the
generation of “O,™ and *O,-derived oxidants can act as a redox signal in triggering cellular
events such as apoptosis, proliferation, and senescence. The mitochondrial redox pool is
enriched in GSH; overproduction of *O,~ and *O,™-derived oxidants decreases the ratio of
GSH to GSSG [1]. Complex I is the major component of the ETC that hosts protein redox
thiols. It has been documented that the 51 kDa and 75 kDa subunits from the hydrophilic
domain of Complex | are involved in redox modification of S-glutathionylation in vitro and
invivo [2-7]. Invitro studies using isolated mitochondria indicate that increasing Complex |
S-glutathionylation is favored under conditions of oxidative stress such as exposure to
organic peroxide [2, 3], the thiol oxidant diamide [5], or overproduction of *O,™ [7]. In vitro
studies also support the conclusion that the molecular mechanism of Complex | S-
glutathionylation can be mediated by the thermodynamic mechanism controlled by GSSG
[3, 4] or a kinetic mechanism controlled by protein thiyl radicals in the presence of GSH [7].

The mitochondria of the cardiovascular system are an important target for the NO generated
by nitric oxide synthase (NOS). NO serves as a physiological regulator of mitochondrial
respiration [8-11]. Under physiological conditions of low O, tension, NO competes with O,
in reversibly binding to the heme a3-Cug of cytochrome c oxidase (CcO or Complex 1V),
thus decreasing the rate of ADP-independent O, consumption and subsequently

alleviating *O,~ production [12, 13].

The NO produced by eNOS functions as one of the paracrine factors for endothelial cell to
cardiomyocyte communication [14], including a role in limiting cardiac hypertrophy. The
eNOS ™~ mouse develops the phenotypes of hypertension [15], increasing contractile
response to f-agonists such as isoproterenol [15-18], and progressive cardiac hypertrophy
[19]. In the angiotensin type Il (AT>,) receptor deletion mouse, decreased eNOS expression
has been linked to the hypertrophic effect in cardiac remodeling [20]. Numerous studies
further indicate an anti-hypertrophic role for NO in cardiomyocytes [21] and in the whole
heart [22, 23]. The eNOS-deficient mouse displayed exacerbated left ventricular
hypertrophy and dysfunction after imposition of pressure overload [22, 23], while
cardiomyocyte-specific overexpression of eNOS attenuated left ventricular hypertrophy
after pressure overload [24]. In the mouse model of pressure overload-induced cardiac
hypertrophy, increased *O,~ by eNOS uncoupling has been linked to promoting cardiac
hypertrophy [25].

In the post-ischemic murine heart, eNOS knockout results in a decrease in the oxygen
tension (pO,) in the myocardium, increasing the oxygen consumption rate (OCR) by
mitochondria and reducing the formation of peroxynitrite (OONO™) [26, 27]. It is well
known that NO traps *O,™ to form OONO™ at a very fast rate (k~ 109-1010 M~1s71),
Therefore, eNOS-derived NO modulates post-ischemic oxygen consumption via the
formation of excess OONO™, subsequently impairing mitochondrial function during
reperfusion [26, 27].
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We hypothesize that the absence of eNOS-derived NO will increase pro-oxidant activity and
subsequent oxidative stress in the mitochondria of the myocardium, altering mitochondrial
function and redox status, and enhancing protein S-glutathionylation of Complex I via the
kinetic mechanism involving protein thiyl radical intermediates.

There is a lack of systematic investigation directed toward understanding how eNOS-
derived NO mediates mitochondrial function and redox status in the myocardium under
physiological conditions. Determination of the above mechanism is of importance because
of the implications for its regulation in cardiovascular disease and the physiological setting
of mitochondrial redox. Therefore, we have performed studies to characterize the
mitochondrial function and its redox biochemistry from the eNOS™~ murine heart. We
report that the absence of NO produced by eNOS increases oxidative stress in mitochondria
of the myocardium and enhances protein thiyl radical-dependent S-glutathionylation of
Complex I.

MATERIAL AND METHODS

Animals

Reagents

The eNOS™~ (B6.129P2-N0s3imunc/d), SOD2-tg (FVB-Tg(Myh6-SOD2, Tyr)3Pne/J) and
the corresponding wild type (WT) background mice (C57BL6/J and FVB/NJ) were
purchased from the Jackson Lab. Male, age-matched mice (16 — 18 weeks old for eNOS™/
WTBS6, 12 — 14 weeks old for SOD2-tg/WTNJ) were used in this study. All procedures were
performed with the approval of the Institutional Animal Care and Use Committee at
Northeast Ohio Medical University (Rootstown, OH) and conformed to the Guide for the
Care and Use of Laboratory Animals as adopted and promulgated by NIH.

Glutathione (GSH), diphenyleneiodonium (DPI), 5,5’-dithio bis-2-nitrobenzoic acid (DTNB,
Ellman’s reagent), diethylenetriaminepentaacetic acid (DTPA), ubiquinone-1 (Q1), sodium
cholate, deoxycholic acid, rotenone, polyethylene glycol-linked superoxide dismutase (PEG-
SOD), B-nicotinamide adenine dinucleotide (reduced form, NADH), B-nicotinamide adenine
dinucleotide phosphate (reduced form, NADPH), L-NG-nitroarginine methyl ester (L-
NAME), 1-Oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine (TEMPOL), glutathione reductase
(GR), and other general chemicals were purchased from Sigma Chemical Company (St.
Louis, MO) and used as received. The 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) spin trap
was purchased from Dojindo Molecular Technologies, Inc. (Rockville, MD), and stored
under argon at =80 °C until needed. The anti-GSH monoclonal antibody was purchased
from ViroGen (Watertown, MA). The spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine. HCI (CM-H) and the anti-DMPO polyclonal antibody were
purchased from Enzo Life Sciences Inc. (Farmingdale, NY). The anti-eNOS, anti-GAPDH,
antiaconitase, anti-Rieske iron-sulfur protein, anti-Cox I, and anti-SOD2 antibodies were
purchased from Santa Cruz Biotechnology Inc. (Dallas, TX).
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Preparation of mitochondria

Mitochondria were prepared from the murine myocardium by the differential centrifugation
method according to our published protocol [28, 29]. Briefly, the mouse heart was
homogenized in 1 mL of M-buffer (in mM, mannitol 230, sucrose 70, EDTA 1, EGTA 1,
and Trizma 5, pH 7.4) containing 1 unit of nagarse (Sigma-Aldrich, St. Louise, MO) on ice.
The cOmplete protease inhibitor cocktail (1 x, Roche Life Science, Indianapolis, IN) and
PMSF (phenylmethanesulfonylfluoride, 1 mM in DMSO) were added to the homogenate
after a 5-min incubation. The resulting homogenate was subsequently centrifuged 500 x g
for 5 min to remove debris, and a second centrifugation of supernatant at 20,000 x g for 10
min yielded mitochondria sediment. The mitochondrial pellet was re-suspended in M-buffer
and the protein concentration was determined by the Lowry method using bovine serum
albumin as a standard. The cytosolic contamination was evaluated by immunoblotting the
mitochondrial preparations using a monoclonal antibody (1:500) against glyceraldehyde 3-
phosphate dehydrogenase (GAPDH, a housekeeping cytosolic protein, Santa Cruz
Biotechnology, Inc., Dallas, TX); blotting of cytosolic preparations served as a positive
control.

Analytical methods

Optical spectra were measured on a Shimadzu 2600 UV/Vis recording spectrophotometer.
The concentrations of Qq and Q2 were determined by absorbance spectra from NaBH,4
reduction using a millimolar extinction coefficient &75nm-200nm) = 12.25 mM~lem=1 [30].
The electron transfer activities of Complexes I-1V from the heart mitochondrial preparation
were assayed by our published methods [31]. The enzymatic activity of aconitase in
mitochondria was assayed by measuring the conversion of citrate to a-ketoglutarate in the
presence of isocitrate dehydrogenase by the absorbance increase at 340 nm at 37 °C. An
appropriate amount of mitochondrial preparation (permeabilized by alamethicin at a 40 g
mitochondrial protein: 1 pg alamethicin ratio) was added to the assay mixture (to a final
volume of 1 mL, containing in mM: Tris-HCI 50, cysteine 1, sodium citrate 1, MnCl, 0.5,
NADP 0.2, pH 7.4), and the reaction was initiated with isocitrate dehydrogenase (2 units/
mL).

Measurement of the oxygen consumption rate (OCR) of Mitochondrial Preparations

Mitochondrial respiration was measured by the polarographic method using a Clark-type
oxygen electrode (Oxytherm, Hansatech Instruments, Norfolk, England) at 30 °C and
reported in nmol/min. The NADH-linked respiration buffer contained glutamate/malate (in
mM, potassium glutamate 140, NaCl 10, MgCl, 1, EGTA 1, malate 5, Trizma 1, phosphate
2.5, and cytochrome ¢ 0.01, adjusted to pH 7.4). Mitochondrial preparations were added to
the respiration buffer to a final concentration of 0.6 mg/mL. OCR (NADH-linked) was
measured as follows: state 2, OCR of mitochondrial preparations with glutamate/malate;
state 3, OCR stimulated by ADP (200 uM); state 4, OCR after the addition of oligomycin (2
ug/mL) following ADP addition; uncoupled respiration, OCR after the addition of FCCP
(2.5 uM) following oligomycin. The oxygen electrode was calibrated at 1 atm by assuming
the concentration of O, in the respiration buffer at 30 °C to be 230 pM.
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Measurement of the mitochondrial state 3 ATP generation rate

The mitochondrial ATP flux (accumulation of ATP within 1 min) was measured using an
ATP Bioluminescent Assay Kit (Sigma-Aldrich, St. Louis, MO) following the manufacturer
’s protocol. The mitochondrial state 3 oxygen consumption rate was simultaneously
measured on the Oxytherm under the conditions as previously described. Briefly, the
mitochondrial preparation (to a final concentration of 0.6 mg/mL) was added to the NADH-
linked respiration buffer, and ADP (to a final concentration of 1 mM) was subsequently
added. Reaction mixture (5 puL) was withdrawn from the reaction chamber and immediately
added to 495 pL of pre-heated ATP-assay buffer (70 °C, 10 min) as the initial ATP
concentration. Another 5 pL of reaction mixture was sampled 60-sec after the initial
sampling as the final ATP concentration. The linear oxygen consumption rate during the
ATP sampling time span was ensured by the simultaneous oxygen polarography monitoring.
The bioluminescent signal was recorded on the OrionL microplate luminometer (Titertek-
Berthold Detection Systems GmbH, Pforzheim, Germany).

Measurement of mitochondrial *O,~ production by EPR spin trapping

EPR measurements of *O,~ generation by isolated mitochondria were carried out on a
Bruker EMX Micro spectrometer operating at 9.43 GHz with 100 kHz modulation
frequency at room temperature [7]. The reaction mixture containing the NADH-linked
respiration buffer supplemented with DTPA (1 mM) /DMPO (100 mM) was mixed with the
mitochondrial preparation (to a final 0.6 mg protein/mL) at 30 °C for 4 min. The reaction
mixture was then transferred into a 50-pL capillary (Drummond Wiretrol, Broomall, PA),
sealed, loaded into the EPR resonator (HS cavity, Bruker Instrument, Billerica, MA),
equilibrated to 298 K, and tuned within 2 min. The scan of the EPR spectrum was started at
exactly 6 min after the initial reaction. Parameters: center field 3360 G, sweep width 100 G,
power 20 mW, receiver gain 1 x 10°, modulation amplitude 1 G, conversion time 40.96 ms,
time constant 163.84 ms, number of scans: 5. The spectral simulations were performed using
the WinSim program developed at NIEHS by Duling [32].

Glutathione recycling method

The amount of reduced and oxidized glutathione (GSH and GSSG) in mitochondria was
determined by the glutathione recycling method [33, 34]. In this method, the reaction rates
of excess glutathione reductase (GR), NADPH, and DTNB were limited by the presence of
GSH and GSSG. Isolated mitochondria, as well as a series of known concentrations of GSH
and GSSG, were mixed with 5-sulfosalicylic acid (5-SSA, 5%) in the presence of Triton
X-100 (0.3%). The protein mixture was subjected to precipitation by centrifugation (12,000
rpm x 2 min at 4 °C). The supernatant was divided into two portions: one portion (room
temperature, RT) for additional GSH-quenching and another portion (sitting on ice) ready
for total [GSH+GSSG] determination. For the GSH-quenching, an excess amount of 2-
vinylpyridine (2-VP, to a final concentration of 2%) was added to the mixture after adjusting
the pH to 6~7 with triethanolamine. The mixture was incubated at RT for 2 hr. The reduced
GSH was thus blocked by 2-vinylpyridine and the remaining oxidized GSSG was ready for
measurement. Standard concentrations of GSH and GSSG undergoing the same 5-SSA/2-VP
treatment were used to create a linear regression standard curve. The above standards/
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samples were added into glutathione reaction buffer (in mM, potassium phosphate 50, pH
7.5, EDTA 1, DTNB 0.6, NADPH 0.1, 30 °C), and the reaction was started by the addition
of GR enzyme (2 units/mL for the detection of [GSH + GSSG], and 0.4 units/mL for the
detection of [GSSG]). The assay was monitored by absorbance increase at 412 nm following
the reduction of DTNB (e412nm = 13.6 mM~1 cm™1). The concentrations of GSH + GSSG as
well as GSSG were calculated by interpolation from the standard curves.

Immunoblotting analysis

The reaction mixture was mixed with Laemmli sample buffer at a ratio of 4:1 (v/v),
incubated at 70 °C for 10 min, and then loaded onto a 4-12 % Bis-Tris polyacrylamide
gradient gel. Samples were run at RT for 50 min at 190 V. Protein bands were
electrophoretically transferred to a nitrocellulose membrane in 25 mM Bis-Tris, 25 mM
Bicine, 0.029% (w/v) EDTA, and 10% methanol. Membranes were blocked for 1 hr at RT in
Tris-buffered saline (TBS) containing 0.1% Tween-20 (TTBS) and 5% dry milk (BioRad,
Hercules, CA). The blots were then incubated overnight with primary antibody at 4 °C.
Blots were then washed 3 times in TTBS, and incubated for 1 hr with horseradish
peroxidase-conjugated secondary antibody in TTBS at RT. The blots were again washed
twice in TTBS and twice in TBS, and then visualized using ECL Western Blotting Detection
Reagents (GE Healthcare Life Sciences, Fairfield, CT).

Data analysis

RESULTS

All data were reported as group averages. Statistical analysis was performed using Origin
9.1 data analysis software. Results were presented as mean = SEM, followed by group
number (n), and p value. Comparisons between two groups (the data sets of Figs. 1, 2, 4, 5,
and 6) were assessed by student’s t-test to analyze the significance of differences.
Comparisons among multiple groups (the data set of three groups in Fig. 1B and the data set
of four groups in Fig. 2B) were assessed by one-way ANOVA followed by Tukey’s post hoc
tests. A probability value of p < 0.05 was used to establish statistical significance.

Impairment of mitochondrial function in the myocardium of eNOS™~ mice

Tissue homogenates of the aorta from eNOS™~ mice were immunoblotted with anti-eNOS
antibody to confirm eNOS deletion in vivo (supplementary Fig. 1a). To test the oxidative
stress hypothesis, studies were performed in the eNOS™~ mouse (males, 16 — 18 weeks old).
Age- and gender-matched wild-type mice (C57BI/6 background) were used as controls.
Mitochondria were prepared from the murine myocardium by differential centrifugation, and
then subjected to oxygen consumption measurements. Isolated mitochondrial preparations
and cytosol fractions were immunoblotted with anti-GAPDH antibody, and the absence of
the GAPDH signal in the mitochondrial preparations ensured that isolated mitochondria
were free of cytosolic contamination (supplementary Fig. 1b). Fig. 1A shows a typical
profile of oxygen consumption in mitochondria from the myocardia of wild type and
eNOS™~ mice. State 3 (ADP-dependent) and state 4 (ADP-independent) respiration of
mitochondrial preparations was measured by oxygraph. The NADH-linked and ADP-
stimulated O, consumption rate (state 3) declined from 123.4 + 3.9 to 90.2 + 3.2 (in nmol
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O,/min/mg protein, WT (B6) vseNOS™~ mouse, n= 7, p < 0.001, in Fig. 1B). The ADP-
independent O, consumption rate (state 4) increased from 155+ 0.7t024.4+13(n=7,p
< 0.001, Fig. 1B). Mediation of ATP production by the mitochondria from eNOS™~
myocardia decreased from 292.2 + 24.2 to 223.0 + 23.4 (in nmol ATP production/min/mg
protein, n =5, p < 0.05, in Fig. 1D) as analyzed by ATP-luciferase chemiluminescence
assay. The respiratory control index (RCI, defined as the ratio of state 3 to state 4) decreased
from8.1+0.61t03.8+0.3 (n=7, p<0.001) as indicated in Fig. 1C. These data confirm that
the mitochondrial integrity in the myocardium was impaired in the absence of eNOS,
supporting the regulatory role of NO generated by eNOS in mitochondrial respiration in the
myocardium.

To assess the maximal electron transfer activity of isolated mitochondria, FCCP (2.5 uM)
was added to uncouple the mitochondria and maximize the respiratory capacity. We
observed that the NADH driven FCCP-uncoupled O, consumption rate was significantly
decreased from 150.3 + 4.3t0 113.2 + 5.2 (n=7, p < 0.001, Fig. 1B), suggesting that ETC
activity mediating the OCR was impaired by eNOS deletion.

Enhancement of mitochondria-mediated *O,~ generation in the myocardium of eNOS™~

mice

The production of *O,™ mediated by isolated mitochondria in different respiratory states was
induced by glutamate/malate (NADH-linked), and measured by EPR spin-trapping with
DMPO. A SOD-dependent four-line spectrum of DMPO/*OH was detected, indicating

that “*O,~ generation was mediated by the mitochondria of the mouse heart under conditions
of state 2 respiration (Fig. 2A, b). Addition of ADP (state 3 respiration) diminished
mitochondria-mediated *O,~ generation by ~65%, a significant decrease indicating that
coupling of enhanced O, consumption with oxidative phosphorylation for ATP synthesis
decreased the e~ leakage to molecular oxygen (Fig. 2A, c). In the presence of oligomycin A
(state 4 respiration), mitochondria-mediated *O,™~ generation induced by glutamate/malate
was not decreased by the addition of ADP (Fig. 2B, state 2 versus state 4), presumably due
to decreased OCR and restoring the electrochemical gradient (Ap).

We next assayed the “O,™ generation activity mediated by mitochondria isolated from the
hearts of eNOS™~ mice. We observed that NADH-linked *O,~ production by mitochondria
was consistently increased under the conditions of states 2—4. In the presence of ADP (state
3), NADH-linked *O,~ production was enhanced to 148.8 + 8.3% (n =6, p < 0.01) (Fig. 2B,
gray bar), supporting the hypothesis that mitochondrial dysfunction occurring in the
eNOS™~ mouse heart is caused by impaired state 3 OCR and overproduction of oxygen free
radicals.

Aconitase activity in mitochondria was reported to be a redox sensor of reactive oxygen
species [35-37]. The reaction of aconitase with *0,~ (k ~ 10’ M~1s71) rapidly inactivates its
enzymatic activity by producing an inactive [3Fe-4S] cluster (g=2.018), free iron (I1), and
H,0,. Consequently, inactivation of mitochondrial aconitase by *O,~ facilitates the
formation of hydroxyl radicals via a Fenton-type mechanism [38]. Accordingly, we have
further detected a marginal decline in the enzymatic activity of aconitase to 67.9 £ 3.2% (vs
mitochondrial aconitase of wild type mice, n =6, p < 0.001) in the mitochondria of the
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eNOS™~ mouse heart (Fig. 2C), corroborating increased mitochondrial *O,™ production in
the eNOS™/~ mouse myocardium. There was no significant difference in protein expression
levels of aconitase in the mitochondria between wild type and eNOS™~ as measured by
immunoblotting (Fig. 2D), indicating oxidative impairment of aconitase in the eNOS™/~
mouse heart.

Redox status in the myocardium of eNOS™~ mice

We used X-band EPR to analyze the redox status of the myocardium during the oxidation of
CM-H (a spin probe of cyclic hydroxylamine) to a stable nitroxide in myocardium tissue
homogenate. Under non-energized conditions (without external NADH or succinate
stimulation), the redox activity of wild type myocardium was 2.66 + 0.12 nmol nitroxide
produced/min/mg protein of tissue homogenate (based on spin quantitation, n = 3). In
eNOS™~ mice, the physiological redox setting of the myocardium was more oxidized and
less reduced, based on a higher activity of conversion of CM-H to stable nitroxide (increased
by 41%, Fig. 3A) and lower TEMPOL reduction (decreased by 26%, Fig. 3B). This result
corroborates the data from EPR spin trapping with DMPO shown in Fig. 2B.

Oxidative impairment of the mitochondrial ETC in the eNOS™~ myocardium

Mitochondria isolated from mouse hearts were subjected to an assay of enzymatic activities
of the respiratory complexes. In the myocardium of eNOS™~ mice, the enzymatic activities
of the electron transport complexes (complexes I-1V) declined (n =7, p < 0.001, Fig. 4A),
consistent with the detection of an impaired FCCP-mediated uncoupling of the O,
consumption rate (Fig. 1B). There were no significant alterations in protein expression of the
mitochondrial ETC (Fig. 4B). Immunoblotting analysis also indicated a slight reduction in
the protein expression of SOD2 (by ~15%, n = 4) from the mitochondria of eNOS™~ mice,
supporting increased "0, production and oxidative impairment of the ETC in the
mitochondria of the eNOS™~ murine heart.

Effect of L-NAME treatment on the mitochondrial function of the murine heart

The above results were evaluated with pharmacological inhibition of NO synthase in vivo
using L-NAME. In wild type mice, oral administration of the NOS inhibitor, (L-NAME, 1
mM in drinking water), induced arterial hypertension and microvascular lesions linked to
up-regulation of oxidative stress [39, 40]. Here, mitochondria isolated from the myocardium
of L-NAME-treated mice exhibited a modest decrease in state 3 respiration (by 12.6%), but
showed a substantial enhancement of state 4 respiration (by 82%, n =9, p <0.001) and thus a
significant reduction of the respiratory control index (from 8.3 +0.6t04.7+0.4,n=9,p<
0.001) indicated in the supplementary Fig. 2 (A—C). In addition, impaired enzymatic
activities of Complexes I, I1, and 1V and aconitase (by 20-35%) were detected in the
mitochondria of mice after LNAME treatment (supplementary Fig. 2D), indicating increased
oxidative impairment in the mitochondria due to inhibition of NO generation in vivo. The
redox status of the myocardium from L-NAME-treated mice showed a 21.8% elevation in
the redox activity of converting CM-H to a stable nitroxide (supplementary Fig. 2E).
NADH-linked *O,~ production by the mitochondria isolated from L-NAME-treated mice
was enhanced under the condition of state 3 respiration (by 28.8 £3.8%, n=9,p<0.01in
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the supplementary Fig. 2F), supporting the conclusion that L-NAME mediated
mitochondrial dysfunction in the myocardium was caused by increased *O,~ and impaired
mitochondrial integrity.

Redox alterations in the GSH pool and S-glutathionylation of Complex |

The genetic deletion of eNOS resulted in significantly enhanced pro-oxidant activity in the
mitochondrial fraction of the myocardium. We determined GSH and GSSG levels
quantitatively by the enzymatic recycling method, observing (i) a significant elevation of
GSSG levels in the mitochondrial preparation (from 0.104 + 0.006 to 0.138 + 0.010
nmol/mg protein, n =8, p < 0.01), and (ii) a marginal down-regulation in the GSH/GSSG
ratio of the mitochondria (from 31.8 to 26.2) as shown in Table I. These results were
basically consistent with a modest increase in the oxidative stress in the mitochondria of the
eNOS ™~ murine heart. However, the GSH pool in the cytosolic fraction of eNOS™/~
myocardium was not changed significantly.

We would expect a depression in the GSH/GSSG ratio from eNOS™~ myocardial
mitochondria to increase the status of S-glutathionylation of the mitochondrial Complex I.
To test this hypothesis, we used polyclonal antibodies against Complex I, Ab51 and Ab75
[6, 41], to immunoprecipitate the 51 kDa- and 75 kDa-subunits of Complex | from
mitochondrial preparations, followed by immunoblotting with an anti-GSH monoclonal
antibody. As indicated in Fig. 5, in the eNOS™~ myocardium, the detected Complex I-
derived S-glutathionylation on the 51 kDa and 75 kDa subunits of Complex | was enhanced
t0 199.3 £ 21.6% and 137.5 + 12.7% respectively. Although complex I glutathionylation
within the mitochondria of eNOS™~ myocardium correlated with partial loss of activity
(Fig. 4A), deglutathionylation of complex | with dithiothreitol (DTT) or 3-mercaptoethanol
did not restore complex | activity (data not shown).

Enhancement of Complex I-derived protein thiyl radicals in the mitochondria of the
eNOS™~ murine heart

The redox signal regulating Complex I-derived S-glutathionylation has been hypothesized to
involve reactive oxygen species and homeostasis of the GSH pool in mitochondria [7]. A
kinetic mechanism, a reaction of protein reactive thiyl radical intermediates with GSH, is
more likely to mediate enhanced S-glutathionylation of Complex I in the mitochondria of
eNOS™~ mice. To test the hypothesis of a protein thiyl radical intermediate, immuno-spin
trapping with an anti-DMPO polyclonal antibody was used to define Complex I-derived
protein radical formation in mitochondria. Mitochondrial preparations were incubated with
DMPO (200 mM), and the aliquots were subjected to SDS-PAGE and Western blotting
using an anti-DMPO antibody. The immobilized nitrone adduct of Complex | was detected
in the 51 kDa and 75 kDa subunits by immunoblotting (Fig. 6). In the mitochondria isolated
from the eNOS™~ murine heart, the detected DMPO adduct of Complex I-derived protein
radicals increased to 178.9 £ 34.7 and 253.0 + 45.5% on the 51 kDa and 75 kDa subunits
respectively (Fig. 6, bar graph insert).

To determine whether the cysteinyl residues were involved in the detected Complex I-
derived protein radical adducts of DMPO in mitochondria, we tested the effects of DTNB
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and GSH on the formation of DMPO protein radical adducts. Addition of DTNB to the
reaction mixture containing mitochondria and DMPO diminished the signal intensity of
DMPO adducts by 70.7 £ 12.6% (at the 51 kDa subunit) and 65.3 + 3.8% (at the 75 kDa
subunit), suggesting the cysteine thiols as the binding sites of DMPO (Fig. 7A-7B). When
GSH (2 mM) was included in the reaction mixture to compete with DMPO in binding to the
Complex | protein thiyl radicals, the signal intensity of DMPO adducts was decreased by
66.7 £ 5.9% (51 kDa subunit) and 49.3 + 3.9% (75 kDa subunit); further confirming the
involvement of cysteinyl residues in the protein radical formation of Complex I.

As indicated in Fig. 7C, pre-treatment of mitochondria (energized by glutamate plus malate)
with DPI (diphenyleneiodonium, 1 mM) significantly enhanced the signal intensity of
DMPO adducts up to 9.2-fold (51 kDa) and 1.7-fold (75 kDa). Presumably, DPI inhibition
greatly increases electron leakage from the FMN cofactor and FMN-binding domain of the
51 kDa polypeptide, thus dramatically enhancing the Complex I protein radicals induced

by "0, attack. The addition of GSH greatly diminished DPI-enhanced Complex I thiyl
radicals (Upper panel in Fig. 7C), and subsequently increased the S-glutathionylation of
Complex | (middle and lower panel in Fig. 7C), reinforcing the mechanism of protein thiyl
radicals mediating S-glutathionylation of Complex I.

Overexpression of SOD2 in the myocardium suppresses the formation of Complex I-
derived protein thiyl radicals

The proposed mechanism was further tested in a model of cardiac-specific SOD2 transgenic
mice. The SOD2-tg mouse hemizygotes are viable, fertile, and normal in size. Transgenic
expression of SOD?2 is specific to the myocardium and localized to the mitochondria.
Western analysis indicated enhanced SOD2 expression in the mitochondria of the murine
heart up to 7-fold (Fig. 8A, upper panel, with subunit I of complex IV (COX 1) as the
loading control, n = 6). EPR spin trapping analysis further showed no detectable *Oy~
generation by the mitochondria isolated from SOD2-tg myocardia (Fig. 8A, lower panel, b
vs €) and significantly lower sensitivity to antimycin A treatment (Fig. 8A, lower panel, c vs
f). The protein thiyl radicals of Complex | at the 51 kDa and 75 kDa subunits in the isolated
mitochondria were further analyzed by the technique of immuno-spin trapping with anti-
DMPO antibody. As indicated in Fig. 8B, Complex I-derived protein thiyl radicals were
nearly eliminated in the mitochondria of the SOD2-tg murine heart. Presumably,
overexpression of SOD2 in the myocardium eliminates “O,™-mediated oxidative stress in the
mitochondria and subsequently decreases Complex I-derived protein thiyl radical formation.

DISCUSSION

Mitochondrial dysfunction in the myocardium of eNOS™/~

The current study has demonstrated that eNOS deletion impacts heart function via
mitochondrial dysfunction caused by impairing mitochondrial integrity, as indicated by a
decline in the respiratory control index (Fig. 1C), and by decreasing the enzymatic activities
of the electron transport chain (Fig. 4A). This result is further supported by the experiment
using the mouse model of pharmacological inhibition of eNOS with L-NAME, showing
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impaired mitochondrial integrity as indicated by a decreased respiratory control index
(supplemental Fig. 2A-C).

It has been proposed that NO generated from endothelial cells has the capacity to modulate
mitochondrial functions related to respiration and metabolism, and that mitochondria are an
important target of endothelium-derived relaxant factor (EDRF) [8, 9, 42]. It is thus
expected that eNOS deletion will impair EDRF-mediated respiratory regulation, leading to
mitochondrial dysfunction. In the eNOS™~ mouse model, the above rationale has now been
verified in the cardiovascular system. It is likely that direct crosstalk between endothelium
and myocytes was mediated by diffusible NO [14], which subsequently regulated
mitochondrial respiration via reversibly binding to Complex IV or regulated the Q-cycle
mediated by Complex 111 [43]. A higher partitioning of NO into the mitochondrial
membrane in the myocytes can greatly facilitate this physiological process [44], thus
augmenting the ability of NO to control mitochondrial respiration in the murine heart. The
process also can be facilitated by the high capillary density (3000-4000/mm?) in the adult
mammalian myocardium [45].

Another major factor leading to mitochondrial dysfunction in the eNOS™~ murine heart was
likely hypertension-induced progressive hypertrophy secondary to NO modulation. As
reported by Barouch et al., mice with non-conditional eNOS deletion have developed
hypertrophy by the age of 5 months [46].

Pro-oxidant activity of mitochondria and oxidative stress in the myocardium of eNOS™/~

mice

Mitochondria are the major source of oxygen free radical generation in the cardiovascular
system [47]. The major endogenous source of *O,~ and *O,™-derived oxidants, which are
toxic products of respiration, is oxidative phosphorylation (OXPHOS). Mitochondrial
dysfunction resulting from eNOS knockout has revealed impaired OXPHOS and impaired
enzymatic activities of the ETC with a minor downregulation of SOD2 (Fig. 4), leading to
augmented ETC-mediated *O,~ generation as evidenced by the EPR spin trapping assay
(Fig. 2). To assess damage, we focused on aconitase, an iron-sulfur protein containing a
4Fe-4S cluster and involved in the TCA cycle for controlling the ratio NADH/NAD* and
regulation of OXPHOS, since exposure of aconitase to oxidants renders the enzyme
inactive. Loss of aconitase activity in biological samples treated with pro-oxidants has been
interpreted as a measure of oxidative damage. Significant impairment of aconitase activity
was detected in the mitochondria from the eNOS™~ murine heart (Fig. 2C). A noteworthy
loss of Complex Il activity resulted from eNOS deficiency (Fig. 4A). Complex Il is the only
mitochondrial enzyme involved in both the TCA cycle and the electron transport chain, so
loss of its activity leads to increased mitochondrial oxidative stress and impaired function of
the TCA cycle. It appears that loss of eNOS itself leads to increased pro-oxidant activity of
mitochondria, augmenting *O,~ generation activity mediated by mitochondria, and
exacerbating the progress of hypertrophy. These data can also partially explain why
eNOS™~ mice display the pre-diabetic phenotype with defective mitochondrial p-oxidation,
decreased energy expenditure, and development of insulin resistance [48].
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Topology of enhanced *O,~ generation by the mitochondria of eNOS™~ murine heart

Since the anionic form of *O5~ is too strongly negatively charged to readily pass the inner
membrane, enhanced "0, production mediated by the mitochondria of the eNOS™~ murine
heart exhibited a distinct membrane sidedness or “topology.” Current experimental evidence
suggested that extra-mitochondrial *O,™ release (induced by glutamate/malate, and trapped
by DMPO) detected by EPR (Fig. 2B) was likely mediated by the Q, site located near the
inter-membrane space [49]. The close proximity of the Q, site of Complex Il1 to the inter-
membrane space would result in the inevitable release of a fraction of any Complex I11-
derived *O,™ to the cytoplasmic site, ready for DMPO trapping (Fig. 9). Additional evidence
has indicated that PEG-SOD inhibited *O,™—dependent DMPO/*OH formation as mediated
by NADH-energized mitochondria (Fig. 2A, d). Since PEG-SOD cannot penetrate the outer
membrane of the mitochondria, this result further supported that *O,~ was trapped outside
the mitochondria by DMPO. In any case, DMPO reacts with *O,~ with a low rate constant
(30-70 M~1571 [50]); therefore DMPO cannot possibly compete with the SOD2 of the intra-
membrane space. Experimental evidence has also supported the conclusion that the
remaining increased electron leakage contributes to increased *O,~ released to the matrix
side and consequent aconitase inhibition (Fig. 2C). Excess hydrogen peroxide derived from
SOD2-mediated dismutation of O, in the mitochondrial matrix also induces aconitase
inhibition [49].

Redox status in the myocardium of eNOS™~ mice

The above results were further supported by the EPR assay using the spin probes cyclic
hydroxylamine (CM-H) and organic nitroxide (TEMPOL), indicating an overall more
oxidized physiological setting detected in the eNOS™~ murine heart versus its wild type
(Fig. 3). It is conceivable that the redox alteration in the myocardium is the consequence of
increased mitochondria-derived “O,~ generation activity resulting from eNOS deletion. The
results corroborate the redox status of mitochondrial thiols in the eNOS™~ murine heart,
showing a decreased mitochondrial GSH/GSSG ratio and elevated protein S-
glutathionylation of Complex | (Table I and Fig. 5). No significant difference in the redox
status was detected in the cytosolic GSH pool of eNOS™~ versus wild type mice (Table I).
However, notably enhanced oxidation of GSH to GSSG was detected in both cytosolic and
mitochondrial fractions of the myocardium from L-NAME-treated mice (Table 1),
reinforcing the specific role of eNOS in regulating the mitochondrial redox status of the
mouse heart.

It has been documented that the oxidation of cyclic hydroxylamine is often dependent

on ‘O™ [50]. The presence of PEG-SOD significantly diminished the redox activities of
wild type and eNOS ™'~ myocardia by 45.7 % and 40.9 %, respectively under non-energized
and basal conditions, indicating *O, —dependent redox activity for CM-H oxidation (in nmol
nitroxide produced/min/mg protein) as 1.17 for WT and 1.53 for eNOS™~ myocardia. This
result was basically corroborated with that of EPR spin-trapping with DMPO.

Mechanism of Complex | S-glutathionylation in the eNOS™~ murine heart

Reversible S-glutathionylation of Complex | may proceed spontaneously by a
thermodynamic mechanism of protein thiol-GSSG disulfide exchange in vitro [3, 4].
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However, achieving this thermodynamic equilibrium would require a marked decline in the
intracellular GSH/GSSG ratio (i.e., to a 1/1 ratio to drive 50% conversion of protein to
glutathionylated form) [51, 52], which can occur only under extreme conditions.
Pharmacologic inhibition of glutathione reductase 2 intensively increases mitochondrial
GSSG/GSH ratio, enhancing S-glutathionylation of Complex | in vivo via thermodynamic
mechanism [53]. In the myocardium of eNOS™~ mice, enhanced Complex | S-
glutathionylation occurs at a relative high GSH/GSSG ratio (Table I); therefore, the
mechanism of thiol-disulfide exchange is not likely. A kinetic mechanism, a reactive protein
sulfhydryl intermediate with GSH, is more likely to mediate increased protein S-
glutathionylation of Complex | caused by eNOS deletion.

The protein thiyl radical is one of the most relevant reactive sulfhydryl intermediates to
facilitate in vivo S-glutathionylation of Complex I, as seen in the myocardium of eNOS™~
mice. With immunospin trapping with anti-DMPO antibody, protein thiyl radical adducts of
Complex | at the 51 kDa and 75 kDa subunits can be detected in isolated mitochondria from
the wild-type murine heart (Fig. 6). The result strongly supports the above hypothesis that
protein thiyl radical mediates S-glutathionylation of Complex I in vivo. This hypothesis has
also gained strong support from in vitro S-glutathionylation using isolated Complex | and
the model of HL-1 myocytes in a previous publication [7], unequivocally demonstrating that
the protein thiyl radicals are the key reactive intermediates for in vivo site-specific S-
glutathionylation of Complex I [7]. In the eNOS™~ murine myocardium, increased Complex
I-derived thiyl radical formation is expected to further mediate enhanced protein S-
glutathionylation of Complex I in vivo (Figs 5-6). Experimental evidence from the mouse
model of SOD2-tg clearly revealed a faded Complex I-derived thiyl radical formation in
vivo resulting from SOD2 overexpression (Fig. 8B), further reinforcing the role of *O,™-
induced protein thiyl radicals in mediating protein S-glutathionylation of Complex | from
the eNOS™~ murine heart. Note that overexpressiong SOD2 did not significantly alter the
level S-glutathionylation of Complex | in the mitochondria of SOD2-tg, implicating a basal
level of Complex I S-glutathionylation is essential for maintaining the basal level of
physiological redox setting. Moreover, L-NAME treatment did not enhance the level of in
vivo S-glutathionylation of Complex I, underlining the unique role of eNOS.

The loss of Complex | activity from eNOS™~ mitochondria was not ameliorated by
treatment with thiol reductant even if Complex | S-glutathionylation was reversed; that is,
deglutathionylation did not lead to restoration of Complex | activity in the mitochondria of
eNOS~/~ myocardium. Similar results have been observed when Complex | S-
glutathinylation was enhanced by treatment of mitochondria by diamide [5]. As reported in
the previous study [7], the cysyog residue as a ligand involved in the [4Fe-4S] binding of the
N4 center has been identified as the site of protein thiyl radical formation and subsequent
Complex | S-glutathionylation in vitro. Therefore, the kinetic mechanism mediated by
Complex I thiyl radical may lead to irreversible damage of its electron transport activity due
to disruption of the iron-sulfur cluster [7].
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The present studies provide insights regarding the mechanism of Complex | S-

glutathionylation in vivo resulting from genetic deletion of eNOS. The underlying
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mechanism has been characterized by impaired mitochondrial membrane integrity, increased
pro-oxidant activity of the mitochondria in myocytes, enhanced Complex I-derived thiyl
radical formation, and associated S-glutathionylation of Complex I, as illustrated in Fig. 9.
Genetic deletion of eNOS abolished NO bioavailability and decreased blood flow in the
vasculature, which would decrease O, and respiratory substrate supply, and persistently
induce hypertension. Persistent hypertension potentially increases oxidative stress in the

mitochondria of the myocardium, and elevation of oxidative stress would impair
mitochondrial integrity and decrease ATP synthesis, conditions that would favor the

progress of cardiac hypertrophy. The enhanced Complex I-derived thiyl radicals and S-
glutathionylation in the myocardium of eNOS™~ likely represent pathological markers
caused by redox post-translational modification. The mechanism addressed here provides a
useful concept for understanding the kinetic mechanism of protein S-glutathionylation in
vivo. Recognition of this mechanism is valuable in understanding the fundamental basis for
the way in which EDRF produced by eNOS regulates redox signaling in mitochondria.
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Abbreviations

NOS nitric oxide synthase

eNOS endothelial NOS or NOS3

EDRF endothelium-derived relaxant factor

SOD2 manganese-containing superoxide dismutase
NQR NADH ubiquinone reductase, or mitochondrial Complex |
‘O, superoxide anion radical

OONO~ peroxynitrite

Prs* protein thiyl radical

PrssG Protein S-glutathionylation

ETC electron transport chain

OCR oxygen consumption rate

RCI respiratory control index

Q1 ubiquinone-1
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DMPO 5,5-dimethyl-1-pyrroline-N-oxide
FMN flavin mononucleotide
FCCP carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
DTNB 5,5-dithiobis-2-nitrobenzoic acid
GSH glutathione
DPI Diphenyleneiodonium
L-NAME L-nitro-arginine methyl ester
Ab antibody
SDS-PAGE SDS polyacrylamide gel electrophoresis
EPR electron paramagnetic resonance
PBS phosphate buffered saline
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Mitochondria were prepared from the myocardia of wild type and eNOS™~ mice, and then
subjected to measurement of the oxygen consumption rate (OCR) by oxygen polarography

at 30 °C as described under “Material and Methods”. A-B, state 2, state 3, state 4, and

FCCP-mediated OCRs from the isolated mitochondria. C, Respiratory control index (RCI)
obtained from the ratio of state 3 OCR to state 4 OCR. n=7; **p <0.01 and ***p < 0.001,

assessed by student’s t-test between WT control and eNOS™~ in B and C. Comparison

among three groups of OCR (state 3, state 4, and FCCP) in B was analyzed by one-way

ANOVA followed by Tukey’s HSD test, indicating significant difference among the three
groups of wild type and three groups of eNOS™~ (p < 0.001). Data were normalized to the
amount (mg) of mitochondrial protein in B and D.
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Fig. 2.
*O,~ generation mediated by mitochondria in the presence of glutamate and malate (NADH-

linked) was assessed by EPR spin trapping with DMPO according to our published methods
[7]. A is the EPR spectra of the SOD-sensitive DMPO/*OH adduct under the conditions of
state 2 (b), the spectrum obtained from computer simulation (c), state 3 (d), and the effect of
PEG-SOD on the detected DMPO/*OH adducts (€). The EPR spectra obtained under the
conditions of state 4 and chemical uncoupling with FCCP were not shown. PEG-SOD,
polyethylene glycol covalently linked to superoxide dismutase. B is the quantitative analysis
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of DMPO/*OH adducts produced under the conditions of various respiratory statuses in A.
The spin quantitation for each spectrum was obtained by double integration of the
simulation spectrum as described in a previous publication [7] (n = 6; *p <0.05 and **p <
0.01, assessed by student’s t-test between WT control and eNOS™~). Comparison among
four groups of *O,~ generation at state 2, state 3, and state 4, conditions in B was analyzed
by one-way ANOVA followed by Tukey’s HSD test, indicating significant difference
between state 2 and state 3; state 3 and state 4 (n =6, p < 0.001). C, the isolated
mitochondria were permeabilized by alamethicin (40 pg protein : 1 pg alamethicin ratio),
and then subjected to the aconitase activity assay as described in “Material and Methods”.
D, mitochondrial preparation (100 pg protein per lane) was probed with a polyclonal
antibody against aconitase (1:500) and the 70 kDa subunit of Complex 11 (1:30,000) was
used as the loading control. Data were normalized to the amount (mg) of mitochondrial
protein in B and C.
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Fig. 3. The redox activities of the myocardium from wild type and eNOS™~

EPR with the spin probes of CM-H (in A) and TEMPOL (in B)
Conversion of CM-H to stable nitroxide was measured by EPR at 298K in tissue

homogenates (0.25 mg/mL) of wild type or eNOS™~ myocardium in SHE buffer (250 mM
sucrose, 10 mM HEPES, and 1 mM EDTA, pH 7.4) containing 1 mM DTPA and 1 mM
CM-H (in A) or TEMPOL (in B). The instrumental settings used for detecting the three-line
spectrum of the nitroxide formed were: center field, 3360.3 G; sweep width, 60 G;
microwave frequency, 9.43 GHz; power, 20 mW; receiver gain, 5.02 x 103; modulation
frequency, 100kHz; modulation amplitude, 1 G; time constant, 163.84 ms; conversion time,
41 ms; sweep time, 42 sec; number of X-scans, 1. The parameters for the kinetic mode were:
static field, 3360.3 G; receiver gain, 2 x 103; time constant, 2624.44 ms; conversion time,
1,000 ms; and sweep time, 300s; number of scans, 1. The CM-H oxidation experiment was

were measured by
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performed three times (n=23) for calculating redox activity.
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Fig. 4.

Hgarts were removed from wild type and eNOS™~ mice, and subjected to mitochondrial
preparation. A, enzymatic activities of electron transport chain (ETC) components in the
mitochondria were assayed as described previously (n = 7). B, Protein expression of ETC
components and SOD2 in the mitochondria was assessed by Western blot using the
following antibodies: Ab51 for Complex | (1:10,000)[6], AbGSC90 for Complex Il
(1:30,000) [54], the monoclonal antibody against Rieske iron-sulfur protein (1:1000) and
Cox | (1:3000) for Complexes Ill and 1V, and a polyclonal antibody against SOD2 (1:2000).
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The protein expression level of subunit | (70 kDa flavoprotein) of Complex Il in the
mitochondria was used as a loading control. The density ratio of the blotting signals between
the ETC components/SOD2 and Complex Il was quantitated by software Image J. n=4; *p
<0.05, **p < 0.01, ***p < 0.001. Data were normalized to the amount (mg) of
mitochondrial protein in A.
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Fig. 5. Protein S-glutathionylation of the 51 kDa and 75 kDa subunits of Complex I in
myocardial mitochondria and the effect of eNOS knockout

A mitochondrial preparation (1 mg protein used per IP) was subjected to
immunoprecipitation (IP) with Ab51 and Ab75 (Ab against 51 kDa and 75 kDa in [6, 41]
respectively), and subsequently subjected to SDS-PAGE and immunoblotted with anti-GSH
monoclonal antibody (1:500, upper panel). Blottings on the nitrocellulose membrane were
probed with Ab 51 (1:10,000) and Ab75 (1:5000) to quantitate the protein of the 51 kDa and
75 kDa subunits. The density ratios of signals were quantitated by software Image J (NIH)
(n=3, *p<0.01).

Free Radic Biol Med. Author manuscript; available in PMC 2016 February 01.

eNOS /-



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kang et al.

%’ Signal Intensity ratio

anti-DMPO /anti-complex |

300+

2501

2001

1501

Page 27

Mitochondrial Prep. ~ WT (B6) eNOS -/~ WT (B6) eNOS-/- WT (B6) eNOS /-
DMPO - - + + + +

o ——_—w

anti-DMPO Ab

"‘-———w—d-_d,—_.(d

anti-75 kDa/complex | Ab

anti-DMPO/anti-75 ka
anti-DMPO/anti-51 ka

"‘——--—d

[
2
)
©n
=

wTt

anti-51 kDa/complex | Ab

Fig. 6. Detection of protein-centered radicals formed at the 51 kDa and 75 kDa subunits of
Complex I by immuno-spin trapping, and the effect of eNOS knockout on the formation of
Complex I-derived protein radicals in myocardial mitochondria

Mitochondrial preparations (1 mg/mL) were incubated with the spin trap DMPO (200 mM)
at 37 °C for 5 min, and 100 pg protein per lane subjected to SDS-PAGE and
immunoblotting with an anti-DMPO polyclonal antibody (1:1000) [7, 55, 56]. Protein
expression levels of the 51 kDa and 75 kDa subunits of Complex | in mitochondria were re-
probed with Ab51 (1:10,000) and Ab75 (1:5000). The signals of DMPO adducts were
normalized to those of the Complex | 51 kDa and 75 kDa subunits respectively. (n=4, *p <
0.05 and **p < 0.01).
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Fig. 7. Effect of DTNB (Ellman’s reagent) and GSH on the formation of DMPO protein radical
adducts at the 51kDa and 75 kDa subunits of mitochondrial Complex |

A-B, Mitochondria (0.83 mg/ml) isolated from mouse heart (wild type) was pre-incubated
with DTNB (1 mM) or GSH (1 mM) at room temperature for 10 min. DTNB-treated or
GSH-treated mitochondria were subjected to immunospin trapping analysis with anti-DMPO
antibody (1:1000) and normalized to the Western signals with Ab51 (1:10,000) and Ab75
(1:5000) as described in the legend of Fig. 6. C, Mitochondria were pre-incubated with DPI
(1 mM) at RT for 10 min, and the reaction was initiated with glutamate (70 mM) plus malate
(2.5 mM). The reaction mixture was incubated at 37 °C for 5 min. Aliquots (120 ug protein
per lane) of mixture were withdrawn for SDS-PAGE, and immunoblotted with anti-DMPO
antibody (1:1000, upper panel) and anti-GSH antibody (1:500) with (lower panel) or without
(middle panel) dithiothreitol (DTT). The experiment was performed three times (n=3).
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Fig. 8. Cardiac-specific SOD2 overexpression diminished O, in mitochondria and the
formation of protein radicals on mitochondrial Complex |

Hearts were removed from cardiac-specific SOD2 transgenic (SOD2-tg) and wild type mice
(FVBI/NJ strain), and subjected to mitochondrial preparation and immunoblotting using anti-
SOD2 antibody (1:2000), an antibody against the 70 kDa subunit of complex 11 (1:30,000),
and anti-Cox | antibody (1:3000, upper panel in A). Lower panel in A, band e *O,~
generation mediated by mitochondria isolated from murine hearts of wild type and SOD2-tg
mice, respectively; c and f: the same as b and e, except that antimycin A (10 uM) was
included in the system. B, Immuno-spin trapping analysis of protein radical adducts of
mitochondrial Complex | was conducted according to the approach described in the legend
of Fig. 5. The experiment was performed four times (n=4).
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Fig. 9. Diagram showing the effect of eNOS knockout on the mitochondrial function of the mouse
heart, and mechanism-based S-glutathionylation of Complex |

In comparison to the basal conditions, genetic deletion of eNOS impairs EDRF-mediated
vasodilation, leading to the phenotype of hypertension, and inducing progressive
hypertrophy. The phenotype of progressive cardiac remodeling is likely mediated by
elevation of mitochondrial oxidative stress in myocytes or vice versa. Increased oxidative
stress decreases the coupling of oxygen consumption with OXPHOS for ATP synthesis
(indicated by fine blue arrows in Complex 1V and Complex V), which would further
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increase electron leakage for O, production (indicated by thick red arrows).

Increased *O,~ production by Complexes | and 111 damages the 4Fe-4S cluster of aconitase
in the TCA cycle (thick brick arrows and black cycle), and increases pro-oxidant activity of
aconitase to generate *OH (coarse gray arrow), augmenting oxidative stress. Enhanced "0y~
production also facilitates Complex I-derived protein thiyl radical formation (PrS®), which
mediates enhanced S-glutathionylation (PrSSG) of Complex | (denoted by dashed closed
bracket).
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Table |

Level of GSH pool in the cytosolic compartment and mitochondria from the myocardium of wild type and
eNOS™~ mice.

[GSH] + [GSSG] [GSSG] [GSH]/[GSSG]

(nmol/mg prot.) | (nmol/mg prot.)
Cytosol/WT 16.24+0.27 0.513+0.029 31.63
Cytosol/eNOS™= 17.37+0.77 0.581+0.041 29.87
Cytosol/WT + L-NAME 16.62+0.62 0.73740.053"** 22.54
Mitochondria/ WT 3.32+0.10 0.104+0.006 31.84
Mitochondria’eNOS ™'~ 3.62+0.09" 0.138+0.010™* 26.22
Mitochondria/WT + L-NAME 3.4740.10 0.128+0.005" 21.21

*%

p<0. 001 (n= 8), compared with Cytosol/WT;

*

p<0.01 (n=8), compared with Mitochondria/WT,

*
p<0.05 (n=8), compared with Mitochondria/WT.
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