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SYNOPSIS

The S-nitrosation of mitochondrial proteins as a consequence of nitric oxide (NO)
metabolism is of physiological and pathological significance. We previously developed a
mitochondria-targeted S-nitrosothiol (MitoSNO) that selectively S-nitrosates mitochondrial
proteins. To identify these S-nitrosated proteins, here we have developed a selective
proteomic methodology, S-nitrosothiol Ditference In Gel Electrophoresis (SNO-DIGE).
Protein thiols in control and MitoSNO-treated samples were blocked, then incubated with
copper(I) and ascorbate to selectively reduce S-nitrosothiols. The samples were then treated
with thiol-reactive Cy3 or Cy5 fluorescent tags, mixed together and individual protein spots
were resolved by 2D gel electrophoresis. Fluorescent scanning of these gels revealed S-
nitrosated proteins by an increase in Cy5 red fluorescence, allowing for their identification by
mass spectrometry. Parallel analysis by Redox-DIGE enabled us to distinguish S-nitrosated
thiol proteins from those which became oxidized due to NO metabolism. We identified 13 S-
nitrosated mitochondrial proteins, and a further 4 that were oxidized, probably due to
evanescent S-nitrosation relaxing to a reversible thiol modification. We investigated the
consequences of S-nitrosation for three of the enzymes identified using SNO-DIGE
(aconitase, aldehyde dehydrogenase and o-ketoglutarate dehydrogenase) and found that their
activity was selectively and reversibly inhibited by S-nitrosation. We conclude that the
reversible regulation of enzyme activity by S-nitrosation modifies enzymes central to
mitochondrial metabolism, while identification and functional characterization of these novel
targets provides mechanistic insight into the potential physiological and pathological roles
played by this modification. More generally, the development of SNO-DIGE facilitates robust
investigation of protein S-nitrosation across the proteome.

SHORT TITLE: Identification of S-nitrosated mitochondrial proteins

KEYWORDS: Nitric oxide, S-nitrosation, S-nitrosylation, DIGE, redox signalling.
ABBREVIATIONS: NO, nitric oxide; NOS, nitric oxide synthase; MitoSNO, mitochondria
targeted S-nitrosothiol; SNAP, S-nitroso-N-acetylpenicillamine; I/R, ischemia-reperfusion;

DIGE, difference in gel electrophoresis; ROS, reactive oxygen species; PrSNO, protein S-
nitrosothiol; NEM, N-ethylmaleimide; ROS, reactive oxygen species; LAD, left anterior
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descending coronary artery; BVA, biological variance analysis; MALDI-TOF-TOF, matrix
assisted laser desorption ionization time-of-flight time-of-flight; DTT, dithiothreitol; LV, left
ventricle; GSNO, S-nitrosoglutathoine; MS, mass spectrometry; Fe-S, iron-sulphur.

INTRODUCTION

Reversible S-nitrosation affects a number of mitochondrial proteins and is.thought to
be a major way in which nitric oxide (NO) metabolism modulates mitochondrial physiology
and pathology [1, 2]. Within cells mitochondria are exposed to significant concentrations of
NO from nitric oxide synthases (NOSs) resulting in substantial effects on mitochondrial
respiration [3]. While some mechanisms of NO action have been established, such as its
reversible active site inhibition of cytochomre ¢ oxidase, the breadth of protein targets of NO
within mitochondria are not well understood. In particular, the pathways by which NO
metabolism leads to protein S-nitrosation and the physiological consequences of these
modifications remain obscure [4, 5]. Previous work has identified complex I as an important
site for mitochondrial S-nitrosation and while this modification is known to affect its activity
[2, 6], a number of additional mitochondrial proteins are also S-nitrosated [6, 7]. Despite this,
the identities of these additional targets and their functional responses to S-nitrosation are
poorly understood. Consequently, there is still considerable uncertainty regarding the majority
of mitochondrial proteins affected by S-nitrosation and the functional consequences of these
modifications.

To investigate mitochondrial S-nitrosation, we developed a mitochondria-targeted S-
nitrosothiol (MitoSNO) that rapidly accumulates several-hundred fold within energized
mitochondria, leading to the selective S-nitrosation of mitochondrial protein thiols (Figure 1)
[6]. MitoSNO consists of the well characterized NO donor S-nitroso-N-acetylpenicillamine
(SNAP) conjugated to a lipophilic triphenylphosphonium (TPP) cationic moiety. The
delocalized positive charge and lipophilic surface of TPP allows MitoSNO to rapidly cross
biological membranes and to accumulate several hundred-fold within energized mitochondria
in vivo, driven by membrane potential across the mitochondrial inner membrane. The local
reducing conditions then allows for the selective transnitrosation of protein thiols sensitive to
S-nitrosation within mitochondria. We previously found that MitoSNO only S-nitrosated a
small proportion (~1%) of the mitochondrial protein thiols available, and these thiols were
present on a limited subset of mitochondrial proteins [6]. These data suggest that the
mitochondrial proteins S-nitrosated by MitoSNO are those that are particularly susceptible to
S-nitrosation and are therefore candidates for the potential consequent physiological response.
Therefore identifying these targets should open new insights into the physiological and
pathological roles of mitochondrial S-nitrosation.

Here we set out to identity those mitochondrial proteins, in addition to complex I, that
are susceptible to S-nitrosation. To do this we developed a selective proteomic technique
based on the Difference In Gel Electrophoresis (DIGE) method [8]. This approach, which we
term S-Nitrosothiol Difference In Gel Electrophoresis (SNO-DIGE) allowed us to identify
selectively proteins containing thiols sensitive to S-nitrosation. SNO-DIGE is an extension
of a technique we previously developed, Redox-DIGE, which we used to identify
mitochondrial protein thiols sensitive to reactive oxygen species (ROS) [9, 10]. The SNO-
DIGE method provides significant improvements in sensitivity over previous proteomic
screens for these low-abundance targets of S-nitrosation. By making use of a highly selective
reduction of protein S-nitrosothiols [11] in a proteomic study we overcome the insufficient
and non-specific reduction conditions used in previous screens.  Additionally, by
incorporating controls for biological variability into the experimental design we significantly
improve the statistical power of the method [12, 13]. Therefore using SNO-DIGE, we
identified a number of mitochondrial proteins that are novel targets of reversible S-nitrosation.
By investigating the functional consequences of these modifications, we provide mechanistic
insights into mitochondrial protein S-nitrosation and its potential contribution to
mitochondrial physiology and pathology.
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MATERIALS AND METHODS

Chemical syntheses

MitoSNO and MitoNAP were synthesized as described previously [6]. Solutions
were stored in absolute ethanol at -80°C. MitoSNO stability was assessed prior to use from
its absorbance at 340 nm.

Mitochondrial preparations and incubations

Rat heart mitochondria (RHM) and rat liver mitochondria (RLM) were prepared as
described previously, by homogenization of tissue in STE (250 mM sucrose, 5 mM Tris-HCI,
1 mM EGTA, pH 7.4) supplemented with 0.1% fatty acid-free bovine serum albumin for the
heart, followed by differential centrifugation [14]. Protein concentration was measured by the
biuret assay using bovine serum albumin as a standard [15].

Sample preparation for PrSNO reduction control experiments

RHM (2 mg protein) were incubated with 10 mM succinate and 4 pg/ml rotenone to
generate significant mitochondrial respiration, membrane potential, and negligible superoxide
production, with or without 10 uM MitoSNO for 5 min at 37°C in 250 mM sucrose, 5 mM
HEPES, 1 mM EGTA, 10 uM neocuproine. Following incubation, 50 mM NEM was added
and the protein samples were pelleted. Pellets were resuspended in an assay medium
containing 10 mM HEPES, 1 mM EGTA, 100 uM neocuproine, and 50 mM NEM, pH 7.4
and incubated for 5 min at 37°C prior to the addition of 1% SDS and incubation for a further
5 min. NEM was removed from the samples by passing them through three Micro Bio-Spin 6
chromatography columns (Bio-Rad), while maintaining a 1% SDS concentration. Specific
reduction and labeling of protein S-nitrosothiols was achieved by addition of 1 mM ascorbate
and 10 uM CuSO, in Chelex 100 treated PBS buffer in the presence of 200 uM Cy3
maleimide (GE Healthcare). When UV photolysis was used to degrade PrSNOs either before
the addition of NEM or instead of copper(ll) and ascorbate reduction, samples were exposed
to UV irradiation at 355 nm at room temperature for either 2 or 5 mins. Incubation with the
fluorescent maleimide proceeded for 30 min at 37°C. The protein (20 pg) was then separated
on a 12.5% SDS PAGE gel. After electrophoresis, the gel image was acquired with a
Typhoon 9410 variable mode imager.

Sample preparation for SNO-DIGE and Redox-DIGE

RHM (2 mg protein) were incubated as above, with or without 10 uM MitoSNO for 5
min at 37°C. Following incubation, 50 mM NEM was added and the protein samples were
pelleted. Pellets were resuspended in an NEM containing assay medium as described above
and incubated for 5 min at 37°C prior to the addition of 1% SDS and incubation for a further
5 min. NEM was removed from the samples by passing them through three Micro Bio-Spin 6
chromatography columns (Bio-Rad), maintaining a 1% SDS concentration throughout.
Specific reduction of S-nitrosothiols in the samples was achieved by addition of 1 mM
ascorbate and 10 uM CuSO, in Chelex 100 treated PBS buffer in the presence of 40 uM
CyDye™ DIGE Fluor Cy™3 saturation dye (Cy3) or CyDye ™ DIGE Fluor Cy™35 saturation
dye (Cy5) (GE Healthcare). After 30 min at 37°C, the excess CyDye reactivity was quenched
with 2.5 mM DTT and the samples were snap frozen on dry ice prior to pooling and
resolution by 2D electrophoresis. Protein samples for Redox-DIGE were treated as above,
except that for reduction samples were treated with 2.5 mM DTT for 10 min at room
temperature instead of copper(Il) and ascorbate prior to removal of DTT using two column
chromatography steps followed by reaction with Cy3 or Cy5 [9, 10].

DIGE experimental design

To assess differences in protein fluorescence using DIGE, sample pooling based on
biological variance analysis (BVA) was employed. Each DIGE experiment used three
biological replicates from independently prepared mitochondria. One fluorescent component
of each gel (in this case Cy3) comprised a pooled standard of equal amounts of protein from
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each biological replicate, and the Cy5 component of each gel was an individual treatment
(either control or MitoSNO treated) [13]. Each DIGE analysis therefore consisted of 6 gels
from three biological replicates, where three compared the control condition to the pooled
standard and three compared the MitoSNO treated condition to the pooled standard.

Electrophoresis, gel imaging and analysis

Resolution of mitochondrial proteins by 2D gel electrophoresis was as. described
previously [9]. Gels were transferred to a Typhoon™ 9410 imager (GE Healthcare). Cy3
fluorescent images were obtained using a 532 nm laser and a 580 nm emission filter (band
pass 30 nm). Cy5 fluorescent images were obtained using a 633 nm laser and a 670 nm
emission filter (band pass 30 nm). All gels were scanned at 100 pm pixel size, and the
photomultiplier tube was set to ensure a maximum pixel intensity within the range of 40,000
and 80,000. Analysis of the 2D fluorescent images was performed using the DeCyder™
biological variance analysis (BVA) module version 6.5 (GE Healthcare), a two-dimensional
gel analysis software package designed specifically for DIGE. The software was used
following the manufacturers recommendations. Briefly, the estimated number of spots was
set to 2500 per gel, and each protein spot across 6 gel images was matched automatically,
then checked and matched manually. Successfully matched spots were compared across
groups according to standardized abundance (SA) where a sample spot fluorescence volume
(Cy5) is divided by the standard spot volume (Cy3), normalized with ratiometric
normalization and transformed with a log;, function. Comparing SA, differences across the
two groups were considered significant at > 2, p < 0.05,

Spot excision and mass spectrometry

For mass spectrometry of proteins from the DIGE analysis, 400 pg of fluorescent
tagged protein was separated by 2D gel electrophoresis and the fluorescent image was
matched to the gels used for image analysis. Then the gel was stained with Coomassie blue
for spot excision. Coomassie stained images were scanned and spot matched to overlaid
fluorescent images to ensure accurate excision of proteins of interest. Protein spots were
digested by “in gel” cleavage [16] at 37°C with 12.5 ng/ml sequencing grade trypsin (Roche
Applied Science) in 20 mM Tris-HCI, pH 8.0, and 5 mM CaCl,. Peptides were extracted
from the gel with 4% ARISTAR-grade formic acid, 60% acetonitrile solution. All digests
were analyzed in a model 4800 MALDI-TOF-TOF mass spectrometer (Applied Biosystems)
using o-cyano-hydroxy-frans-cinnamic acid as the matrix. The instrument was calibrated
with bovine trypsin autolysis products (m/z values 2163.057 and 2273.160) and a calcium-
related matrix ion (m/z value, 1060.048). Peptide masses and peptide fragmentation data
were searched against the National Center for Biotechnology Information (NCBI) database
Rattus entries with a peptide tolerance of £25 ppm, tandem mass spectrometry tolerance of +
0.8 Da, and permitted missed cleavages of 1[17].

Mitochondrial incubations for enzyme assays

RHM or RLM (2 mg protein) were incubated with 10 mM succinate, 4 pg/ml
rotenone, with either 10 uM MitoSNO, 10 uM MitoNAP, or no additions in a 120 mM KCI
solution containing 1 mM EDTA, 1 mM DTPA, and 10 uM neocuproine, pH 7.4 at 37°C. At
the indicated time points aliquots were removed and snap frozen on dry ice. To reverse S-
nitrosation, samples were incubated for 15 min at room temperature in assay buffer
containing 0.1% Triton X-100 supplemented with 10 uM CuSO4 and 1 mM ascorbate. To
reverse thiol oxidation, samples were incubated for 10 min at room temperature in assay
buffer containing 0.1% Triton X-100 supplemented with 1 mM DTT.

Mitochondrial enzyme activity assays

Mitochondrial aconitase activity was measured spectrophotometrically by a coupled
enzyme assay [18]. 25 pg of protein was added to 50 mM Tris-HCI, pH 7.4, 0.6 mM MnCl,,
5 mM sodium citrate, and 0.1% Triton X-100. After equilibration at 30°C, 0.2 mM NADP"
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and 0.4 U/ml isocitrate dehydrogenase were added and the initial linear change in As4 was
measured. The activity of o-ketoglutarate dehydrogenase activity was measured
spectrophotometrically [19]. 75 pg of protein was added to 50 mM potassium phosphate
buffer, pH 7.4, 0.2 mM EGTA, 0.2 mM thiamine pyrophosphate, 2 mM NAD", 1 mM MgCl,,
0.4 mM ADP, 10 uM rotenone, and 0.1% Triton X-100. After equilibration at 30°C 0.12 mM
HS-Coenzyme A and 1 mM ketoglutaric acid were added and the initial linear change in Az4o
was recorded. Mitochondrial aldehyde dehydrogenase activity was < measured
spectrophotometrically [20]. For this 500 pg of protein was added to 60 mM sodium
phosphate buffer, pH 7.4, 1 mM EDTA, 1 mM NAD", and 1% Triton X-100 at 25°C. Then, 1
mM propionaldehyde was added and the initial linear change in As4 was recorded.

Mouse heart ischemia-reperfusion experiments

Male C57BL/6 mice (~25 g) were purchased from the Jackson Laboratory and
handled in accordance with a protocol approved by the procedures of the University of
Rochester Committee on Animal Research. All protocols were in accordance with the NIH
Guide for the care and use of laboratory animals. All surgical procedures were sterile and
performed as described previously [21]. Briefly, analgesics (acetaminophen 0.75 mg/ml in
drinking water) were administered 24 hr before, and during the perioperative period.
Following anesthesia (Avertin, 2,2,2-tribromoethanol, 0.5 mg/kg intraperitoneally) mice were
intubated and connected to a rodent ventilator. A thoracotomy was performed and the left
anterior descending coronary artery (LAD) was then ligated and occluded for 30 min.
MitoSNO or MitoNAP (100ng/kg) were dissolved in 0.9% NaCl saline (final volume 50ul)
and then administered 5 min prior to reperfusion into left ventricle (LV) using 30G%2 needle.
Reperfusion was initiated by removing the suture. The chest and skin were sutured closed, the
endotracheal tube removed and the animal returned to its cage to recover. After 24 hrs the
animal was re-anesthetized, the LAD re-ligated, and Evans’ blue dye (1.0% w/v, 1.5 ml)
perfused via the LV. The heart was removed and cut transversely into 5 sections, which were
incubated in 1.0% 2,3,5-triphenyltetrazolium chloride at 37°C for 10 min. The area at risk
(AR) and infarct zone were indicated by the areas unstained with Evans’ blue and TTC,
respectively [21]. Slices were scanned and infarct/AR ratios determined with NIH Imagel
software.

RESULTS

The SNO-DIGE method

Previously published work suggested that a small number of heart mitochondrial
proteins were S-nitrosated by MitoSNO [6]. To identify these proteins we developed a novel
and sensitive proteomic technique, SNO-DIGE. The development of resolvable fluorescent
DIGE dyes allows for comparison of multiple samples on a single 2D gel, greatly enhancing
reproducibility and confidence in differences observed across the proteome [8]. Previously,
we extended the basic DIGE method by developing Redox-DIGE to identify mitochondrial
thiol proteins that are particularly sensitive to reversible oxidation during a redox challenge
[9, 10]. To do so we made use of cysteine-reactive DIGE dyes [22] to label oxidized protein
thiols selectively. Here, we have further extended the DIGE methodology to identify S-
nitrosated proteins selectively (Figure 2). The procedure first relies on blocking exposed
thiols with the alkylating agent N-ethyl maleimide (NEM). Ceritically, the S-nitrosated thiols
are then selectively reduced by copper(l), generated by treatment with ascorbate and
copper(1l) sulfate [11] in the presence of fluorescent Cy5 maleimide for the S-nitrosated and
control samples, or in the presence of fluorescent Cy3 maleimide for the standard samples.
Thus the S-nitrosated proteins should contain a CyS5 fluorescent tag, while the controls should
not. This enables the spots containing the S-nitrosated thiols to be selected and identified by
peptide mass fingerprinting and tandem mass spectrometry.
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Previous work by our group and others has demonstrated that copper (II) and
ascorbate reduction of thiol proteins is highly efficient and specific for PrSNOs, leaving other
reversible thiol modifications intact [6, 11]. To further support these findings in the system
employed in this study we used UV photolysis, another means of degrading PrSNOs, to
establish the specificity of copper (II) and ascorbate reduction conditions (supplementary
Figure 1). Treatment of RHM with MitoSNO followed by NEM blocking of free thiols and
reduction of PrSNOs with copper(Il) and ascorbate in the presence of a fluorescent maleimide
dye resulted in fluorescent tagging of a number of mitochondrial thiol proteins (lane 2).
Subjecting samples to UV photolysis for 5 minutes following MitoSNO treatment and prior to
NEM blocking resulted in a complete loss of the fluorescent signal under the same reduction
conditions (lane 4), suggesting that in the presence of copper(Il) and ascorbate fluorescent
labeling is exclusively of PrSNOs. In addition, degrading PrSNOs by UV photolysis instead
of copper(Il) and ascorbate resulted in labeling of virtually the same cohort of proteins (lanes
5 and 6 compared with lane 2). These findings support previous work establishing the
efficiency and specificity of copper(Il) and ascorbate reduction of PrSNOs and justify the use
of these reduction conditions for use with SNO-DIGE.

In carrying out SNO-DIGE, we made the first use in a study of this type of an
experimental design based on biological variance analysis (BVA), which greatly assists in the
identification of the small proportion of proteins genuinely S-nitrosated by decreasing the
impact of biological variability across replicate experiments [12]. BVA makes use of a
pooled standard containing equal amounts of protein from three biological replicates, against
which each individual control or S-nitrosated condition is compared. The advantage of this
approach is that it accounts for the effects of both biological and technical variation, since the
same pooled standard is present in each gel and therefore can be used for inter-gel
normalization [10, 13, 23]. Additionally, because the control and S-nitrosated conditions
under comparison both rely on proteins being tagged with the same dye (Cy5 maleimide) dye-
specific effects that can manifest as false positives are eliminated [24].

The SNO-DIGE methodology is described in detail in Figure 2. Samples from the
same source are either untreated (control and standard, Figure 2, A and B) or treated with
MitoSNO (S-nitrosated, Figure 2C). NEM and SDS are then added to the samples to block all
exposed protein thiols. Following the removal of NEM, ascorbate and copper(I]) are added to
selectively reduce PrSNOs [11]. This PrSNO-specific reduction proceeds in the presence of
Cy5 maleimide (false colored red fluorescence) for both control and treated samples or in the
presence of Cy3 maleimide (false colored green fluorescence) for the standard sample. For
each DIGE experiment, samples are prepared from three independent biological samples,
following which all Cy3-labelled standard samples are pooled. The normalized combined
standard is then mixed individually with each of the three Cy5 MitoSNO-treated samples and
each of the three Cy5 control samples. Six Cy3/Cy5 mixtures are then resolved individually
by 2D electrophoresis and scanned for Cy3 and Cy5 fluorescence (Figure 2, D and E).
DeCyder 6.5 Biological Variance Analysis software (GE Healthcare) was used to match each
protein spot and assess the fluorescence differences across the six gels. This enabled the
differences between the CyS5 fluorescence of control and S-nitrosated samples to be compared,
while the pooled standard allowed for robust statistical analysis across gels.

As expected for SNO-DIGE analysis, most proteins were unlabelled by the
fluorescent maleimide dyes in both control and treated conditions, consistent with the
majority of protein thiols being in a reduced state (Figure 2D and E). A small number of
proteins appeared as intense yellow spots in both control and S-nitrosated samples, indicating
that these proteins were equally labeled under both conditions. This was expected and is due
to occluded protein thiols, such as those involved in iron sulphur (Fe-S) centers, that were
unreactive with NEM but subsequently became exposed during sample preparation [9]. We
corroborated this by identifying the four most prominent equally tagged proteins by mass
spectrometry (supplementary Table 1). Those protein spots that were red in the MitoSNO-
treated gels (Figs. 2E, 3A) but not in the control gels (Figs. 2D, 3A) were indicative of S-
nitrosated proteins. Thus we were able to resolve and distinguish a number of S-nitrosated
protein thiols sensitively using the SNO-DIGE method.
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Assessment of oxidized protein thiols by Redox-DIGE

A proportion of the S-nitrosation of mitochondrial proteins by MitoSNO may be
transient, relaxing to disulfide bond, glutathionylation, or sulfenic acid modifications [2, 25-
27]. To distinguish those proteins that are persistently S-nitrosated from those that go on to
form other thiol modifications, or which are directly oxidized in the S-nitrosating conditions,
we conducted a Redox-DIGE analysis in parallel on these samples. Redox-DIGE identifies
proteins that undergo all reversible thiol modifications, including S-nitrosation [9]; therefore
all spots that are positive for modification by Redox-DIGE should include those identified by
SNO-DIGE and perhaps additional candidates. The parallel analysis of samples by Redox-
DIGE revealed a number of thiol modifications induced by MitoSNO (Figure 3B).

Comparison of S-nitrosated mitochondrial protein thiols by SNO-DIGE and oxidized
protein thiols by Redox-DIGE

Both SNO-DIGE and Redox-DIGE analyses showed that a number of proteins were
S-nitrosated and/or had thiols oxidized on exposure to MitoSNO when compared to control
incubations (Figure 3, A and B). To determine whether an observed difference in
fluorescence between the control and treated groups was due to a statistically significant
alteration to the protein thiols of interest, we employed a threshold requiring a fluorescence
ratio difference > 2 (p < 0.05). According to these criteria, 18 spots corresponding to distinct
proteins were found to show significant differences according to SNO-DIGE analysis, while
23 such spots were found according to redox-DIGE analysis. As expected there was
considerable overlap between the identities of the proteins corresponding to these spots.
Importantly, all but three proteins showing changes with SNO-DIGE also did so with Redox-
DIGE. No false positives were observed (in which fluorescent ratios were significantly higher
in control gels versus S-nitrosated samples) suggesting that the selection criteria used were
sufficiently stringent.

Identification of S-nitrosated and oxidatively modified mitochondrial thiol proteins

The DIGE analyses enabled us to locate mitochondrial protein spots on a 2D gel that
underwent a statistically significant change in Cy5 fluorescence intensity following treatment
with MitoSNO and PrSNO specific reduction of thiols (SNO-DIGE), or reduction of all
reversible thiol modifications (Redox-DIGE). To identify these proteins we excised gel spots
from Coomassie stained gels (Figure 3C) matched to the Cy fluorescent images, and
identified the proteins by MALDI-TOF-TOF mass spectrometry. A Coomassie stained gel
indicating the locations of the picked protein spots is shown in supplemental Figure 2, and all
proteins that could be unambiguously identified by these means are listed in Table 1. Of the
spots corresponding to single proteins classified as significant from the analyses, 13 of 18
from the SNO-DIGE analysis and 16 of 23 from the Redox-DIGE analysis were identified.
Table 1A lists the 13 proteins identified as being S-nitrosated from the SNO-DIGE analysis,
while Table 1B lists the 4 additional proteins found to be oxidatively modified by the Redox-
DIGE analysis_on MitoSNO-treatment, but which were not detected by SNO-DIGE. One
observed discrepancy between the analyses is due to the 78 kDa glucose regulated protein,
which was detected by the SNO-DIGE analysis, but was poorly focused on the 2D gels during
the Redox-DIGE analysis. Consequently a reliable fluorescence ratio was not obtained (Table
1). Additionally, a small number of candidates from the SNO-DIGE analysis fell just below
the threshold of significance (fluorescence ratio > 2, p < 0.05) in the Redox-DIGE analysis
(Table 1).  The mean fluorescence ratio between MitoSNO treated and control spots are
included from both analyses, the number of cysteine residues contained in each identified
protein, and a summary of the mass spectrometry data used to identify the protein are also
provided in Table 1. Additionally, we indicated whether the candidate proteins have
previously been reliably reported as targets for S-nitrosation. The mass spectrometry data
used to identify the proteins are more fully described in supplementary Table 2. As shown in
Table 1 A, the fluorescence ratios obtained for the S-nitrosated proteins by the SNO-DIGE
and Redox-DIGE analyses for most proteins are very similar. This suggests that for these
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proteins the change in thiol redox state indicated by Redox-DIGE was due largely to S-
nitrosation and that other thiol redox modifications did not occur to a significant extent. One
exception is the very long chain acyl-CoA dehydrogenase which had a nearly 2-fold higher
fluorescence ratio by Redox-DIGE analysis over SNO-DIGE, suggesting that a significant
proportion of this enzyme was both S-nitrosated and oxidatively modified. Interestingly,
while nearly all of the S-nitrosated proteins identified are involved in mitochondrial
metabolism, Redox-DIGE analysis identified mitofilin, a mitochondrial membrane protein
that is thought to be involved in modulating cristae morphology [28], as a target for thiol
oxidation due to MitoSNO action.

It is noteworthy that nearly all of the mitochondrial proteins identified by SNO-DIGE
and by Redox-DIGE are found in the mitochondrial matrix compartment, with two
exceptions. The 78 kDa glucose regulated protein is generally regarded as an endoplasmic
reticulum protein, however it has been reported to be present in mitochondrial matrix [29].
Also, myosin heavy chain VI has not been reported as being associated with mitochondria,
and is involved with intracellular vesicle trafficking [30].

S-nitrosation of metabolic enzymes by MitoSNO results in reversible inhibition

SNO-DIGE analysis identified a small number of heart mitochondrial proteins that
were persistently S-nitrosated by MitoSNO. Surprisingly the majority of novel targets
identified are enzymes central to mitochondrial metabolism, so these proteins are all
candidates for the biological consequences of mitochondrial S-nitrosation through regulation
of mitochondrial function. However, for this to be the case S-nitrosation must affect enzyme
activity. To determine if this occurred, we selected three candidate enzymes from the proteins
identified as targets of S-nitrosation: mitochondrial aconitase, a-ketoglutarate dehydrogenase
(a-KGDH), and the mitochondrial aldehyde dehydrogenase (ALDH?2). Both aconitase and o-
KGDH are citric acid cycle enzymes and central to mitochondrial energetics, while ALDH?2 is
a key enzyme in the NAD -dependant detoxification of aldehydes [31].

The activities of all three enzymes were significantly and progressively inhibited by
MitoSNO (Figure 4), while the control compound MitoNAP, which lacks an S-nitrosating
moiety but is identical to MitoSNO in every other respect, had no effect (supplementary
Figure 3). Subsequent removal of NO from the PrSNO by incubation of S-nitrosated
mitochondrial extracts with DTT restored activity for all three enzymes (supplementary
Figure 3). However, while DTT will reverse S-nitrosation it is not selective and will reverse
many other thiol modifications. Therefore we treated S-nitrosated mitochondrial samples with
copper(Il) and ascorbate to selectively degrade the S-nitrosothiol and found that this treatment
completely restored the activity of all three enzymes (Figure 4). Control experiments showed
that inhibition of the enzymes by the thiol oxidant diamide was not reversed by copper(Il) and
ascorbate treatment (data not shown), corroborating our previous results showing that this
reduction is highly selective for PrSNOs [6]. These findings not only demonstrate the
mechanistic consequences of S-nitrosation for these candidate proteins, but establish the full
reversibility of the modification using the same selective reduction by copper(Il) and
ascorbate employed for the SNO-DIGE method.

MitoSNO protects against cardiac ischemia-reperfusion injury in vivo

Since mitochondrial S-nitrosation correlates with protection in ischemia-reperfusion
(I/R) injury, we examined whether MitoSNO would be protective. To do so, we made use of
the well established murine model of in vivo I/R injury by subjecting mice to occlusion of the
lett anterior descending coronary artery (LAD) for 30 min followed by reperfusion and
recovery over 24 h [21]. Following the recovery period, analysis of the heart showed
significant damage, as indicated by the area of infarcted tissue (Figure 5A, white tissue), and
by comparison of the infarcted zone to the area of tissue at risk (AR) (Figure 5, B and C). In
contrast, injection of MitoSNO into the left ventricle 5 min prior to reperfusion significantly
decreased heart damage (Figure 5, A and B). Control injections with MitoNAP, the MitoSNO
precursor that lacks the S-nitrosothiol, were not protective (Figure 5).

8

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 10 Jun 2010 as manuscript BJ20100633

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20100633

DISCUSSION

Protein S-nitrosation has emerged as a significant component of NO action within
mitochondria [1, 2, 4], although the breadth and consequences of mitochondrial protein S-
nitrosation are not yet fully understood. To help address this, we set out to identify
mitochondrial thiol proteins that were susceptible to S-nitrosation. To do so we used
MitoSNO, a mitochondria-targeted S-nitrosothiol [6], because the cohort of mitochondrial
proteins that are S-nitrosated by MitoSNO is likely to be similar to those proteins that are S-
nitrosated under physiological conditions [6].

To identify these S-nitrosated mitochondrial thiol proteins we developed a sensitive
and selective proteomic technique, SNO-DIGE (Figure 2). By making use of the highly
specific reduction of protein S-nitrosothiols by copper(Il) and ascorbate, DIGE to resolve the
mitochondrial proteome, and an experimental design incorporating sample pooling based on
BVA, we were able to obtain highly reproducible results and avoid variability associated with
comparing gel pairs and replicates. A central advantage of the DIGE approach is its reliance
on sensitive fluorescence detection, which allows for the identification of low abundance
proteins [9, 32]. The SNO-DIGE method further extends this sensitivity to facilitate the
robust detection of the low-abundance targets for S-nitrosation. — Previously, studies using
DIGE methods to identify PrSNOs have relied on the comparison of protein from different
biological sources within one gel [7, 33], so that control protein was derived from a different
specimen from treated protein. This design does not account for the effect of biological
variability due to differences in individual protein abundance between replicates as opposed
to differences due to S-nitrosation, thereby significantly increasing signal noise, and the
chances of false negative and false positive results [13, 34]. In this study we compared
changes in S-nitrosation from the same biological source, effectively controlling for
biological variability. In addition, we made use of a pooled standard in each gel comprising
equal amounts of protein from all biological replicates. This approach significantly reduces
both biological and technical variability, increasing the statistical power of the analysis [13,
34]. It also controls for dye specific effects and overcomes the difficulty of matching gel
pairs to obtain reliable and semi-quantitative results [8, 35, 36]. Finally, the SNO-DIGE
method is the first to make use of the copper(I)-dependent PrSNO reduction in a proteomic
screen [11], which has been shown by our group and others to be a highly specific means of
reducing PrSNOs and leaving other reversible thiol modifications unaffected (supplementary
Figure 2) [6, 11]. Previous studies have either relied on ascorbate reduction in the presence of
copper chelators [7] or on higher concentrations (5 — 10 mM) of ascorbate [33, 37], which
have been shown to be insufficient and non-specific methods for PrSNO reduction,
respectively [11, 38-41]. In summary, the SNO-DIGE method provides a significant
improvement in specificity, sensitivity and reproducibility for proteomic screens of PrSNOs,
which is essential for the robust identification of such a scarce modification, and can be
applied to the identification of S-nitrosated proteins in many other systems.

A potential limitation of the SNO-DIGE approach is the requirement for 2D
electrophoresis, which under-represents hydrophobic membrane proteins [9]. It is also
possible that the S-nitrosation of proteins containing a number of occluded thiols, such as
iron-sulphur proteins, may be difficult to detect by this procedure. This arises from the fact
that initially unreactive thiols may become exposed and then show strong labeling by both the
Cy3 and CyS5 dye, resulting in spots with equally intense fluorescence in both channels
(appearing yellow) on the gels that may mask changes occurring on other thiols on the same,
or on co-localized protein. These are likely to be the reasons why complex I, which is known
to be S-nitrosated by MitoSNO [6], was not detected by this screen as its subunits are
hydrophobic or contain many iron sulphur centers. However, the principles underlying the
SNO-DIGE methodology are easily adaptable to other gel systems and should enable these
restrictions to be overcome ([6] and unpublished data). Finally, while SNO-DIGE allows for
robust protein identification, reliable assessment of the modified cysteine residue(s) is not
possible. Knowledge of the cysteine residue modified in candidate proteins and the extent of
their S-nitrosation are vital for understanding the physiological and pathological
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consequences of mitochondrial S-nitrosation. To do this further studies are underway using
orthogonal approaches to determine the residues affected in the candidate proteins identified
by SNO-DIGE and to quantify their extent of S-nitrosation.

Application of the SNO-DIGE method to heart mitochondria allowed us to identify a
number of novel proteins that contained thiols sensitive to persistent S-nitrosation, as well as
to corroborate targets that have been identified previously (Table 1). A parallel Redox-DIGE
analysis determined that the majority of thiol modifications due to MitoSNO action were
indeed persistent S-nitrosation. Only three proteins modified in the SNO-DIGE analysis were
not also found in the Redox-DIGE analysis. Those not found were either just below the
threshold of significance, or were poorly focused in the Redox-DIGE gels resulting in the
inability to match spots across gels and obtain statistical significance. These findings also
indicated that there was a small pool of thiol proteins that underwent thiol oxidation but were
not S-nitrosated under these conditions. This is likely to occur due to transient S-nitrosation
of mitochondrial proteins followed by subsequent relaxation of the S-nitrosothiol to other
thiol redox modifications [2]. Alternatively, these proteins may become oxidized as a
consequence of the effect of S-nitrosation of other mitochondrial proteins. These
complementary findings from the two DIGE analyses exemplify the reproducibility of the two
techniques, while the number of newly identified candidate proteins for S-nitrosation
demonstrates the significantly improved specificity and sensitivity of the SNO-DIGE
methodology.

The cohort of proteins modified by MitoSNO contrasts with those affected by
incubation of mitochondria with the non-targeted S-nitrosating agent SNAP [9], which were
predominantly outer membrane proteins or contaminating cytosolic proteins. This
discrepancy is likely due to the extensive and selective uptake of MitoSNO into mitochondria
driven by membrane potential and leading to the selective S-nitrosation of matrix proteins [6].
Interestingly, the majority of proteins identified were metabolic enzymes responsible for both
carbohydrate and fatty acid oxidation. Five enzymes involved in the oxidation of fatty acids
were identified as targets for S-nitrosation.  These include the very long chain acyl-CoA
dehydrogenase, short chain acyl-CoA dehydrogenase, and enoyl-CoA hydratase, that catalyze
the initial oxidation step and subsequent hydration of unsaturated carbons in the -oxidation
pathway of very long chain and short chain fatty acids [42]. Also identified were carnitine
palmitoyl transferase 2 and the electron transferring flavoprotein dehydrogenase, which are
responsible for the initiation of B-oxidation and final supply of electrons from fatty acid
catabolism to the mitochondrial Q-pool [43], respectively. Interestingly, three citric acid cycle
enzymes were also identified by SNO-DIGE. Aconitase, which catalyzes the initial
isomerisation of citrate, a-KGDH, which catalyzes the NADH coupled oxidation of a-
ketoglutarate, and succinate dehydrogenase, which oxidizes succinate to reduce the Q-pool.
These findings indicate that the S-nitrosation of mitochondrial protein thiols targets a number
of enzymes central to mitochondrial metabolism, specifically those supplying electrons to the
respiratory chain from the breakdown of both carbohydrates and fatty acids.

In addition to those proteins involved in metabolism, mitofilin was identified as
containing redox-sensitive thiols. While the function of mitofilin has not been fully
elucidated, it 'has been suggested that it modulates mitochondrial cristac organization [28],
and participates in protein import into the matrix [44]. While several studies highlight the
detrimental effects of mitofilin depletion, this is the first indication that it may be responsive
to redox regulation and may suggest role for mitofilin in the response of mitochondrial
morphology to oxidative stress and redox signalling.

To determine the functional consequences of S-nitrosation, its impact was assessed on
the activity of three of the enzymes indentified in the SNO-DIGE screen: mitochondrial
aconitase, o-KGDH, and ALDH2. S-nitrosation correlated with inhibition of all three
enzymes, and these decreases in activity were reversed by reducing S-nitrosothiols with DTT
(supplementary Figure 3), and by treatment with copper(Il) and ascorbate (Figure 4), which is
selective for the reduction of S-nitrosothiols. These results were significant as they provided
an orthogonal validation for the proteomic screen and showed that the proteins identified by
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SNO-DIGE were indeed susceptible to S-nitrosation. In addition, these findings indicated that
the S-nitrosation by MitoSNO had functional consequences for these enzymes, that this
decrease in activity was due to S-nitrosation, and that inhibition was readily reversible by
specific reduction of the S-nitrosothiol. This is consistent with the reversible S-nitrosation of
mitochondrial proteins being involved in the regulation of mitochondrial function. The
reversal of inhibition by copper(Il) and ascorbate also indicates that the treatment used for
PrSNO reduction in SNO-DIGE is mild and has minimal damaging side effects on proteins.

Exploring the functional effects of S-nitrosation of central mitochondrial enzymes
provided insights regarding their interaction with NO. Mitochondrial aconitase is known to
be inactivated by superoxide and peroxynitrite, while inhibition due to NO is thought to occur
only at high, non-physiological concentrations [18]. In contrast, here we have demonstrated
that aconitase can be readily S-nitrosated by low concentrations of MitoSNO resulting in
moderate inhibition of enzyme activity, which is reversible upon reduction of the S-
nitrosothiol (Figure 4A). This is likely to be due to the reversible S-nitrosation of a cysteine
residue on aconitase, however we cannot exclude the possibility of potential contribution
from a putative reversible [4Fe-4S]-NO adduct of the active site iron- centre of aconitase [45].
Interestingly, the NO-donor S-nitrosoglutathione (GSNO) has been shown to irreversibly
inactivate aconitase, suggesting either discrepant mechanisms of inactivation exist or perhaps
that irreversible inactivation occurs following only prolonged exposure to very high
concentrations of NO donors [45]. a-KGDH has been suggested as a target of S-nitrosation
previously, but not unequivocally identified as such [7]. Its activity has been shown to
increase following addition of very high concentrations of GSNO, but this change was not
tested for reversibility [7]. Our SNO-DIGE analysis corroborated that a-KGDH can be S-
nitrosated, but under our S-nitrosating conditions there was a moderate decrease in activity
that was reversed by reduction of the S-nitrosothiol (Figure 4B). The S-nitrosation of ALDH2
by high (0.5 and 1.0 mM) concentrations of GSNO and SNAP inhibits its activity in rat
hepatoma cells [20]. We demonstrated a similar moderate inhibition by MitoSNO-induced S-
nitrosation that was completely reversible (Figure 4C).

The findings that S-nitrosation inhibits a number of mitochondrial metabolic enzymes
extends previous work showing that S-nitrosation of complex I decreases its activity [2, 6].
The inhibition of complex I has been suggested to be protective during I/R injury by
preventing mitochondrial ROS production and calcium overloading [2, 6, 46, 47]. It may be
that the mild, reversible inhibition by S-nitrosation of citric acid cycle and B-oxidation
enzymes also contributes to this process by preventing the build up of NADH and a reduced
Q-pool during I/R which may produce a burst of damaging free radicals during reperfusion
[48]. Additionally, it has been suggested that the S-nitrosation of thiol proteins may also act to
prevent their irreversible inactivation by oxidative damage [49]. Consistent with these
findings, in a preliminary experiment we found that administration of just 100 ng/kg of
MitoSNO was protective in an in vivo model of cardiac I/R injury. Thus MitoSNO is
significantly more potent that other cardioprotective NO donors when administered just prior
to the reperfusion phase of I/R injury (Figure 5) [7, 21, 50]. This is consistent with rapid
uptake of MitoSNO into mitochondria and S-nitrosation of mitochondrial proteins [6]. Thus,
MitoSNO may protect during I/R injury partly by inhibiting central metabolic enzymes,
decreasing mitochondrial oxidative damage through limiting substrate supply, and by
protecting protein thiols from irreversible oxidation. However, future work will be required
to establish the role of mitochondrial protein S-nitrosation in vivo and its potential
contribution to the protective effect observed in I/R injury.

In summary, we have developed a proteomic method, SNO-DIGE, for the highly
selective identification of low-abundance S-nitrosated protein thiols. We have used this
method to identify a number of novel mitochondrial targets of S-nitrosation. The majority of
these targets were enzymes responsible for carbohydrate and fatty acid catabolism, and we
demonstrated that for three of these targets S-nitrosation reversibly inhibited enzymatic
activity. These findings are consistent with the S-nitrosation of mitochondrial proteins

11

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 10 Jun 2010 as manuscript BJ20100633

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20100633

regulating mitochondrial energetics and function, providing insight into the physiological and
pathological roles of NO.
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Figure 1, S-nitrosation of mitochondrial proteins by MitoSNO. According to the Nernst
equation lipophilic triphenylphosphonium cations accumulate approximately 10-fold for
every 60 mV of membrane potential (AY). With approximate values of AY in the heart being
70 mV across the plasma membrane and 140 mV across the mitochondrial inner membrane,
these potential differences lead to an approximate 3000-fold accumulation of:MitoSNO
within mitochondria. MitoSNO will S-nitrosate mitochondrial thiol proteins by transferring a
nitrosonium group (NO") to protein thiolates.

Figure 2, The SNO-DIGE experimental design. Protein from the same biological source is
divided into three pools for a single replicate experiment: control (A), standard (B), and S-
nitrosated (C). In control and standard samples, free protein thiols are blocked with NEM in
the presence of SDS, treated with ascorbate and CuSO,4 and labeled with Cy5 and Cy3
maleimide (red and green, respectively). In S-nitrosated samples treated with MitoSNO (C),
some protein thiols may become S-nitrosated and unreactive with NEM. S-nitrosated thiols
can then be selectively reduced with ascorbate and CuSO, and tagged with Cy5 maleimide
(red) while all other oxidative modifications remain untagged. The Cy3 labeled standard
sample from a single replicate is pooled with the standard sample from two independent
preparations and combined individually with the control and treated Cy5 samples of every
replicate sample (three control, three treated; six in total). Combined samples are resolved by
two-dimensional electrophoresis on the same gel and scanned for red and green fluorescence.
Protein spots that appear red on the superimposed image of the treated gels (E) but not the
control gels (D) have undergone MitoSNO mediated S-nitrosation. Spots that appear yellow
in both gels when the Cy3 and Cy5 false color images are overlaid are persistently occluded
thiols that exist in equal proportion in all conditions. PrS-S, intramolecular protein disulfides;
PrS-SG protein mixed disulfides with glutathione; PrS-OH, protein sulfenic acids; PrSNO,
protein S-nitrosothiols.

Figure 3, Effects of MitoSNO on mitochondrial protein thiols determined by SNO-DIGE
and redox-DIGE. Mitochondria were untreated or incubated with MitoSNO, and labeled
with Cy5 maleimide (red) following either S-nitrosothiol specific reduction (A — SNO-DIGE)
or non-specific reduction (B — redox-DIGE). Cy5-labeled samples were combined separately
with a Cy3-labeled sample (green) pooled from all replicate experiments and resolved on the
same two-dimensional gel. The superimposed fluorescent scans of representative gels from
each triplicate experimental condition are shown. Gels used for identification of proteins of
interest by mass spectrometry were subsequently stained with Coomassie (C).

Figure 4, Reversible inhibition of enzyme activity due to S-nitrosation by MitoSNO.
Metabolic enzymes found to be S-nitrosated from the SNO-DIGE analysis were measured for
changes in activity due to MitoSNO action. (A) Mitochondrial aconitase activity was found
to decrease, beginning 5 minutes following MitoSNO treatment and showing significant
inhibition beyond 10 minutes when compared to the vehicle control. Addition of copper(II)
and ascorbate to selectively reduce PrSNOs following treatment with MitoSNO completely
reversed the inhibitory effect. (B) a-KGDH activity was also inhibited by MitoSNO action,
causing significant inhibition 20 minutes following MitoSNO addition. The inhibitory effect
of MitoSNO was reversed by copper(Il) and ascorbate. (C) MitoSNO significantly inhibited
mitochondrial ALDH2 5 minutes following its addition and onwards, and the inhibitory effect
was completely reversed copper(Il) and ascorbate. Error bars: mean + standard error; *, p <
0.05; ** p <0.01 by Student’s t-test.

Figure 5, MitoSNO is protective against cardiac ischemia-reperfusion injury in vivo.
Cardiac I/R injury was established in a mouse in vivo model by LAD artery occlusion for 30
min, followed by reperfusion and 24 h recovery, at which point the area of infarcted heart
tissue was determined. MitoSNO or MitoNAP (100 ng/kg), or vehicle carrier, was injected
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directly into the left ventricle after 25 min ischemia, 5 min prior to reperfusion. (A) Two
representative formalin-fixed heart cross sectional images at the center of ventricles for each
condition. Dark blue = non-risk zone, pale white = necrotic, infarcted tissue, deep red = live
tissue. (B) Quantitation of the infarct size as a percentage of the area at risk (AR). Data from
individual experiments are shown on the left while the mean =+ standard error is shown on the
right. Vehicle carrier (white filled circles), MitoSNO (black filled circles) and MitoNAP
(gray filled circles). (C) Quantitation of the proportion of entire heart tissue identified as area
at risk in the same groups. N = 7-8 per group; *, p < 0.05 by between groups ANOVA.

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20100633
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Figure 5
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TABLE 1. Mitochondrial proteins containing thiols sensitive to modification by MitoSNO as identified by SNO-DIGE or Redox-DIGE. Thiol proteins sensitive to S-nitrosation (A) and oxidative modification (B) due
to MitoSNO treatment are listed. The predicted molecular weight (MW) and isoelectric points (pI) of mature proteins are shown and are found in all cases to match closely to those observed on the gels. MASCOT PMF scores
> 59 (Rattus entries) for the peptide ion masses searched are significant ( p < 0.05). For the MS/MS fragment ion masses, the number of significant (p < 0.05) MASCOT peptides are listed. Mean fluorescence ratios between
the MitoSNO-treated and control values are listed for proteins showing a significant difference in either SNO-DIGE or redox-DIGE analyses (difference > 2), as well as the associated P-values (one-way ANOVA; ** p <0.01;
*.p <0.05). The number of cysteine residues contained in each mature protein of interest is provided, as well as a summary of the novelty of candidate identification.

| Candidate | MS data | DIGE Analysis Summary | Literature Summary |
NCBInr MW % Sequence MASCOT Number of SNO analysis Redox analysis Cysteine Identified as a target
"gl" Protein name pl coverage PMF peptide sequences fluorescence fluorescence residues for S-nitrosation
accession score (MS/MS) ratio ratio or thiol oxidation
A
KREBS CYCLE
40538860 Mitochondrial aconitase 82462 37 463 5 3.18** 2.58** 12 Sun et al. (2007)
7.15 (IPC/GSNO)
62945278 Alpha-ketoglutarate dehydrogenase 111686 12 173 3 6.06** 2.31%* 19 Sun et al. (2007)
6.00 (IPC)
18426858 Succinate dehydrogenase, subunit A flavoprotein 68004 29 478 6 2.30% 3.00 18 Novel
6.17
FATTY ACID CATABOLISM
6978435 Very long chain acyl-CoA 66382 17 110 2 2.62%* 5.15%* 6 Novel
dehydrogenase 8.10
11968090 Short chain acyl-CoA dehydrogenase 42187 15 73 1 2.47* 2.00* 5 Novel
6.38
2392291 Enoyl-CoA hydratase 28287 36 160 2 2.20%* 1.95 5 Novel
6.41
52138635 Electron transfering flavoprotein 64483 21 261 3 3.40%* 2.68%* 11 Novel
dehydrogenase 6.47
1850592 Carnitine palmitoyl transferase 2 71262 49 520 4 2.81%* 2.74%* 9 Novel
6.43
OTHER METABOLIC ENZYMES
51948476 Complex 111, core protein 1 49380 10 165 2 2.17** 2.13 9 Novel
5.22
14192933 Aldehyde dehydrogenase (mitochondrial) 54368 9 180 3 2.20%** 3.98 9 Moon at al. (2005)
5.69 (GSNO/SNAP)
OTHER
62079055 Isocitrate dehydrogenase (NADP+) 46640 20 94 2 2.06%* 2.66%* 11 Novel
8.49
25742763 78 kDa Glucose regulated protein 72302 19 415 4 7.00%* Not focused 3 Novel
5.07
3915779 Myosin heavy chain 6 223488 15 432 6 2.95% 2.24%* 14 Sun et al. (2007)
5.68 (IPC)
B
57527204 Electron transfering flavoprotein alpha polypeptide 34929 31 437 4 1.26 4.04* 6 Sun et al. (2007)
8.62 (GSNO)
6978431 Long chain acyl-CoA dehydrogenase 44672 33 272 4 0.88 2.00%* 6 Novel
6.26
20304123 3-mercaptopyruvate sulfurtransferase 32809 28 277 4 1.25 2.83%** 5 Novel
5.88
149036390 Mitofilin 83484 27 319 3 0.86 7.84% 7 Novel
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