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S-nitrosation (SNO) of mitochondrial protein cysteines
can be cardioprotective. Several targets have been impli-
cated, yet the scope and identification of specific residues
has not been fully assessed. To address this, a compre-
hensive assessment of mitochondrial SNO-modifiable
cysteines was performed to determine nitric oxide (NO)
susceptible pathways and identify novel mechanisms of
oxidative cardioprotection. The biotin switch assay and
mass spectrometry were used on rat cardiac mitochon-
drial lysates treated with the nitric oxide donor, S-nitroso-
glutathione, and controls (n � 3) to map 83 SNO-modified
cysteine residues on 60 proteins. Of these, three sites
have been reported, 30 sites are new to 21 proteins pre-
viously known to be S-nitrosated but which lacked site-
specific information and 50 sites were found on 39 pro-
teins not previously implicated in SNO pathways. The
SNO-modifications occurred in only a subset of available
cysteines, indicating a specific targeted effect. Functional
annotation and site-specificity analysis revealed a twofold
greater nitric oxide-susceptibility for proteins involved in
transport; including regulators of mitochondrial permeabil-
ity transition suggesting SNO-regulation and a possible
protective mechanism. Additionally, we identified many
novel SNO-modified proteins with cardioprotective poten-
tial involved in the electron transport chain, tricarboxylic
acid cycle, oxidative stress defense, fatty acid and amino
acid metabolism. These findings suggest that SNO-modifi-
cation may represent a novel mechanism for the regulation
of oxidative phosphorylation and/or cell death. S-nitrosa-
tion of mitochondrial permeability transition-associated
proteins represents an intriguing potential link to cardio-
protection. Molecular & Cellular Proteomics 10: 10.1074/
mcp.M110.004721, 1–8, 2011.

Oxidative protein modifications play an important role in the
regulation and dysfunction of the cardiac mitochondria (1, 2).

In particular, S-nitrosation (SNO)1, the reversible covalent ad-
dition of a nitrosonium (NO�) to a cysteine thiol, is emerging
as a key cellular mediator (3, 4). Several recent studies have
identified SNO as an important reversible signaling modality in
the mitochondria (5–9). Specifically, SNO has been observed
on several proteins comprising important mitochondrial path-
ways including oxidative phosphorylation (5–8, 10) the tricar-
boxylic cycle (6), and fatty-acid oxidation (6, 10). It is begin-
ning to be understood that modification of such pathways
through SNO can result in the alteration of mitochondria func-
tion. Two major contexts in which mitochondrial SNO has
been studied are the phenomena of preconditioning and is-
chemia/reperfusion injury (10–13), particularly in the cardiac
system. Cardiac preconditioning is a phenomenon by which
pretreatment of the heart with either brief episodes of ischemia
or pharmacological stimuli can protect against damage during
future ischemic episodes (14). This cardioprotective phenome-
non has been extensively linked to mitochondria and preserva-
tion of mitochondrial function during ischemia (15, 16). Thus, it
is possible that SNO of critical mitochondrial proteins serves to
protect them from the oxidative damage caused by ischemia,
preserving their function upon reperfusion (11).

Although the general effects of SNO on mitochondrial pro-
teins have been studied, only a few modified proteins have
been identified and fewer still have had the position of the
modified amino acid residue(s) determined. The identification
of SNO-proteins and the specific modified cysteine(s) can be
challenging because of their labile nature. SNO-modifications
are sensitive to UV light, reducing conditions (especially in the
presence of heavy metals), and are difficult to observe by
mass spectrometry (MS) (17). The biotin switch assay, first
described in 2001 (18, 19), has emerged as a viable alternative
for detection. In the biotin switch assay, SNO-modifications
are replaced with a biotin group by first blocking all remaining
free thiols and then reducing the SNO-sites with ascorbate
and relabeling with a thiol reactive biotin (usually (N-(6-(Bioti-
nomide)hexyl)-3�-(z�-pyridyldithio)-propionamide)). Using thisFrom the ‡Department of Biological Chemistry, §Department of
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system, labile SNO-sites are tagged with a stable group that
can be easily detected and enriched. This method has been
successfully coupled with MS in several large-scale SNO-site
identification studies (20, 21). A common strategy has been to
investigate modifications induced by the application of exog-
enous nitric oxide (NO)-donors. Small molecule thiols such as
S-nitrosoglutathione (GSNO) or SNO-Cys are often used be-
cause of the high thiol content of the cell. The precise mech-
anism of SNO-modification has not been conclusively deter-
mined but a leading theory is transnitrosation, the transfer of
an NO-moiety between thiols, from either a small molecule
(such as glutathione (GSH)) or other proteins (3, 22). GSNO
has been found induce preconditioning like effects and mod-
ify mitochondrial proteins (10). Broad-scale mapping of mito-
chondrial SNO-sites is needed to generate new insights into
the mechanism of cardioprotection and the regulation of mi-
tochondrial function.

To that end, rat cardiac mitochondrial enriched lysates were
treated with GSNO to identify SNO-modifiable proteins using
the biotin switch assay and MS. Analysis of the SNO-site
susceptibility and functional pathways indicated proteins in-
volved in transport and energy production as possible targets
of SNO-regulation. The site-specific identification of SNO-
modified cysteines is critical for a deeper understanding of
possible regulatory and cardioprotective roles of SNO.

EXPERIMENTAL PROCEDURES

Isolation of Cardiac Mitochondria—Cardiac mitochondria were en-
riched from rat ventricles according to the protocol outlined in refer-
ences (23, 24) optimized for cardiac tissue (25). This preparation has
previously been shown to be enriched for mitochondria and depleted
of myofilament proteins (25). Two independent preparations of 10 and
50 frozen rat hearts (Pel-Freez Biologicals, www.pelfreez-bio.com)
were preformed. Hearts were pooled, weighed, and then pulverized in
liquid nitrogen. The pulverized tissue was homogenized in 8� volume
of mitochondrial isolation buffer (220 mmol/L mannitol, 70 mmol/L
sucrose, 2 mmol/L HEPES, pH 7.4 with KOH). All further steps were
carried out at 4 °C. Homogenate was centrifuged at 1100 � g for 5
min to remove nuclei and unbroken cells. The supernatant was saved
and the pellet washed three times in 1 mL mitochondrial isolation
buffer and centrifuged at 1100 � g for 5 min. All supernatants were
combined and then centrifuged at 10,000 � g for 15 min to collect
crude mitochondria. The crude mitochondrial pellet was then washed
twice in 1 mL of mitochondrial isolation buffer and spun at 20,000 �
g for 15 min. The crude mitochondrial pellet was then resuspended in
1 mL mitochondrial isolation buffer and was centrifuged at 3000 � g
to remove aggregated and myofilament connected mitochondria.
This step was repeated for efficient removal of myofilaments (25).
Both supernatants were combined and centrifuged at 20,000 � g for
20 min to collect the final mitochondrial pellet. This pellet was flash
frozen in liquid nitrogen and stored at �80 °C until further analysis.

Detection of S-Nitrosated Proteins by Biotin Switch Assay—SNO-
modifications were detected in GSNO treated mitochondrial lysates
using the biotin switch assay described in (21) (discussed in (17, 19,
21, 26)), see Fig. 1A for reaction schema). Mitochondrial enriched
preparations were diluted to 0.8 �g/�l in HEN (250 mmol/L HEPES pH
7.7, 1 mmol/L EDTA and 0.1 mmol/L neocuproine) including 0.4%
(w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic
acid (CHAPS) and treated with 100 �mol/L GSNO or three different

control treatments (100 �mol/L GSH, 5 mmol/L dithiotreitol (DTT) or
untreated vehicle) for 15 min at 37 °C. All steps were performed in the
dark or protected from light. Treatment compounds were removed
using an HEN equilibrated 5 mL Zeba desalt spin column (Thermo
Fisher Scientific, www.thermofisher.com) according to the manufac-
turer’s protocol. The remaining free thiols were blocked with 20
mmol/L NEM in the presence of 2.5% (w/v) SDS and incubated for 20
min at 50 °C. Excess NEM was removed by acetone precipitation.
SNO-modified thiols were reduced using 1 mmol/L ascorbate in five
volumes of HENS (HEN � 1% (w/v) SDS) and labeled with 0.8 mmol/L
Biotin-HPDP (Thermo Fisher Scientific) for 1 hour at room tempera-
ture. Excess biotin-HPDP was removed by acetone precipitation (two
volumes) and the resultant pellets were carefully washed with an
additional volume of acetone. Pellets were resuspended to 5 �g/�L
with HENS and either digested directly for MS studies or analyzed by
gel electrophoresis. For gel based studies, 250 �g of labeled protein
was diluted 20� in neutralization buffer (20 mmol/L HEPES, 150
mmol/L NaCl 1 mmol/L EDTA, 0.5% (v/v) Triton X-100). Biotinylated
proteins were captured by incubation with 15 �L of washed, packed
ultralink immobilized streptavidin beads (Thermo Fisher Scientific) for
1 hour at room temperature. Beads were washed four times in 50-
bead volumes of wash buffer (20 mmol/L HEPES, 600 mmol/L NaCl 1
mmol/L EDTA, 0.5% (v/v) Triton X-100) and twice with elution buffer
(20 mmol/L HEPES pH 7.7, 100 mmol/L NaCl, 1 mmol/L EDTA).
Captured proteins were eluted with 40 �L of elution buffer containing
100 mmol/L DTT, mixed with 15 �L of 4� LDS sample buffer, boiled,
separated by SDS-PAGE (4–12%) and silver stained according to the
protocol described in (27).

Mass Spectrometry—For MS studies, 1 mg of GSNO-, GSH-
treated and untreated positive control biotin switch samples were
diluted 50-fold with ddH2O, divided and digested overnight with 10
�g of trypsin (Promega, Fitchburg, WI, www.promega.com) or chy-
motrypsin (Roche Applied Science, www.roche.com) (n � 3 for each
treatment with each enzyme). Digestions were halted by 0.25 mmol/L
phenylmethylsulfonyl fluoride and then biotinylated peptides were
captured with 30 �L of streptavidin as described above. To ensure
MS compatibility, beads were washed an additional ten times with 5
mmol/L ammonium bicarbonate/20% acetonitrile before being eluted
in the same solution containing 100 mmol/L DTT. Eluted peptides
were dried and then desalted using an Omix C18 tip column following
the manufacture’s protocol (Varian, www.varianinc.com). For identi-
fication of captured peptides, samples were resuspended in 10 �L of
0.5% (v/v) formic acid. Peptide identification by liquid chromatogra-
phy/tandem mass spectrometry (LCMS/MS) analysis was performed
using an LTQ ion trap MS (Thermo Fisher Scientific, www.thermofish-
er.com) interfaced with a two-dimensional nanoLC system (Eksigent,
Dublin, CA, www.eksigent.com). Peptides were desalted on a C18
trap (75 �m � 3 cm, 5–10 �m, 120Å, YMC Gel) at 8 �L/min for 5 min
with Buffer A (0.1% formic acid). After desalting, peptides were sep-
arated on a C18 column (75 �m � 10 cm, 5 �m, 120Å, YMC ODS-AQ,
Waters, Milford, MA, www.waters.com) with an 8 �m emitter tip (New
Objective, Woburn, MA, www.newobjective.com) using 5%–60% B
(90% acetonitrile in 0.1% formic acid) gradient over 60 min at 300
nL/min. Each MS1 scan was followed by collision induced dissocia-
tion of the five most abundant precursor ions with dynamic exclusion
for 30 s. MS2 spectra were acquired in normal scan mode using a
target setting of 104 ions and an accumulation time of 30 ms.

Data Analysis—MS data was searched against the International
Protein Index rat primary sequence database (v3.62, 39924 entries)
(28) using Sorcerer 2™-SEQUEST® (version v.27, rev. 11) (Sage-N
Research, Milpitas, CA) with postsearch analysis performed using
Scaffold 2 (Proteome Software Inc., Portland OR, www.proteome-
software.com) and the trans-proteome pipeline implementing the
PeptideProphet (29) and ProteinProphet (30) algorithms. All raw data
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peak extraction was performed using the Sorcerer 2™-SEQUEST®
default settings. Search parameters included semi-enzyme digest
with either trypsin (after Arg or Lys) or chymotrypsin (after Phe, Trp,
Try, or Leu) with up to 2 missed cleavages. SEQUEST® was searched
with a parent ion tolerance of 1.2 Da and a fragment ion mass
tolerance of 1.00 Da with N-ethylmaleimide-modified of cysteine
specified as a differential modification. Peptide identifications were
accepted if they had an Xcorr score greater than 2.0, a probability
greater than 80.0% as specified by the PeptideProphet algorithm (29),
and met with visual validation. Protein identifications were accepted if
they could be established at greater than 95.0% probability as as-
signed by the ProteinProphet algorithm (30) and contained at least 1
identified peptide. Proteins that contained similar peptides and could
not be differentiated based on MS/MS analysis alone were grouped to
satisfy the principles of parsimony. False discovery rates were calcu-
lated by the ProteinProphet algorithm (30). The data presented in
Supplementary Table S1 contains only those peptides that were
present in the GSNO-treated samples containing a cysteine residue
and were absent from the GSH-treated samples. By subtracting out
any peptides detected in the GSH samples we were able to control for
possible reduction of glutathionylation, endogenous disulfide bonds
or pre-existing oxidative thiol modification. The position of each mod-
ified cysteine was determined by mapping the peptide against the full
protein sequence. In some instances where more than one cysteine is
present in the identified peptide, the site of SNO-modification could
not be unambiguously determined.

Determination of Protein Localization and Function—Protein local-
izations and function were determined by annotation in the UniProt
database (www.uniprot.org). Only proteins annotated as mitochon-

drial or mitochondrial associated were considered for potential
SNO-modifications.

Consensus Sequence Analysis—50 out of 83 SNO-modified sites
were randomly chosen and 20 residues on either side of the nitro-
sated cysteines were selected. After alignment with ClustalW2
(www.ebi.ac.uk/Tools/clustalw2/index.html), the sequences were
screened for conserved motifs using the CONSENSUS, TEIRESIAS,
and PRATT algorithms (http://coot.embl.de/Alignment/consensus.
html; http://cbcsrv.watson.ibm.com/Tspd.html; www.ebi.ac.uk/Tools/
pratt/index.html), respectively (31). Frequencies of flanking residues
were computed with WebLogo (http://weblogo.berkeley.edu/). For
secondary structure and solvent accessibility predictions the Net-
SurfP server was employed (www.cbs.dtu.dk/services/NetSurfP/)
(32).

RESULTS

Detection of SNO-Modified Proteins—The biotin switch as-
say was used to reveal the presence of NO-induced modifi-
cations on proteins from GSNO treated mitochondria lysates
(Fig. 1B). Silver stain gel analysis shows a clear increase in the
amount of protein labeled following GSNO treatment when
compared with GSH or the other negative control samples,
indicating the modification of these proteins by NO (n � 3).
The absence of any detectable signal in the unbiotinylated or
DTT pretreated samples (Fig. 1B lanes 2 and 3) demonstrates
effective and specific capture of biotinylated proteins and

FIG. 1. Detection and site mapping of cardiac mitochondrial SNO-modifications. A, Biotin switch assay schema outlining the blocking,
reducing and biotin labeling steps as well as capture of intact proteins or digested peptides for LC/MS/MS (19, 21). B, Representative silver
stained gel of SNO-modified proteins captured from 250 �g of rat cardiac mitochondria treated with 100 �mol/L GSNO, 100 �mol/L GSH, 5
mmol/L DTT or untreated vehicle with and without NEM blocking and subjected to the biotin switch assay (n � 3). A description of each of the
control treatments can be found in the text.
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NEM blocking of unmodified thiols. Faint bands could be
observed in the untreated and GSH treated samples (Fig. 1B
lanes 4 and 5), and may be possible residual S-nitrosation or
other oxidative modifications. Lane 7 represents untreated
and unblocked mitochondria allowing for the labeling of the
pool of available cysteines. As an additional positive control,
DTT treatment was used to expose and label all cysteines,
including those previously engaged in disulfide bonds. A
marked increase in the extent and number of proteins labeled
was seen in these conditions compared with SNO-modified
proteins (Fig. 1B lanes 7 and 8). A complete reaction schema
for each of the control and experimental biotin switch reac-
tions is presented in Supplemental Fig. S1.

Determination of SNO-Modified Cysteine Residues—The
MS analysis revealed a total of 83 sites of SNO on 60 different
mitochondrial proteins (see Supplementary Table S1 for site
information and detailed MS data; all proteins identified in the
GSNO-biotin switch are listed in Supplementary Table S3). Of
those, only three cysteine residues on three proteins, glycer-
aldehyde-3-phosphate dehydrogenase (Cys 154), isocitrate
dehydrogenase 2 (Cys 336), and ADP/ATP translocase 1 (Cys
257) have previously been reported (21, 33, 34). A further 30
sites were identified on 21 proteins reported to be S-nitro-
sated, but which lacked site-specific information (see
Supplementary Table S1 for references). The remaining
50 sites were found on 39 proteins not previously known to
be S-nitrosated. The majority of sites (76) were identified in
two or more of the replicates including several sites identified
by independently using different enzymes (detailed MS data
for peptide observations in each of the replicates is presented
in Supplementary Table S1). For the seven peptides identified
from a single spectrum, the annotated spectra are presented
in Supplementary Table S2. False discovery rates for the
GSH, GSNO, and positive control MS/MS experiments were
determined to be between 0.4% and 1.2% across all exper-
iments. Because of the nature of the biotin switch assay, no
characteristic mass tag is left on the isolated peptides. Poor
specificity in the streptavidin capture could result in identifi-
cation of nonspecific cysteine containing peptides. To ad-
dress this, the presence of noncysteine containing peptides
was assessed following elution for each treatment condition
as an estimate for the identification of nonspecific cysteine
containing peptides (Supplementary Table S5). In each of the
GSNO and available Cys data sets, a potential contamination
rate of less than 1.4% was observed across all replicates. The
contamination rate for GSH samples was slightly higher (10%)
because of the smaller number of identified peptides, however
a similar absolute number of contaminating peptides was ob-
served. All spectra meeting the minimum Xcorr and probability
standard were deposited in the PRIDE public database (http://
www.ebi.ac.uk/pride/, accession numbers: 13087–13104.

Determination of SNO-Site Specificity—SNO-site mapping
revealed considerable cysteine-specificity within a given pro-
tein. 80% (48 out of 60) of the SNO-modified proteins pos-

sessed a single modified site, despite the presence of multiple
cysteine residues in the majority of proteins. To investigate
further, an assessment was performed of all the available,
nondisulfide bonded, cysteines in the untreated and un-
blocked samples. A total of 285 sites on 96 mitochondrial
proteins were identified; 61 corresponded with SNO-sites
identified in this study indicating that only �20% of the avail-
able mitochondrial cysteines are targets of SNO (Fig. 2; see
Supplementary Table S4 for detailed MS data for peptides
detected in each replicate). Analysis of the primary amino acid
sequence surrounding the SNO-sites showed that these ar-
eas did not conform to the previously reported acid/base
consensus motif (36) or any other novel consensus motifs
(Fig. 3A). Further analysis of the predicted secondary struc-
ture immediately surrounding modified and unmodified cys-
teines indicated that SNO-modified sites might have a weak
preference for alpha helical structures (Fig. 3B). It is possible
that the receptive nature of these sites is conferred by the
local three-dimensional structure although, in a recent study,
this type of analysis on a subset of SNO sites failed to find any
structural relationship (20).

Analysis of NO-Susceptible Functional Processes—To bet-
ter understand the implications of these SNO modifications
and identify NO-reactive pathways, the results from the site-
specificity analysis were combined with functional annota-
tions from the Uniprot database (www.uniprot.org). Functional
grouping of the identified proteins revealed a wide range of
roles with greater than 60% of the SNO-modifications on
proteins associated with energy production, with particular

FIG. 2. Comparison of the SNO sites to all available cysteines in
cardiac mitochondria reveals site-specificity. Identified sites are
summarized in a Venn diagram. SNO-modified sites (dark gray) com-
pared with all available cysteines (white). A total of 285 available
cysteines were identified, 61 of those corresponded with SNO-mod-
ified sites indicating specificity in NO-modification (light gray). Among
only the SNO-modified proteins, a total of 196 available sites were
found (dashed line), 135 of which were found to be unmodified by NO.
Also represented are the 22 SNO-sites not detected in the available
cysteine data set. This absence is likely because of the increased
complexity of the unblocked samples in the MS analysis.
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emphasis on proteins involved in fatty acid metabolism (24
sites on 12 proteins). Additionally, several sites of modification
were found in proteins of the electron transport chain, the
driving force for ATP production in the mitochondria. Of note,
seven sites of modification were found on six different protein
subunits contained in Complex I. SNO-modifications were
also found on proteins involved in transport, signaling, chap-
erone/assembly, and structural support. Comparison of the
SNO-functional groupings to the site-specificity analysis re-
vealed a greater affinity for proteins involved in transport (Fig.
4). Transport protein cysteines were found to be SNO-modi-
fied at almost twice the extent of the average (�40% versus
�20% of the available cysteines). Conversely, mitochondrial
proteins involved in amino acid metabolism were found to be
the least susceptible with only �6% of the available cysteines
were found to be SNO-modified.

DISCUSSION

This study presents the first comprehensive analysis of
SNO-modifiable proteins in the cardiac mitochondria. Our
findings highlight the regulatory potential and suggest a

broader role for this modification. We report 83 sites on 60
proteins, 39 of which were not previously known to be af-
fected by SNO-modifications. By combining the SNO-map-
ping with an assessment of all the available cysteine residues
a measure of SNO-selectivity was determined. Pairing this
analysis with the function of the affected proteins highlighted
some pathways that may be more susceptible to SNO-regu-
lation. The identification of these novel SNO-sites provides
deeper insight into the role and scope of SNO-modification in
the cardiac mitochondria.

The comparison of the SNO-sites to all the available cys-
teine residues revealed a unique NO-reactive subset of resi-
dues within a larger pool. These unique cysteines were found
in a variety of functional pathways to varying degrees. Pro-
teins involved in transport have the highest ratio of modified
cysteines, possibly indicating a particular susceptibility for
redox-regulation by SNO. Among the SNO-modified transport
proteins identified were ADP/ATP translocase 1 (also known
as ANT1) and the phosphate carrier protein. These proteins
are the fundamental transporters involved in mitochondrial
ATP transport. Additionally they have been suggested as
potential components/regulators of the mitochondrial perme-
ability transition (MPT) pore (37). The opening of this pore,
permitting the flow of small molecules, can lead to mitochon-
drial swelling triggering cell death. The MPT pore remains
closed during periods of ischemia but opens following reper-
fusion, contributing to reperfusion injury (38). Pore opening
has long been implicated in heart disease and its inhibition
has been proposed as a mechanism for cardioprotection (37).
Oxidation of critical cysteines in ANT1, including Cys 257, has
been shown to facilitate calcium induced opening of the MPT

FIG. 3. Frequency of amino acids surrounding S-nitrosated cys-
teines and comparison of secondary structural elements adja-
cent to SNO-modified and unmodified cysteine residues. A, Anal-
ysis of the flanking sequences of 50 S-nitrosated cysteines, randomly
chosen from the total of 84 detected modified sites, did not reveal any
obvious pattern. However, comparison with a recent analysis on
S-nitrosated targets in prostate epithelial cells (52) suggest a prefer-
ence for aliphatic residues at positions �10 to �7; hydrophobic
residues at positions �4 and �1, and two glycines at positions �2
and �3 relative to the modified cysteines. Hydrophobic residues are
represented in black; charged residues in red and blue. Other resi-
dues are shown in either magenta or green. B, Comparison of the
predicted secondary structures flanking nitrosated and unmodified
sites might suggest a preference for reduced entropy as indicated by
the elevated frequency of �-helix (30% versus 15%) and reduced
frequency of coil (44% versus 53%). The modified cysteines appear to
have a higher tendency to be buried (96% versus 80%), and show on
average an �1.9-fold smaller predicted surface accessibility as com-
pared with the set of unmodified cysteines. �: alpha-helix; �: beta
sheet; c: coil.

FIG. 4. Summary of cysteine SNO-susceptibility by function.
Summary of the percent of SNO modifications compared with the
available cysteines for the major functional pathways in cardiac mi-
tochondria. The specific values for each functional group are listed
above each bar (number of SNO-cysteines/number of available
cysteines).
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pore (39). A similar mechanism has been described for phos-
phate carrier protein. Oxidation of Cys 86 has been found to
shift transporter activity from an antiporter to an uncoupled
unspecific uniporter (40). NO-donors are known to be cardio-
protective in part by increasing the threshold for a calcium-
induced MPT (41). Given these effects of NO, it is conceivable
that SNO might occupy these cysteines protecting them from
subsequent more severe oxidative damage, thus preventing
MPT pore opening and protecting the cell.

SNO-modified proteins were also identified in the respira-
tory chain, tricarboxylic acid cycle, oxidative defense, and in
fatty acid and amino acid metabolism. In the mitochondrial
respiratory chain, the main source of energy production in
cardiac tissue, 11 novel SNO-sites were mapped to the sub-
units of complexes I-III, including seven modified residues
located in six different subunits of complex I. Previous reports
have shown that Complex I is S-nitrosated in preconditioning,
and that cardioprotection may stem from reduced production
of harmful reactive oxygen species (5, 7, 8, 13). The site-
specific information provided here will now allow this hypoth-
esis to be tested. Reduction in energy production has been
observed in cardioprotective states (42). Complex V (F1Fo)
ATPase activity is reduced upon NO-treatment and the alpha
subunit has been found to be SNO-modified in cardiac pre-
conditioning (10). The current study builds on this work by
identifying Cys 294 residue in the alpha subunit to be SNO-
modified.

Other novel SNO-sites were identified in potentially cardio-
protective pathways. Within the tricarboxylic acid cycle, eight
SNO-modified enzymes were detected. Of those, 2-oxogl-
utarate dehydrogenase (2-OGDH) has been found in ischemic
preconditioning and GSNO treatment increased its activity
(10). This is particularly interesting because 2-OGDH activity
has been found to be decreased with ischemia/reperfusion
injury, leading to speculation that SNO may protect 2-OGDH
from oxidative damage by protecting one or more critical
cysteine residues (10, 43). Our finding of Cys 395, the sole
SNO-modified residue of 2-OGDH, might provide a link be-
tween oxidative regulation of this enzyme and cardioprotec-
tion. We also detected SNO-modifications on two proteins
involved in the mitochondrial defense against oxidative stress,
nicotinamide dinucleotide phosphate (NADP)-dependent
isocitrate dehydrogenase (Cys 113, 154, 336) and nicotina-
mide nucleotide transhydrogenase (Cys 708) (44). Recently,
nicotinamide nucleotide transhydrogenase activity was found
to be decreased in human heart failure (45). A potential car-
dioprotective role for SNO may be to activate or prevent the
inactivation of these enzymes allowing the continued gener-
ation of NADPH, a necessary cofactor for many of the cell’s
antioxidant processes (45, 46). This would provide cardiac
tissue a greater capacity to resist an oxidative insult.

Detecting and mapping SNO-sites requires use of the biotin
switch assay. This technique can be very powerful but does
suffer from some limitations. The labile nature of the SNO-

modifications, requiring a replacement strategy facilitated by
ascorbate reduction, does present the potential for artifacts.
The selective reducing power of ascorbate for nitrosated cys-
teines has been investigated by several groups to differing
results. Some evidence exists that ascorbate can reduce di-
sulfide bonds (47–49). However, Forrester and colleagues
make a compelling case to the contrary (17, 50). In particular,
they independently induce S-glutathionylation, S-oxidation
(using peroxide), and S-nitrosation modifications to demon-
strate the specificity of ascorbate as a SNO-reducing agent
(50). They suggest many of the reported artifacts may stem
from exposure to indirect sunlight a suggestion that highlights
the need for samples to be protected from light during the
assay (50). An additional review of S-nitrosation chemistry can
be found in (22). The results presented here, support the fairly
specific nature of ascorbate as an SNO-reducing agent. In the
gel analysis, very little signal is observed in the untreated and
control treated samples indicating ascorbate is not responsi-
ble for a significant reduction of endogenous disulfide bonds.
However, cysteine containing peptides were observed in the
GSH treated MS samples. Given the sensitivity of the LTQ
instrument, it is possible these peptides represent a small
artifactual reduction of glutathionylation or other modification
that were not visible in the gel analysis. The stability and
potential reversibility of these modifications is likely deter-
mined by light exposure and the chemistry of their local
environment (51). Studies are underway in our laboratory to
develop approaches to better address these limitations in the
current method.

Although, the cardioprotective effects of NO have been
known for some time, relatively few affected proteins had
been identified and even fewer have SNO-site specific infor-
mation avaliable. In this study, we report multiple novel NO-
reactive cysteine residues on proteins in several cardio-
protective pathways. Our results highlight the untapped
regulatory potential of this post translational modification and
may imply a wider role for SNO than currently characterized.
Among others, the identified sites suggest SNO-based regu-
lation of MPT, oxidative phosphorylation, the tricarboxylic
acid cycle, and oxidative defense pathways. Thus, the broad-
based, site-specific analysis presented here, provides the
next step in determining the mechanisms of NO-action in
the mitochondria. Our findings underscore the significant
potential of SNO as a regulatory mechanism for cardiopro-
tection and oxidative phosphorylation in ischemic/reperfu-
sion injury.
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