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Abstract

Aims: Distinctive states of redox-dependent cysteine (Cys) modifications are known to regulate signaling ho-
meostasis under various pathophysiological conditions, including myocardial injury or protection in response to
ischemic stress. Recent evidence further implicates a dynamic interplay among these modified forms following
changes in cellular redox environment. However, a precise delineation of multiplexed Cys modifications in a
cellular context remains technically challenging. To this end, we have now developed a mass spectrometry (MS)-
based quantitative approach using a set of novel iodoacetyl-based Cys-reactive isobaric tags (irreversible isobaric
iodoacetyl Cys-reactive tandem mass tag [iodoTMT]) endowed with unique irreversible Cys-reactivities.
Results: We have established a sequential iodoTMT-switch procedure coupled with efficient immunoenrichment
and advanced shotgun liquid chromatography-MS/MS analysis. This workflow allows us to differentially
quantify the multiple redox-modified forms of a Cys site in the original cellular context. In one single analysis,
we have identified over 260 Cys sites showing quantitative differences in multiplexed redox modifications from
the total lysates of H9c2 cardiomyocytes experiencing hypoxia in the absence and presence of S-ni-
trosoglutathione (GSNO), indicative of a distinct pattern of individual susceptibility to S-nitrosylation or S-
glutathionylation. Among those most significantly affected are proteins functionally implicated in hypoxic
damage from which we showed that GSNO would protect. Innovation: We demonstrate for the first time how
quantitative analysis of various Cys-redox modifications occurring in biological samples can be performed
precisely and simultaneously at proteomic levels. Conclusion: We have not only developed a new approach to
map global Cys-redoxomic regulation in vivo, but also provided new evidences implicating Cys-redox modifi-
cations of key molecules in NO-mediated ischemic cardioprotection. Antioxid. Redox Signal. 20, 1365–1381.

Introduction

Reactive cysteine (Cys) residues in proteins are often
specifically and preferentially modified during oxidative

stresses because of the unique redox chemistry of this amino
acid (33, 58). Such redox-mediated Cys modifications, that
is, oxidation of the Cys residues to sulfenic acid (S-OH),
S-nitrosylated (S-nitrosylation [SNO]), S-glutathionylated
(S-glutathionylation [S-SG]), or other mixed disulfide (S-SR)
forms, are increasingly being identified as key post-translational

modifications that regulate myriad protein functions in a
wide range of health and disease related cellular processes
including cancer, inflammatory, neurodegenerative, and
cardiovascular disorders [as reviewed in (15, 20, 49, 55)]. SNO,
in particular, plays a critical role in protecting functional
catalytic Cys from irreversible oxidation, thus preserving its
ability to revert back to free thiol (SH) status befitting physi-
ological normality upon stress relief (8, 51). It is now well
appreciated that both the SNO and denitrosylation processes
may additionally involve an equally reversible S-thiolation,
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mostly in the form of S-SG, as mediated by the abundant
cellular glutathione or other mixed thiol intermediates (48).
Moreover, S-SG was reported to uncouple endothelial nitric
oxide synthase (eNOS), switching it from NO to O2c - gener-
ation, thus leading to impaired endothelium-dependent va-
sodilation (7). This observation not only revealed the unique
role of S-SG in vascular function, but also emphasized the
interplay between Cys modifications. Since each Cys modi-
fication may convey unique effects on protein functions
(1, 35), signaling convergence or divergence orchestrated
through such distinct but related modifications can only be
sensibly delineated by first defining the stoichiometry of
conversions at high sensitivity and precision.

Despite progressive analytical methodologies develop-
ment over the last decade, identification of physiologically
relevant reversible Cys modifications on important classes of
proteins remains technically challenging. By far, the most
commonly used strategies were variations derived from the
biotin switch technique (BST) developed by Jaffrey et al. (30,
31), which involves the initial blocking of all SH, followed by
the use of ascorbate to selectively reduce SNO back to free SH,

and its subsequent tagging with a sulfhydryl-specific bioti-
nylated probe that would allow avidin-based affinity capture
from treated cell lysates. Since the transient nature of in vivo
Cys modifications defies direct analysis, ‘‘switching’’ of the
redox modifications to more stable Cys reactive tags through
specific reduction, followed by selective enrichment of the
Cys-labeled peptides and mass spectrometry (MS)-based
proteomic analysis, has essentially become the standard ap-
proach for redox proteomic studies (17, 43, 60, 66), with im-
pressive list of SNO-modified sites being catalogued over the
last few years. However, none of the analytical methods re-
ported to date including the use of various isotope-coded Cys
reactive tags (42, 65, 67) allows simultaneous multiplexed
monitoring and quantification of the various forms of coex-
isting site-specific Cys modifications.

More recently, an isobaric Cys-reactive tandem mass tag
(reversible isobaric Cys-reactive tandem mass tag [cysTMT])
has become commercially available and is used for quantitative
analysis of S-nitrosoproteome (52), and it is being adopted to
profile the thiol redox sensitivity (54) and occupancy of SNO
(37). Unlike the use of other isotope-coded Cys-reactive tags,
which are largely limited to pair-wise comparison (26), the
isobaric cysTMT offers the advantage of multiplexing with up
to six channels of reporter ions (126–131 Da). Moreover, en-
richment of the cysTMT-tagged peptides is facilitated by the
accompanying anti-TMT resin, which proves to be more spe-
cific than a biotin-avidin-based capture that might be interfered
by endogenous biotinylation. A major shortcoming, however,
is that the disulfide linkage between the tag and protein thiol
group cannot survive the strong reducing conditions normally
used to promote efficient enzymatic proteolysis for subsequent
shotgun proteomic analysis. It immediately became apparent
that if the chemistry can be substituted instead by irreversible
Cys tagging, a more versatile enabling tool for MS-based Cys-
redox proteomics will be in hand to address a wide range of
redox-mediated biological processes involving multiple forms
of reversible Cys modifications.

We now report the development and applications of an
irreversible Cys-reactive TMT reagent (irreversible isobaric

Innovation

Our understanding of redox-directed biological pro-
cesses is significantly delayed by lack of method for global
visualization of multiplexed cysteine (Cys) modifications.
The recent development of irreversible iodoacetyl-based
Cys-reactive isobaric tags has now allowed us to establish
a novel mass spectrometry-based workflow for multi-
plexed quantification of reversibly modified Cys sites at
proteomic level. This method enabled us to identify a
network of nitric oxide-regulated Cys-redoxome com-
prising S-nitrosylation and S-glutathionylation that act in
concert to protect cardiomyocytes against hypoxic injury.
For the first time, the differential in vivo susceptibilities of
Cys sites to redox-mediated modifications in the presence
and absence of S-nitrosoglutathione were quantified.

FIG. 1. Chemical structures
of isobaric iodoacetyl tan-
dem mass tag sixplex re-
agents (iodoTMT6). Each of
the isobaric iodoTMT6 re-
agents has the same nominal
mass and comprises a sulfhy-
dryl-reactive iodoacetyl group,
a mass normalizing spacer
arm and a mass reporter. As-
terisks (*) indicate the posi-
tions in each of the mass tags
where 12C and 14N are re-
placed by 13C and 15N. Under
MS/MS conditions, the iso-
baric mass tags are readily
cleaved at the bond indicated
by dash line, thus generating
reporter ions with unique m/z
of 126–131. iodoTMT, irre-
versible isobaric iodoacetyl
Cys-reactive tandem mass tag;
MS, mass spectrometry.
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iodoacetyl Cys-reactive tandem mass tag [iodoTMT]) con-
taining a sulfhydryl-reactive iodoacetyl reactive group, a
mass normalizing spacer arm and a mass reporter (Fig. 1). As
with other related isobaric tandem mass tags (23), MS-based
quantification using iodoTMT tags is achieved by inspection
of the reporter ion region in MS/MS spectra. The isobaric
sixplex iodoTMT reagents have the same nominal mass con-
taining five variable isotope-coded positions, in which 12C or
14N located in the regions of normalizer and/or reporter are
replaced by 13C or 15N. Under collision-induced dissociation
(CID)-MS/MS, the mass reporters readily dissociate from the
parent molecules, thus generating reporter ions with unique
m/z values (126–131), the relative intensities of which represent
the relative quantity of the labeled peptides from up to six
designated samples. As reported here, this newly available
reagent enabled us to develop a quantitative Cys-redox pro-
teomic workflow based on a novel sequential iodoTMT switch
procedure coupled with efficient enrichment of the mass-
tagged peptides and advanced shotgun liquid chromatography
(LC)-MS/MS analysis. Instead of single switch as in conven-
tional BST, redox-modified Cys are sequentially reduced and
differentially labeled with distinctive isobaric iodoTMT tags
depending on their initial Cys modification status.

Applied to whole cell lysates treated with S-nitrosylating
and glutathionylating agents, we established the feasibility,

precision, and sensitivity of this optimized workflow in de-
fining the respective ratios of SNO versus other reversible
modifications on a proteomic scale. We further showed an
NO-dependent protective function by S-nitrosoglutathione
(GSNO) against hypoxic damage in cultured cardiomyocytes
and, under such conditions, the global changes in Cys-redox
proteomic pattern as revealed by the extent of distinctive re-
versible Cys modifications relative to ‘‘unprotected’’ control.
In total, 266 redox modified Cys residues from 169 proteins
were identified and quantified. Among them, 13 Cys sites
from 12 proteins showed significant changes of SNO levels,
with another 14 sites from 14 proteins underwent higher
levels of other reversible modifications. The most affected
cellular functions represented by these proteins include cell
death, free radical scavenging, and cellular assembly and or-
ganization, indicative of NO-mediated protection of hypoxic
cardiomyocytes from apoptosis and loss of intercellular ad-
hesion through disruption of F-actin cytoskeleton.

Results

The key performance indices of any MS-based quantitative
proteomics are the sensitivity, accuracy, and precision af-
forded (Fig. 2). In the case of an isobaric mass tag, additional
optimization of the MS/MS parameters is needed to produce

FIG. 2. The accuracy and precision of iodoTMT-based multiplexed quantification. (A) Schematics of the sample prep-
aration strategy used to evaluate the performance of iodoTMT-based quantification as mentioned in text. After tryptic
digestion, the anti-TMT affinity enriched peptides were subjected to liquid chromatography (LC)-MS/MS analysis, which
resulted in identification of over 2000 iodoTMT-labeled peptides representing an enrichment specificity of *75% (B). A
representative MS/MS spectrum of an iodoTMT-labeled peptide is shown in (C), with its major sequence-informative b/y
fragment ions fully annotated and the narrow mass region containing the TMT reporter ions (marked by an arrow) further
expanded in the inset. Deviation of the experimentally derived reporter ion ratio values from the predicted ratios, namely 0.6,
0.2, and 2.0, for m/z 127, 128, and 129 to 126, respectively, for all 1669 quantifiable iodoTMT-labeled peptides as shown by
Boxplot in (D), was taken as a measure of the quantification accuracy. CV, coefficient of variation.
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the best combination of fragment ions for both peptide iden-
tification and multiplexed quantification (10, 73). Since only a
very restricted subset of the digested peptide pool, namely
those carrying a reversibly modified Cys residue are to be
targeted for MS/MS analysis, an efficient enrichment of the
mass-tagged peptides is also a requisite for attaining high
sensitivity. We therefore systematically investigated each of
these factors (Supplementary Figs. S1–S3; Supplementary
Data are available online at www.liebertpub.com/ars) before
applying the established workflow (Fig. 3) to quantify the
differential Cys modifications at the proteomic level.

Enrichment efficiency using anti-TMT resin

Apart from irreversible labeling of SH, a significant ad-
vantage afforded by the iodoTMT tag over otherwise com-
parable iTRAQ is the availability of an anti-TMT resin
immobilized with monoclonal antibody recognizing the
common structural motif in the mass reporter region of
iodoTMT tags. This allows for enrichment of TMT-labeled
peptides, the efficiency of which was first evaluated against
tryptic peptides derived from bovine serum albumin (Sup-
plementary Fig. S1). To further ascertain whether high en-
richment efficiency could be attained at proteomic level, and
to optimize for the iodoTMT-based quantification workflow,
four equal amounts of a tris(2-carboxyethyl) phosphine
(TCEP)-reduced total Rat-1 cell lysates were respectively la-

beled with four different iodoTMT tags and mixed in defined
ratios, before removal of excess tags and tryptic digestion (Fig.
2A). Peptides from anti-TMT-immunocaptured eluates were
then subjected to LC-MS/MS analysis under ‘‘HCD10’’ mode
(see ‘‘Materials and Methods’’ and Supplementary Data) and
the resulting dataset searched against database to identify all
TMT-labeled and non-labeled peptides at high confidence
(false discovery rate [FDR] < 1%). In total, up to 75% of all
identified peptides (2033 from a total of 2721 tryptic peptides)
in the resulting enriched fraction were found to be TMT-
labeled (Fig. 2B). For the following experiments of labeling
reversible redox Cys modifications, depending on the stoi-
chiometry of the modifications and complexity of the peptide
mixtures, enrichment efficiency ranging from 40% to 85% was
routinely achieved.

Reliability in the identification and quantification
of iodoTMT-labeled peptides

In general, a higher normalized collision energy (NCE)
setting would produce reporter ions with higher intensity,
leading to better quantitative precision, but at the expense of
sequence informative ions (Supplementary Fig. S2). We found
that adjusting the NCE from 40% to 50% led to 1.5 and 1.8-fold
increase of identifiable and quantifiable iodoTMT-labeled
peptides, respectively, whereas further increase of NCE to
55% resulted in about 12% less peptide counts for both

FIG. 3. Experimental workflow of the sequential iodoTMT switch strategy for simultaneous monitoring of multiple
Cys-modifications and quantitative determination of their respective ratios. (A) The principle requires that samples to be
assayed be first treated with IAM to block all SH. Subsequently, S-nitrosylated Cys residues (SNO) are specifically reduced by
ascorbate followed by iodoTMT1 labeling. Both S-SG and S-SP are then reduced by TCEP prior to iodoTMT2 alkylation. Note
that the second switch will also convert any other reversible modifications that may be present to iodoTMT2. Since up to
sixplexed quantification can be effected and the sequential switch strategy utilizes two channels per sample, up to three cell
states can be monitored simultaneously. In the example illustrated in (B), the same cells can either be treated with GSNO (N)
or GSSG (G), or non-treated (control, C). Following the sequential iodoTMT switch with various channels of iodoTMT tags as
indicated, all samples were mixed, digested, and enriched for iodoTMT-labeled peptides prior to LC-MS/MS analysis.
Relative abundance of the reporter ions detected for each positively identified peptide can then be used to calculate fold
changes of SNO versus other reversible Cys modifications upon treatments with either GSNO or GSSG, relative to control.
Cys, cysteine; GSNO, S-nitrosoglutathione; GSSG, glutathione disulfide; IAM, iodoacetamide; SH, free thiol; SNO, S-ni-
trosylation; S-SG, S-glutathionylation; S-SP, protein disulfides; TCEP, tris(2-carboxyethyl) phosphine. To see this illustration
in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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identification and quantification. Another notable conse-
quence of iodoTMT-labeling is that it significantly increases
the average charge state of labeled peptides ionized by elec-
trospray (Supplementary Fig. S3A) (72), which adversely af-
fects the CID or higher-energy C-trap dissociation (HCD)
MS/MS pattern and ensuing identification efficiency (Sup-
plementary Fig. S3B) (21, 27, 70). Moreover, several fragment
ions derived from cleavage of the mass tag (marked with # in
Supplementary Fig. S2A) would reduce the overall scoring by
commonly used search engine such as Mascot (56). We
showed that these deficiencies can be somewhat rectified by
applying the extra Mascot Percolator function (5, 34, 68),
through which the overall number of confidently identified
peptides was improved by more than threefolds at a given
FDR (Supplementary Fig. S3C, D).

A representative CID MS/MS spectrum produced under
the optimized NCE, with intense reporter ions and clear
b- and y-series of assigned fragment ions, is shown in Figure
2C, which could be confidently identified as corresponding to
the peptide ‘‘VNQIGSVTESIQACK’’ from enolase. Impor-
tantly, the relative intensity of the reporter ions exactly mat-
ched the anticipated protein ratios (5:3:1:10) dictated by the
experimental design (Fig. 2A). Overall, 1669 unique peptides
were identified and quantified, and their measured reporter
ion ratios summarized in Figure 2D. The median of all mea-
sured reporter ions 127 to 126 ratio was 0.62, which is close to
the theoretical ratio of 0.6, with a 10.4% coefficient of variation
(CV). Measured 128 to 126 and 129 to 126 ratios also closely
matched their theoretical ratios with reasonable CV of 14.2%
and 7.8%, respectively. These observations collectively es-
tablished the high accuracy and precision in quantification
afforded by the newly developed iodoTMT reagents.

Sequential iodoTMT switch

Having settled on the MS data acquisition and analysis
parameters, we then proceeded to incorporate a sequential
iodoTMT switch strategy into the overall workflow (Fig. 3A).
Samples to be assayed, which can be any tissues or cells, are
lysed in the presence of iodoacetamide (IAM) to block all SH
to prevent their further conversion in subsequent steps. Next,
S-nitrosylated Cys were specifically reduced to free SH by
ascorbate treatment and labeled by iodoTMT1. Finally, all
other remaining reversible Cys-modifications were reduced
by TCEP and the generated thiols were labeled by iodoTMT2.
Under this scheme, each sample requires two different
iodoTMT tags for sequential labeling and therefore up to three
different samples and/or treatment conditions can be simul-
taneously analyzed using a maximum of the sixplex iodoTMT
reagents. As a feasibility study, we first applied the workflow
to H9c2 cardiomyocyte lysates treated in vitro with either
GSNO or glutathione disulfide (GSSG) and the resulting al-
terations in both SNO and other reversible modifications were
quantified against non-treated control (Fig. 3B). The three
samples were mixed after sequential labeling, and the
iodoTMT-labeled peptides immunocaptured for LC-MS/MS
analysis.

By the experimental design, relative intensities of the re-
porter ions 126–128 (from iodoTMT1) in the MS/MS spectrum
of each identified peptides represent the change of SNO level
of the implicated Cys site, whereas reporter ions 129–131
(from iodoTMT2) indicate the level of other reversible modi-

fications, which correspond in this case mainly to protein
disulfides and S-SG induced by either GSNO or GSSG. Protein
structural disulfides could additionally be distinguished from
S-SG or other oxidative stress-induced S-thiolations since the
Cys involved would be insensitive to GSNO/GSSG treatment
and ascorbate reduction. Consequently, these sites would not
be tagged by iodoTMT1 in the first switching step, and almost
equally tagged by iodoTMT2 in the subsequent step after
TCEP reduction (Fig. 4A, reporter channel profile exemplified
by the tryptic peptide of cathepsin B, which Cys is known to
be involved in disulfide linkage). A total of 1977 unique
peptides with about 2500 Cys residues were unambiguously
identified with 1% FDR (Supplementary Table S2), *42% of
which may be attributed to protein disulfides (cluster 1, Fig.
4B) based on the aforementioned reporter ion profiles. More
importantly, several patterns attesting to the usefulness of our
quantitative approach can be noted as following section from
this global profiling.

Induced Cys modification by GSNO versus GSSG

First of all, it is clear that SNO is rather specifically induced
by addition of GSNO and not by GSSG, with a negligible basal
level shown by control, which are measured by reporter ion
127, 128, and 126, respectively. Addition of GSSG was ex-
pected to perturb the reduced glutathione (GSH)/GSSG ratio
of the cell lysates and may thus induce additional S-SG but not
SNO. GSNO, on the other hand, is both a transnitrosylating
and glutathionylating agent (19, 32, 36, 39, 71). Our global
profiling revealed that about 25% of all Cys sites (cluster 2,
Fig. 4B) were either equally susceptible (e.g., Cys139 of 40S
ribosomal protein S2) or more prone to SNO than S-SG (re-
porter ions 127 > 130, e.g., Cys533 of alanyl-tRNA synthetase)
by GSNO (Fig. 4A). In addition, *33% of all Cys sites (cluster
3, Fig. 4B) were more readily glutathionylated by GSNO, or
initially preoccupied by other TCEP-reversible modifications
to render them relatively resistant to SNO (e.g., Cys80 of ri-
bonuclease inhibitor).

Focusing on the quantitative aspects of SNO, GSNO in-
duced up to three orders of increase in SNO relative to non-
treated control, with more than 80% showed twofold or
higher increment while about 10% not affected (Fig. 5A). This
distribution suggests that without the constrains of cellular
compartmentalization and controlled intracellular redox po-
tential, different Cys sites exhibit a wide range of inherent
susceptibility to transnitrosylation by GSNO. Moreover, al-
though GSNO is capable of effecting S-SG, a scatter plot of all
identified Cys sites shows that a majority ( > 90%) were pref-
erentially S-nitrosylated rather than glutathionylated, while
the reverse is true for a distinctive minority (Fig. 5B). Con-
sistent with a previous report (52), GSSG largely effected no
change or a slight to moderate decrease of SNO level on more
than 90% of all identified Cys sites, with about 50% showing
less than twofold changes (Fig. 5A). In the case of other re-
versible Cys modifications (Fig. 5C), about 50% were not af-
fected by GSSG treatment while another 40% showed less
than twofold increase. This compares with about 50% showed
two or more fold increment by GSNO treatment, with the
remaining mostly showing a slight increase. It therefore ap-
pears that, overall, GSNO is a better agent in causing S-SG
despite the competing SNO event. This is also reflected by the
scatter plot (Fig. 5D), which shows that the majority of spots
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were distributed under the r = 1 slope, namely higher level of
S-SG were induced by GSNO than by GSSG. The global
quantitative results of SNO and other reversible Cys modifi-
cations were confirmed by immunoblotting (Fig. 5E, F) after
applying similar sequential switch approach to the treated
samples and untreated control (see ‘‘Materials and Methods’’).
We also confirmed the induction of S-SG under the in vitro
experiments by immunoblotting with anti-glutathione anti-
body (Fig. 5G).

Quantitative redox proteomics of hypoxic
cardiomyocyte with GSNO protection

The inherent susceptibility of Cys sites to SNO and/or S-SG
by GSNO and the global pattern thus generated provided a
comparative basis for us to next examine the global effect of
adding GSNO to H9c2 cardiomyocyte undergoing hypoxia. It
has been shown that an increased level of protein SNO con-
tributes to myocardial ischemic preconditioning-mediated

protection against reperfusion injury (38, 69). We recon-
stituted SNO-dependent cytoprotection by treating hypoxic
H9c2 cells (0.5% O2, 37�C for 4 h) with GSNO and moni-
tored changes of morphology by microscope, and the index
of cell injury by detection of cellular enzyme lactate dehy-
drogenase (LDH) in the conditioned medium. As high-
lighted in Figure 6A, a retraction of cell shape and a loss of
cell–cell contact shown by hypoxic cells were alleviated by
the GSNO treatment. In addition, hypoxia-induced leakage
of LDH was suppressed by incubation of cells with GSNO
(Fig. 6B), suggesting that the plasma membrane integrity in
hypoxic H9c2 cells was restored in the presence of GSNO.
We further examined whether GSNO-mediated cytoprotec-
tion was SNO-dependent. For this, mercury dichloride
(HgCl2), which is a cell-permeable agent of denitrosylation
that selectively removes NO moiety from S-nitrosothiols
thus forming a stable Cys-Hg bond (22, 46), was added to
H9c2 cells already pre-exposed to GSNO under the hypoxic
condition. Removal of excess GSNO at the time of HgCl2

FIG. 4. Clustering of the identified Cys
residues based on the relative intensities of
the reporter ions. Four representative inten-
sity patterns of the reporter ion channels
were shown in (A). Notably, the Cys in ca-
thepsin B is known to be involved in dis-
ulfide bridge and therefore only ‘‘other’’
form and no SNO was detected. Good
specificity of ascorbate reduction was shown
by detecting SNO only in channel 127. The
varying amount of SNO and other Cys-
modification induced by GSNO on each
specific Cys site is represented by the relative
intensity ratio of reporter ions 127 to 130. The
other three examples shown represent sites
where approximately equal amounts (ribo-
somal protein S2), more SNO (alanyl-tRNA
synthetase) and less SNO (ribonuclease in-
hibitor) than other Cys modifications were
induced by added GSNO. All identified Cys
residues were classified by the patterns of the
relative intensities of reporter ions into three
clusters using GproX (B). Percentage of the
involved Cys residues in each cluster was
shown as indicated with the color-coded in-
tensities of membership shown at right.
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addition (Fig. 6C) allowed Hg-mediated denitrosylation to
occur specifically on thiols of endogenous proteins in H9c2
cells. Employing this workflow, we demonstrated that
while supplement of GSNO prevented H9c2 cells from
hypoxic injuries, such protective effects on morphological

changes (Fig. 6C) and leakage of LDH (Fig. 6D) were sig-
nificantly attenuated by the treatment of HgCl2 following a
dose dependent manner. Importantly, HgCl2 treatment did
not cause any detectable effect in normoxic H9c2 cells
supplied with GSNO (Fig. 6C, D). Together, these results

FIG. 5. Relative amount of induced SNO and other Cys-modification upon in vitro treatment of H9c2 cell lysates with
GSNO or GSSG. Global analysis by the sequential iodoTMT switch method revealed that GSNO but not GSSG treatment
would induce significant SNO formation as shown by the histograms of fold changes of SNO induced by different treatments
(A). The solid lines with closed square or triangle labels represent the cumulative percentage of induced SNO by GSNO or GSSG
treatments, respectively. This is further supported by anti-TMT immunoblotting in parallel experiments involving only the first
switching step (inset, gel pattern). On average, GSNO was shown to induce more SNO formation than other Cys-modifications on
most Cys sites, which led to the observed scatter plot pattern (B). Dash line in the scatter plot (slope = 1) represented equal fold
change of SNO and S-SG of particular Cys residues under GSNO treatment. Correlation coefficient of induced fold changes of
SNO versus other Cys modifications was shown as indicated. Moreover, GSNO induced an overall higher amount of other Cys
modification than GSSG did (C), as revealed by the corresponding scatter plot pattern (D). All measured fold changes were
relative to untreated control. The changes of SNO and other Cys modifications caused by in vitro treatments were also validated
by immunoblotting using anti-TMT and anti-biotin, respectively, after sequential reduction/alkylation with IAM, ascorbate/
iodoTMT, and TCEP/Polyethyleneoxide-iodoacetyl-biotin as described in ‘‘Materials and Methods’’ (E, F). The formation of S-SG
was confirmed by immunoblotting of treated samples using anti-glutathione antibody without any labeling (G). To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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demonstrated that SNO-dependent cytoprotection was
specific to cardiomyocytes suffering hypoxic stress.

Under the same experimental conditions, the cell lysates
were subjected to Cys-redox proteomic analysis after being
taken through our established sequential iodoTMT switch
workflow. In parallel, a reverse labeling was also performed
to cross validate the reproducibility of the results. In total, 266
Cys sites from 169 proteins were determined as redox modi-
fied (Supplementary Table S3). Ingenuity Pathway Analysis
(IPA) was used to explore the potential roles on NO-dependent
protective effects of the identified proteins in hypoxic cardi-
omyocyte. Our data revealed that the proteins with redox
modifications are involved in a variety of cellular processes
(Supplementary Table S4). The determined change of both
SNO and other reversible modifications on each identified
Cys residues was summarized in Figure 7. Among them, 12
and 14 proteins were shown to have significantly changed
(Z score > 2) SNO or other reversible modifications, respec-
tively (Table 1). Interestingly, if only those proteins with sig-
nificant change of redox modifications are considered in IPA,
the most related cellular functions include cell death ( p-value:
4.13E-05), free radical scavenging ( p-value: 5.86E-5), and cel-
lular assembly and organization ( p-value: 8.13E-5) (Supple-
mentary Table S5). Potential signaling networks proposed
through the MetaCore server using the same dataset pin-
pointed several critical ‘‘nodes,’’ such as Rac1, RhoA, protein

kinase C, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), in the redox signaling, where still focused on reg-
ulating apoptosis and cytoskeleton organization (Fig. 7C). As
a potential key regulator in the redox signaling, we thus fur-
ther confirmed the decrease of SNO level on GAPDH by
conventional BST in GSNO-treated cardiomyocyte under
hypoxic insult (Fig. 7D). In summary, our results suggest
that regulation of redox-related modifications play a role in
NO-mediated protection of hypoxic cardiomyocytes from
apoptosis and loss of intercellular adhesion, consistent with
the biological assays (Fig. 6).

Discussion

It is now well accepted that redox status of specific Cys sites
can impact intricate cellular pathways, and that dysregulation
of cellular redox homeostasis has severe physiological conse-
quences. Although several reversible Cys modifications on the
same and/or different sites are understood to cross-talk and
collectively fine-tune the protein functions, it remains ex-
tremely difficult to identify and quantify all the relevant forms
simultaneously due to the lack of suitable methodology. Here,
taking advantage of the newly available multiplex iodoTMT
reagents, we have developed a sequential iodoTMT switch
procedure, which enables site-specific identification and
quantification of multiple redox-related Cys-modifications at a

FIG. 6. GSNO treatment protects H9c2 cells against hypoxic injuries via protein SNO. (A, B) Rat cardiomyocyte H9c2
cells were exposed to normoxia (N) or hypoxia (H) for 4 h in the absence or presence of GSNO (10 lM). (A) Cell morphology
was assessed by the phase contrast microscopy. (B) Aliquots of conditioned medium were subjected to LDH activity assay.
(C, D) Hypoxic H9c2 cells supplemented with GSNO (10 lM) for 3 h were exposed to HgCl2 (0.1 or 0.2 lM) for additional 1 h.
Normoxic H9c2 cells with the same exposure to GSNO and HgCl2 were included for comparison. At the end of 4 h of
treatment, morphological changes (C) and level of LDH released to conditioned medium (D) of H9c2 cells were analyzed.
Data shown in (B) and (D) are presented as mean – SD [n = 6 in (B) and n = 3 in (D); *p < 0.05, **p < 0.001]. HgCl2, mercury
dichloride; LDH, lactate dehydrogenase; SD, standard deviation.
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proteomic level. For the first time, we provided a quantitative
assessment of the global in vivo thiol status of proteins in
cardiomyocytes undergoing hypoxia and how these were al-
tered by applied GSNO, which elicited a protective conse-
quence against hypoxic damage.

There remains a few technical shortcomings in our ap-
proach particularly in further dissecting the so-called other
reversible modifications, which are resistant to ascorbate but
susceptible to TCEP reduction. However, we have shown
that Cys involved in structural disulfides can be readily

FIG. 7. Effect of GSNO treatment on in vivo Cys-SNO and other reversible Cys modifications in H9c2 cells exposed to
hypoxia. Global analysis by the sequential iodoTMT switch method revealed different degree of in vivo SNO and other Cys
modification in cardiomyocytes subjected to hypoxia conditions for 4 h, with and without addition of GSNO. Four-plexed
quantification with the 126/127 and 130/131 channels reporting SNO and other Cys modifications respectively for conditions
with and without GSNO addition, was cross validated by similar four-plexed reverse labeling in which the SNO and other
Cys modification were reported instead by the 130/131 and 126/127 channels, respectively. The overall global pattern
derived from forward labeling was displayed on a scatter plot (A) and those with significant changes in either SNO or other
Cys modifications, or both, are annotated by their gene names and the modified Cys residues. Dash lines represent the
significance threshold of the reported changes in Cys modifications (Z score > 2). Red and green color-coded data points
represent increase and decrease in both Cys modifications, respectively. The normalized intensity patterns of the reporter ion
channels corresponding to four circled data points in (A) are shown in (B), along with the reverse labeling pattern. Cys43 of
Gal-1 represents a site where increased formation of SNO and other reversible forms were observed with added GSNO,
whereas Cys139 of Glo1 represents another where significant decrease in SNO was registered. The Cys80 of DSTN and
Cys116 of 40S ribosomal protein S11 showed instead only significant increase in SNO and decrease in other Cys modification,
respectively. In general, fold change in other Cys modification was less distinct than that of SNO, indicating that SNO is the
prime effect of adding GSNO to hypoxic cardiomyocytes. Potential molecular networks proposed based on the proteins with
significantly changed redox Cys modifications using MetaCore algorithm was shown in (C). Decreased SNO level of GAPDH
in NO-protected hypoxic H9c2 was also confirmed by conventional BST and the relatively quantitative results were deter-
mined from the image intensities with mean – SD of three independent experiments (*p < 0.01) (D). BST, biotin switch
technique; DSTN, destrin; Gal-1, galectin 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Glo1, glyoxalase I.
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distinguished by unique reporter ion profiles, whereas in-
corporation of a few additional reagents within the overall
sequential iodoTMT switch workflow could potentially fur-
ther resolve the pattern. For example, prior to or instead of
TCEP-reduction, arsenite may be used to specifically reduce
S-OH (57, 60), and S-SG can also be more specifically reduced
by glutaredoxin-based reaction (45), which can discriminate
against other thiolation and oxidation. In this context, the less
well-defined specificities of these reducing reagents (2, 18, 43)
other than the ascorbate are in fact the main limiting factors
and not the iodoTMT switching itself since the multiplex na-
ture of the isobaric tags is more than capable of accommo-
dating the extra sequential steps of reduction and tagging
cycle. As an alternative approach, contribution of the sulfenic
form can be subtracted from the ‘‘other reversible modifica-
tions’’ by arsenite treatment during the initial cell lysates, or
by irreversible trapping using a reagent such as dimedone (4,
64). The former approach would lead to it being tagged by
IAM in the initial alkylating steps of all available SH, whereas
the latter would convert it to forms no longer reducible by
TCEP. In parallel analysis, we have, in fact, added dimedone
and sodium arsenite in IAM blocking buffer after GSNO
treatment (Supplementary Fig. S4A) and observed no signif-
icant changes in the relative ratio of other modifications
compared to that without dimedone or sodium arsenite
addition (Supplementary Fig. S4B). This implies very little
contribution of sulfenic forms to what we identified as ‘‘other
modifications’’, which therefore predominantly comprises
S-SG if the disulfides are also discounted.

By applying the sequential iodoTMT switch, we have ini-
tially identified and quantified about 2500 modified Cys sites
that can be variably S-nitrosylated or S-glutathionylated
in vitro by GSNO. In this case, we were examining the intrinsic
susceptibility of each of the identified Cys sites under cir-
cumstances not further constrained by intracellular com-
partmentalization or redox potential. Although it is widely
accepted that GSNO can induce the formation of both SNO
and S-SG in a competitive manner, the mechanism underlying
the tendencies of each reactive Cys to undergo either modi-
fications remains poorly understood (13, 17, 19, 32, 48), due to
technical difficulties. Giustarini et al. (19) have previously
shown a diverse response, in terms of the amounts of SNO or
S-SG formation, exhibited by select few proteins exposed to
GSNO, and suggested that the individual Cys reactivity de-
fined by its surrounding microenvironment was the key factor
for the differential preferences. We now extended this obser-
vation to include many more sites on a proteomic scale and
likewise found quite a diverse predisposition to form either
SNO or S-SG (Fig. 5B, correlation coefficient = 0.3568). A much
stronger positive correlation was shown instead for the for-
mation of S-SG induced by GSNO or GSSG (Fig. 5D, corre-
lation coefficient = 0.6884). It was suggested that Cys thiols
with higher nucleophilicity, such as histidine-activated thio-
late, can attack the SNO bond of GSNO, leading to the pref-
erential formation of GSH-mixed protein disulfides (11, 19,
50). Our results showed that those Cys more prone to form
S-SG under GSNO treatment were also more likely to form
S-SG when exposed to GSSG (Fig. 5D), which indicated that
either these Cys contained thiols are better nucleophiles re-
gardless of the glutathionyl donor, or the formed S-SG on
these Cys are less readily removed by either the enzymatic
system (e.g., glutaredoxins) or GSH.

We further classified the modified Cys into three clusters
based on the relative amount of induced SNO and other re-
versible Cys modifications (Fig. 4B). The potential sequence
motifs of the three clusters were examined using Motif-X
(9, 62). Interestingly, the three highest scored motifs
( p < 0.000001) as determined from cluster 1 all contained two
or more nearby Cys, which may form disulfide bonds (Sup-
plementary Fig. S5A). We further evaluated the Cys residues
classified in cluster 1, 38% of them are already annotated as
disulfide-linked sites in UniProt Protein knowledgebase,
whereas another 47% of them are not annotated in database
but containing at least one nearby Cys in their primary se-
quences, which increases the possibility for these Cys residues
to form disulfide linkages during the in vitro experiments.
Indeed, 51% of those non-annotated Cys sites in cluster 1 are
predicted as disulfide-linked residues by applying the Dis-
Locate algorithm (61). Remarkably, the only potential motif
determined for cluster 2 showed an exclusive aspartate resi-
due in position - 3 while the only potential motif in cluster 3
exhibited a lysine located at position + 1. (Supplementary Fig.
S5B, C). Negatively charged amino acids adjacent to Cys has
previously been suggested as the key feature of S-nitrosylated
Cys in vivo (11), which is consistent with current finding that
Cys sites in cluster 2 were preferentially S-nitrosylated. It
should, however, be cautioned that the motif scores for clus-
ters 2 and 3 are relatively low and may not represent the
whole population. In general, the lack of the strong consensus
motif for redox-modified Cys as found here and by others (52)
further support the notion that susceptibility of a particular
Cys to redox modifications is not solely determined by its
flanking primary sequence but rather dependent on higher
ordered structure and other superimposed intracellular con-
strains such as proximity or localization of reactive nitrosative
species. Each different cell types also maintains different rel-
ative amounts of redox agents such as the GSH and GSSG
pools, different activities of redox-related enzyme systems
including the thioredoxins, glutaredoxins, various reductases,
and the eNOS systems, which collectively define a cell- and
pathophysiology-specific redox potentials acting on the sus-
ceptible Cys. We have, for example, found from our quanti-
tative analysis that overall a higher degree of reversible Cys
modifications could be induced by GSNO on the endothelial
Rat-1 lysates than the cardiomyocytes H9c2 (Supplementary
Fig. S6).

Quantitative measurement of multiplexed redox Cys
modifications in hypoxic cardiomycotyes provides a para-
mount view on how NO may exert its protective function
under myocardial ischemia. It has been well documented that
ischemic stress caused by coronary occlusion led to myocar-
dial injuries, including disruption of F-actin and microtubule
cytoskeleton (25, 29). In response to reperfusion of the heart,
myocardium suffers severe damage at least in part due to
production of reactive oxygen species (ROS) that may oxidize
various cellular proteins, thus inducing proteolysis or cardiac
cell death (3, 53). Obviously, myocardial protection is essen-
tial for reducing injuries of the heart in both phases of ische-
mia and reperfusion. It has been previously shown that
reversible SNO prevents proteins from ROS-induced irre-
versible Cys oxidation (8), suggesting that NO may act as a
cytoprotector against reperfusion-induced myocardial injury
(12). In the present study, we provide evidence demonstrating
that NO could also protect cardiomyocytes under the hypoxic
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stress, consistent with the cytoprotective role of SNO in myo-
cardium of the ischemic heart. Therefore, our identification of
multiplexed Cys modifications, including SNO and other
reversible modifications in hypoxic cardiomyocytes exposed to
NO, is informative. This dataset illustrates the fact that NO
action is not confined to SNO, but likely promotes a compli-
cated shift among various forms of reversible Cys modifica-
tions. We propose that such a global change of Cys-redoxome
is indeed the fundamental basis for the prominent cytopro-
tective role of NO in myocardium under the ischemic stress.

While the full scale of evaluation of our dataset requires
additional investigations, some of the candidates identified by
this analysis are potentially important for NO-mediated pro-
tection in hypoxic cardiomyocyte. Among them, Galectin-1 is
involved in a wide range of cellular functions, including cell
proliferation, apoptosis, inflammation, and cell adhesion (6).
It executes distinct functions depending on its redox status
and only the reduced form possesses b-galactoside-binding
activity, which is crucial for functional recovery after brain
ischemia (28, 44, 74). Previous reports also indicated that
galectin-1 is the target of SNO and S-SG (16, 41). Together, these
evidences suggested that galectin-1 is sensitive to environ-
mental redox change and its functions are modulated through
complicated redox-related Cys modifications. The present
results showed that the two Cys residues (Cys3 and Cys43) of
galectin-1 were significantly S-nitrosylated in NO-protected
cardiomyocyte under hypoxia. In addition, the level of other
reversible modifications on Cys43 was increased under the
same condition. We propose that such robust Cys modifica-
tions in response to GSNO treatment might preclude galectin-1
from induction of apoptosis in hypoxic cardiomyocyte. In
contrast, a decreased level of SNO was observed on Cys150 of
GAPDH in GSNO-treated hypoxic H9c2 cells, which was also
supported by the results from conventional BST. Interestingly,
it was previously shown that SNO of Cys150 not only abol-
ished the catalytic activity of GADPH but also directed nuclear
translocalization of GAPDH for promoting apoptosis through
binding to Siah1 (24). Our findings thus suggest that NO might
protect cardiomyocytes against hypoxia-induced apoptosis
through a yet to be identified mechanism for maintaining
denitrosylation and cytosolic localization of GAPDH. It is
worth to note that the potential molecular networks proposed
by MetaCore from our dataset also support the possible routes
that (i) galectin-1 functions as a redox-sensing probe and passes
signals into cell through affecting receptors on plasma mem-
brane; and (ii) GAPDH transmits the redox signals to different
cellular compartments and affects the regulation of cell death
through converting redox status on particular Cys residues
(Fig. 7C). In addition, by acting as a transnitrosylase, GAPDH
might also augment the level of acetylation through inhibiting
sirtuin-1 and activating p300-CBP (40, 63), as revealed on the
proposed networks. On the other hand, the proposed networks
indicate that Rac1, which we found significantly decreased
other reversible modifications on Cys105 in NO-protected
cardiomyocyte, plays a central role in response to hypoxia
to regulate either apoptotic processes through P38 mitogen-
activated protein kinases or cellular barrier function through
myosin light chain kinase. Interestingly, two protein tyrosine
phosphatases, PTPRC (CD45) and SHP-1, were also involved
in the proposed redox networks suggesting that tyrosine
phosphorylation is also the key mechanism for hypoxic
responses. In fact, we did observe dramatic decrease of overall

protein tyrosine phosphorylation in hypoxic cardiomyocyte
accompanied with nearly complete recover in NO-mediated
protection (article in preparation). Overall, it suggests that
although more studies are required to clarify the exact
mechanisms, redox-sensitive reversible Cys modifications
might be the initiator to regulate acetylation and phosphor-
ylation levels in different cellular compartments thus
achieving NO-mediated myocardial protection.

On the basis of our data (comparison between Supple-
mentary Tables S2 and S3), it is important to note that the
Cys sites with significant changes of SNO or other modifi-
cations in GSNO-protected hypoxic H9c2 cells may not
necessarily be the most redox susceptible sites in total lysates
exposed to NO in vitro. For example, Cys61 of Galectin-1 was
not identified to be redox-modified in vivo, but was highly
susceptible to SNO (*3-fold higher than Cys3 and Cys43)
when the protein was treated with GSNO in vitro. These
findings suggest that, in contrast to the intrinsic reactivity of
any particular thiol being merely determined by its chemical
properties, site-specific regulation of Cys modifications in-
side cells is precisely controlled by endogenous enzyme
systems and redox microenvironment of subcellular com-
partments, consistent with a concept proposed previously
(12, 47).

In conclusion, with the newly developed iodoTMT tags
available for quantitative measurement of multiplexed Cys-
redox modifications by efficient immunoenrichment and ad-
vanced shotgun LC-MS/MS analysis, our study provides the
first evidence that NO-mediated ischemic protection may be
achieved by a process far more complicated than mere in-
crease of SNO level in myocardium. In addition to SNO for
shielding Cys residues against oxidation suggested by recent
studies (37, 38), other forms of reversible redox modifications
are involved in NO-dependent cardioprotection. A compre-
hensive delineation of Cys-redoxome by the experimental
workflow introduced in the present study will significantly
contribute to our understanding of how NO maintains
physiological homeostasis and thus protecting heart from
ischemia-reperfusion injury.

Materials and Methods

Cell culture, hypoxic exposure, detection of LDH
leakage, and treatment with GSNO and HgCl2

All cell lines were purchased from American Type Culture
Collection. H9c2 rat cardiac myoblast was cultivated in high
glucose Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 100 U/ml penicillin, and
100 lg/ml streptomycin (Invitrogen). Rat-1 cells were grown
in the same medium plus 10 mM of glutamine. To simulate
experimental hypoxia, the serum- and glucose-free Hank’s
Balanced Salt Solution (HBSS) was first pre-equilibrated in an
air-tight glove box (Don Whitley Scientific) under hypoxic
condition (0.5% O2–95% N2–5% CO2) for 48 h. The H9c2 cells
were then incubated in the pre-equilibrated hypoxic HBSS in
the glove box at 37�C for 4 h after two times of wash. To
examine the NO-mediated protection effects on plasma
membrane integrity, 10 lM of GSNO was included in the
HBSS during the incubation and the degree of cell injury was
assessed by the changes of morphology using microscope and
by the level of LDH leakage through measuring the LDH
activity in both conditioned HBSS and lysate using a
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commercial colorimetric kit (Promega). LDH leakage was
expressed as percentage of the LDH activity in the condi-
tioned HBSS versus the total LDH activity (conditioned
HBSS + lysate) and then normalized against the control sam-
ple, that is, H9c2 cell under normoxia without GSNO treat-
ment. To test the role of SNO-dependent cytoprotection, the
conditioned HBSS supplemented with GSNO was removed
from the cells after 3 h of hypoxic exposure, followed by im-
mediate addition of the HBSS containing HgCl2 (0.1 or 0.2 lM)
to the cells for one more hour of hypoxic exposure. The con-
ditioned HBSS was collected for the measurement of LDH
released during the entire course of hypoxic exposure.

In vitro SNO and S-SG

Lysis buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM
ethylenediaminetetraacetic acid [EDTA], and 1% (v/v) NP-40)
was first purged with N2 for 1 h at room temperature to remove
dissolved oxygen. H9c2 cells (total *6 · 106) were then har-
vested and lysed in 0.5 ml of the purged lysis buffer containing
freshly added protease inhibitor cocktail (Roche). Cell debris
was removed by centrifugation and protein concentration of
the resulting supernatant was determined by Bradford protein
assay (Bio-Rad). Equal aliquots (0.3 ml with protein concen-
tration of *1 mg/ml) were taken and treated with 100 lM of
GSNO, GSSG, or mock-treated for 20 min at 37�C. The small
molecules were removed by acetone precipitation as described
(31). Protein pellets were resuspended by HENS buffer
(250 mM HEPES pH 8.0, 1 mM EDTA, and 0.1 mM neocu-
proine containing 2.5% sodium dodecyl sulfate) for iodoTMT
labeling. All steps were performed under the protection from
light to avoid unwanted changes of redox Cys modifications.

Sequential iodoTMT switch

For each experiment, about 300 lg of proteins were used.
All the alkylation steps were performed in dark. First, all SH
in the sample were blocked by IAM to preclude further
change of Cys modifications during subsequent labeling
procedures. For in vitro GSNO/GSSG treatments, 200 mM of
IAM was added in the 300 ll of HENS buffer used for re-
suspending protein pellets after the completion of treatments.
The alkylation was conducted through incubation in end-to-
end rotator at 37�C for 1 h. For examining the NO-mediated
protective effects on hypoxic cardiomyocyte, 200 mM of IAM
was included in lysis buffer during cell lysis. After removing
the cell debris, 300 lg of proteins were taken from each sample
individually and IAM blocking was continued by adding
three volumes of HENS buffer containing 100 mM of IAM and
incubated at 37�C for 1 h. Acetone precipitation was used
here and followed by steps to remove excess reagents.
S-nitrosylated thiols were specifically reduced and labeled by
resuspending protein pellets in HENS containing 20 mM of
ascorbate and 1 mM of iodoTMT1 reagents carrying the de-
sirable reporter ions and incubated at 37�C for 2 h (14, 31, 52).
After removing the excess reagents, all other remaining re-
versible modified thiols were reduced and labeled by reacting
with 5 mM of TCEP and 1 mM of iodoTMT2 carrying a distinct
set of reporter ions different from iodoTMT1, at 37�C for 1 h.
Upon completion of labeling, all samples to be analyzed were
mixed. Acetone precipitation was performed again and the
resulting pellet was dissolved in 25 mM of ammonium bi-
carbonate, pH 8.0, containing 0.5% of RapiGest SF (Waters),

followed by adding sequential grade trypsin (Promega) at an
enzyme to protein ratio of 1:50 (w/w) and incubated at 37�C
overnight.

For additional cysTMT switch, all steps were performed as
described above for iodoTMT switch, except for the substi-
tution of cysTMT-X for iodoTMT-X to label S-nitrosylated
thiols. In addition, due to the reversibility of disulfide linkage
between cysTMT and the Cys-thiol group, no further reduc-
ing reaction was performed. An aliquot of labeled proteins
(5 lg) from each treatment were subjected to immunoblotting
with anti-TMT antibody (Thermo Fisher Scientific), which
recognizes all TMT-related tags.

To determine the levels of SNO and other remaining re-
versible modifications in treated samples through immuno-
blotting, all NO moieties on S-nitrosylated thiols were first
‘‘switched’’ to iodoTMT tag as aforementioned. The other re-
versible modifications were then reduced as in the sequential
iodoTMT switch, but 5 mM of polyethyleneoxide-iodoacetyl-
biotin was used to label the generated SH. Aliquots of
sequentially labeled samples (5 lg) were subjected to immu-
noblotting with anti-TMT antibody for detecting SNO, or anti-
biotin antibody (Cell Signaling Technology) for other reversible
modifications. To further confirm the formation of SSG under
in vitro GSNO and GSSG treatments, immunoblotting with
anti-glutathione antibody (Virogen) was also performed.

Enrichment of iodoTMT- or cysTMT-labeled peptides

The iodoTMT- or cysTMT-labeled peptides were im-
munocaptured following the manufacturer’s instruction, with
some modifications. Briefly, 250 ll of combined sample with
peptide concentration of 1 mg/ml was diluted with three
volumes of Tris-buffered saline (TBS, 25 mM Tris, 150 mM
NaCl, and 2 mM KCl, pH 7.4) and incubated overnight at 4�C
with pre-equilibrated immobilized anti-TMT resin. In general,
250 ll of the immobilized anti-TMT resin slurry was used for
the indicated amount of peptide mixture after three times of
washes with three volumes of TBS by repeated centrifugation
and supernatant removal. Unlabeled peptides were removed
by sequential washes with TBS and TBS containing 4 M urea,
followed by incubation at room temperature for 30 min in the
presence of urea. Beads were then washed three times with
TBS and five times with water. Labeled peptides were eluted
with 40% (v/v) acetonitrile (ACN) containing 0.5% (v/v)
trifluoroacetic acid and dried in SpeedVac.

MS analysis

All samples to be analyzed were pre-cleaned by C18 Micro
TipColumn (Hoefer) according to the manufacture’s protocol.
Peptides (0.5 lg) were injected into a trapping column
(180 lm · 2 cm) with 0.1% formic acid for 3 min and then
separated by a 75 lm · 250 mm C18 capillary column (1.7 lm;
BEH130) using a nanoACQUITY UPLC system (Waters)
controlled by MassLynx 4.1 with a linear gradient of 5–50%
ACN (in 0.1% formic acid) in 150 min at a constant flow rate of
300 nl/min. Peptides were detected in an LTQ-Orbitrap Velos
hybrid mass spectrometer (Thermo Fisher Scientific) by a
data-dependent ‘‘HCD10’’ acquisition method. For each cycle,
full-scan MS spectra (m/z 350–1600) were acquired in the
Orbitrap at a resolution of 60,000 and the 10 most intense ions
with charge states ‡ 2 were sequentially isolated (1.2 Da of
isolation window) to a target value of 50,000 ions and
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fragmented by HCD in the multipole collision cell with NCE
as described in the text. Fragment ions were then detected in
the Orbitrap at a resolution of 7500.

Data analysis

All MS and MS/MS raw data were processed with Pro-
teome Discoverer version 1.3 (Thermo Fisher Scientific), and
the peptides were identified from the MS/MS spectra sear-
ched against the UniProtKB/Swiss-Prot (20110531/529056
sequences entries) database using the Mascot 2.3.02 (Matrix
Science) with the following constraints: only tryptic peptides
with up to two missed cleavage sites; taxonomy: Rattus; and
mass accuracy of 10 ppm for the parent ion and 0.05 Da for the
fragment ions. iodoTMT or cysTMT-labeled (C), carbamido-
methyl (C), deamidation (NQ), oxidation (M), and acetyl
(protein N-term) were specified as dynamic modifications.
FDRs were calculated by target-decoy strategy with or with-
out using Mascot Percolator. All peptide hits were filtered
with a 1% FDR cutoff. All reporter ion areas were calculated
by Proteome Discoverer with the integration tolerance of
20 ppm. Missing values were replaced with minimal intensi-
ties. The annotation of protein disulfide bonds formation was
manually reviewed using the UniProt Protein knowledgebase
(http://uniprot.org/). For those not well annotated proteins
from the taxonomy of rat, homologues from mouse or human
were used as the basis for reviewing. DisLocate algorithm was
applied to predict protein disulfide linkage based on their
primary sequences (61). Protein annotations were obtained
from the IPA program (Ingenuity� Systems, www.ingenuity
.com). Potential redox networking of NO-mediated protection
on hypoxic cardiomyocyte was determined by MetaCore
from Thomson Reuters with several manual adjustments.
Data clustering was determined by GProX (59) based on rel-
ative intensities of all reporter ions of each identified peptides
bearing iodoTMT tags. Overrepresented primary sequence
motif patterns in each cluster were extracted by Motif-X
algorithm with default parameters ( p < 0.000001) (9, 62). Po-
tential networks and involved subcellular pathways of iden-
tified proteins were analyzed by IPA.
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Abbreviations Used

ACN¼ acetonitrile
BSA¼ bovine serum albumin
BST¼ biotin switch technique
CID¼ collision-induced dissociation
CV¼ coefficient of variation

Cys¼ cysteine
CysTMT¼ reversible isobaric Cys-reactive tandem

mass tag
DMEM¼Dulbecco’s modified Eagle’s medium

DSTN¼destrin
EDTA¼ ethylenediaminetetraacetic acid
eNOS¼ endothelial nitric oxide synthase

FDR¼ false discovery rate
Gal-1¼ galectin 1

GAPDH¼ glyceraldehyde-3-phosphate dehydrogenase
Glo1¼ glyoxalase I
GSH¼ reduced glutathione

GSNO¼ S-nitrosoglutathione
GSSG¼ glutathione disulfide
HBSS¼Hank’s Balanced Salt Solution
HCD¼higher-energy C-trap dissociation

HgCl2¼mercury dichloride
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Abbreviations Used (Cont.)

IAM¼ iodoacetamide
iodoTMT¼ irreversible isobaric iodoacetyl Cys-reactive

tandem mass tag
IPA¼ Ingenuity Pathway Analysis
LC¼ liquid chromatography

LDH¼ lactate dehydrogenase
MS¼mass spectrometry

NCE¼normalized collision energy
PEO¼polyethylene oxide

PEP¼posterior error probability
PSM¼peptide spectrum match
ROS¼ reactive oxygen species

SD¼ standard deviation
SH¼ free thiol

SNO¼ S-nitrosylation
S-OH¼ sulfenic acid
S-SG¼ S-glutathionylation
S-SP¼protein disulfides
TBS¼ tris-buffered saline

TCEP¼ tris(2-carboxyethyl) phosphine
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