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Abstract
S-glutathionylation (SSG) is an important regulatory posttranslational modification on protein
cysteine (Cys) thiols, yet the role of specific cysteine residues as targets of modification is poorly
understood. We report a novel quantitative mass spectrometry (MS)-based proteomic method for
site-specific identification and quantification of S-glutathionylation across different conditions.
Briefly, this approach consists of initial blocking of free thiols by alkylation, selective reduction of
glutathionylated thiols and covalent capture of reduced thiols using thiol affinity resins, followed
by on-resin tryptic digestion and isobaric labeling with iTRAQ (isobaric tags for relative and
absolute quantitation) for MS-based identification and quantification. The overall approach was
initially validated by application to RAW 264.7 mouse macrophages treated with different doses
of diamide to induce glutathionylation. A total of 1071 Cys-sites from 690 proteins were identified
in response to diamide treatment, with ~90% of the sites displaying >2-fold increases in SSG-
modification compared to controls. This approach was extended to identify potential SSG-
modified Cys-sites in response to H2O2, an endogenous oxidant produced by activated
macrophages and many pathophysiological stimuli. The results revealed 364 Cys-sites from 265
proteins that were sensitive to S-glutathionylation in response to H2O2 treatment, thus providing a
database of proteins and Cys-sites susceptible to this modification under oxidative stress.
Functional analysis revealed that the most significantly enriched molecular function categories for
proteins sensitive to SSG modifications were free radical scavenging and cell death/survival.
Overall the results demonstrate that our approach is effective for site-specific identification and
quantification of SSG-modified proteins. The analytical strategy also provides a unique approach
to determining the major pathways and cellular processes most susceptible to S-glutathionylation
under stress conditions.
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Introduction
The importance of reactive oxygen species (ROS) and reactive nitrogen species (RNS) as
second messengers in signal transduction has recently gained recognition [1, 2]. Reversible
posttranslational modifications of protein cysteine thiols represent a major form of cellular
regulation mediated by ROS and RNS in redox signaling [1, 3–5]. The formation of mixed
disulfides between protein cysteine thiols and cellular glutathione (GSH), known as protein
S-glutathionylation (SSG), is one of the most prevalent forms of reversible posttranslational
modifications of protein thiols. Emerging evidence supports the significance of protein-SSG
in regulating a variety of cellular processes from bacteria to mammals, including human
pathologies under oxidative and nitrosative stress [6–9].

Protein-SSG can be induced by ROS or RNS under physiological or pathological conditions.
Although not exactly resolved, a number of potential mechanisms that either occur
spontaneously or are catalyzed by enzymes such as glutaredoxins (Grx) have been
recognized for the formation of protein-SSG [1, 8, 10], including: 1) protein thiols react with
glutathione disulfide (GSSG) via thiol-disulfide exchange reaction; 2) protein thiol or GSH
reacts with the corresponding oxidized thiol derivatives (e.g., S-nitroso, sulfenic acid, thiyl
radical, etc). Conversely, the protein SSG-modification can be reversed by means of
reactions catalyzed by the thiol-disulfide oxidoreductases glutaredoxins (Grx), and
potentially other enzymes [10].

A growing number of proteins have been identified as regulated by SSG covering a wide
spectrum of cellular signaling pathways [6, 11]. Examples of reported SSG-modified
proteins include enzymes with active-site thiols such as glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) [12] and caspase-3 [13], signaling proteins such as protein kinase
A [14] and protein kinase C [15], transcription factors c-Jun and NF-κB [16–18], ion
channels and calcium dependent proteins such as sarcoplasmic/endoplasmic reticulum
calcium ATPase (SERCA) [19, 20], and apoptotic death receptor protein Fas (CD95) [21].
Nevertheless, our knowledge of the relevance of S-glutathionylation in physiological and
pathological processes is still limited due to the lack of effective approaches for the
identification and quantification of protein-SSGs and their specific modification sites. One
early established method utilizes in vivo metabolic labeling of GSH with [35S] cysteine
coupled with SDS-PAGE separation and autoradiography for the detection of modified
thiols [22–24]. Another conventional method is based on western blot coupled with anti-
GSH antibodies [25] or biotinylated glutathione S-transferase and anti-biotin antibodies
[26]. However, these methods have limited specificity and sensitivity and are unable to
distinguish individual S-glutathionylated (SSG) sites within a target protein which may have
different functional consequences.

Mass spectrometry (MS)-based proteomics coupled with affinity or chemical enrichment
strategies can overcome these limitations and enable large-scale identification of specific
sites subject to modifications. Recent approaches for identification of glutathionylated
proteins have been reported which incorporate a biotin tag via an exogenous
glutathionylation reagent [27–29] or via a modified biotin-switch technique involving
selective reduction and immediate alkylation of protein-SSG sites [30] followed by avidin-
biotin-based enrichment. These former methods involve the reaction of cysteine thiols with
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biotinylated GSSG or similar reagents to form protein-SSGs, which might not reflect the
true endogenous level of SSG modifications. The effectiveness of the modified biotin switch
technique was also not demonstrated for identification of specific sites of modification.
Moreover, there are currently no effective approaches for quantitative measurement of the
dynamic changes of S-glutathionylation at a broad proteome scale. It will contribute greatly
to an increased understanding of the biological role of S-glutathionylation if a more sensitive
detection method for site-specific identification and quantification of SSG modified proteins
were available.

Herein we report a quantitative MS-based proteomic method for profiling protein-SSGs and
their specific modification sites by adapting a recently developed resin-assisted enrichment
method used for S-nitrosylation [31, 32] with on-resin isobaric labeling with iTRAQ
(isobaric tags for relative and absolute quantitation) reagents. A number of previous studies
have reported that the resin-assisted covalent enrichment offers a simpler, more efficient
means of capturing cysteine-containing peptides [33] and other PTMs such as S-
nitrosylation [32, 34]. The resin-assisted enrichment minimizes the degree of non-specific
binding that is often encountered with non-covalent avidin-biotin enrichment, thus providing
an overall better specificity and sensitivity [31–33]. This approach was initially validated
and applied to RAW 264.7 macrophage cells treated with diamide and H2O2 to identify
potential cysteine redox switches that are sensitive to S-glutathionylation. Macrophage cells
are selected as a model due to the potential significance of redox regulation in oxidative
stress response and inflammation [16]. The capacity of macrophages to generate substantial
amounts of ROS is an important property of their activation by foreign particulates and
pathogens. Although macrophages must deal with high oxidative stress levels, surprisingly
little is known about the specific macrophage proteins susceptible to SSG modification and
the potential signaling pathways impacted. We identified 364 SSG-modified Cys-sites from
265 proteins in macrophages that were sensitive to S-glutathionylation in response to H2O2
treatment. These SSG-modified proteins cover a range of enzymes involved in ROS
metabolism, stress response signaling, and apoptosis pathways.

Materials and Methods
Materials

E. coli Glutaredoxin (Grx 3) [C14S/C65Y] was from IMCO Corporation Ltd AB
(Stockholm, Sweden). Glutathione Reductase (GR) was from Roche Diagnostics
Corporation (Indianapolis, IN). NADPH tetrasodium Salt (β-NADPH·4Na, β-Nicotinamide
adenine dinucleotide phosphate (reduced form)·4Na), BCA protein assay reagents, silver
stain kit, spin columns, cell culture RPMI-1640 media and reagents (penicillin,
streptomycin, L-glutamine), and hydrogen peroxide were purchased from Thermo Fisher
Scientific (Rockford, IL). Sequencing grade modified porcine trypsin was from Promega
(Madison, WI). iTRAQ (Isobaric Tags for Relative and Absolute Quantitation) reagents
were from AB SCIEX (Foster City, CA). The SeeBlue Plus2 protein standard was from
Invitrogen (Carlsbad, CA). Thiol-affinity resin (Thiopropyl Sepharose 6B) was from GE
Healthcare (Uppsala, Sweden). Tris/glycine/SDS (TGS) buffer, Laemmli sample loading
buffer, and Tris-HCl precast gel with 4–20% linear gradient were all from Bio-Rad
Laboratories (Hercules, CA). Unless otherwise noted, all other chemicals and reagents were
purchased from Sigma-Aldrich (St. Louis, MO).

Cell culture, diamide and hydrogen peroxide treatments, and protein extraction
Murine RAW 264.7 macrophages (TIB-71) from American Type Culture Collection
(ATCC) (Manassas, VA, USA) were cultured and maintained in 100 mm culture plates with
RPMI-1640 media containing 10% fetal bovine serum (FBS) (Atlanta Biologicals,
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Lawrenceville, GA), 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine.
Cells were cultured at 37 °C with 5% CO2. Prior to treatment, cells were seeded into 100
mm culture plates and grown until 80% confluent. Original growth media was removed and
replaced with media containing either hydrogen peroxide or diamide at the desired
concentration for 30 min. After treatment, cells were rinsed twice with cold RPMI-1640
media containing no supplements and harvested in lysis buffer (50 mM HEPES, 150 mM
NaCl, 5 mM EDTA, 1% Triton X-100, pH 7.7) containing freshly prepared 50 mM N-
ethylmaleimide (NEM). Cell lysates were centrifuged at 14,000 rpm at 4° C, for 10 min and
soluble protein fraction was retained. Protein concentration was determined using the BCA
assay.

De-nitrosylation and alkylation of free thiols
To block free protein thiols, ~ 1 mg of the above lysates were resuspended to a final protein
concentration of 0.5 μg/μL in alkylation buffer consisting of 250 mM HEPES (pH 7.7), 20
mM NEM and 2% SDS. 1 mM sodium ascorbate (NaASC) and 1μM CuCl were added to
the alkylation buffer to reduce S-nitrosylated cysteines back to free cysteines. Both free
cysteines and S-nitrosylated cysteines (reduced to free cysteines) were alkylated. The
alkylation reaction was carried out in 4 mL Amicon Ultra 30K molecular weight cut-off
(MWCO) filter units (EMD Millipore, Billerica, MA) in a thermomixer (Fisher Scientific,
Pittsburgh, PA) in the dark at 55 °C and 850 rmp for 30 min. Excess reagents were removed
by buffer exchange with 8 M urea 3 times and once with water. The protein concentration of
the concentrated samples was measured by the BCA assay.

Selective reduction of protein-SSG
To selectively reduce glutathionylated proteins, ~480 μg of the above alkylated samples
were diluted to a final concentration of 1 μg/μL in 25 mM HEPES (pH 7.7) followed by the
addition of 2.5 μg/mL Grx3, 0.5 mM GSH, 1 mM NADPH, and 4 U/mL of GR in 1.5 mL
Eppendorf centrifuge tubes. Samples were incubated at 37 °C for 10 min, and transferred to
0.5 mL Amicon Ultra 10K filters on ice. Excess reagents were removed by buffer exchange
with 8 M urea three times, resulting in a final volume of 30–40 μL. Protein concentrations of
the de-glutathionylated samples were measured by the BCA assay.

Resin-assisted enrichment, on-resin digestion, iTRAQ labeling, and peptide elution
Following selective reduction, the formerly glutathionylated proteins (350 μg) were diluted
to ~120 μL with 25mM HEPES buffer with 0.2% SDS and loaded to Handee Mini-Spin
columns with 35 mg of pre-washed Thiopropyl Sepharose 6B resin. The de-glutathionylated
proteins containing free thiols were covalently captured by the resin through the formation
of mixed disulfides as described previously [31, 33]. Enrichment was carried out in a
thermomixer at room temperature with shaking at 850 rpm for 2 h. Nonspecifically bound
proteins were removed by washing the resin five times with the following solutions: (1) 8M
urea, (2) 80% acetonitrile (ACN) with 0.1% trifluoroacetic acid (TFA), and (3) 25 mM
HEPES (pH 7.7).

On-resin protein digestion was performed at 37° C with shaking at 850 rpm for 3 h in ~120
μL of digestion buffer containing 25 mM HEPES (pH 7.7), 0.1% SDS, 7 μg trypsin, and 1
mM CaCl2. Non-specifically bound peptides were again removed by washing with the
following solutions: 1) 2 M NaCl (5X), 2) 80% ACN with 0.1% TFA (5X), 3) 25 mM
HEPES (pH 7.7) (3X), and 4) 50mM triethylammonium bicarbonate (TEAB) buffer (pH
8.5) (2X). On-resin isobaric labeling with iTRAQ reagents was performed as previously
described [31]. Briefly, 140 μL of ethanol was added to the manufacturer-provided iTRAQ
reagent vials. Thirty μL of dissolution buffer and 75 μL of the iTRAQ reagent solutions
were added to the spin columns. The labeling reaction was carried out at room temperature
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for 1 h. The reaction was stopped by adding 8 μL of 5% NH2OH·HCl in 200 mM TEAB
buffer for 15 min. The excess iTRAQ reagents were removed by washing five times each
with 1) 80% ACN with 0.1% TFA and 2) 25 mM ammonium bicarbonate.

Labeled cysteine containing peptides (Cys-peptides) were eluted by incubation with 20 mM
dithiothreitol (DTT) in 100 μL of 25 mM ammonium bicarbonate twice at room temperature
for 30 min and10 min, respectively. Any potential remaining peptides were further eluted by
incubation with 100 μL of 80% ACN/0.1% TFA for 10 min. All eluted Cys-peptide samples
were combined, and concentrated in a Thermo Scientific Savant SpeedVac® concentrator
and adjusted to a final volume of 30 μL with water. The eluted Cys-peptide samples from
each iTRAQ labeling channel were combined with equal amounts of each labeled sample
and cleaned up with Omix C18 (10 μL) tips (Agilent Technologies, Walnut Creek, CA)
according to the manufacturer protocol. The final eluted peptides were concentrated down to
~15 μL and DTT was added to reach 20 mM final concentration to prevent the oxidation of
cysteines prior to LC-MS/MS analysis.

SDS-polyacrylamide gel electrophoresis (PAGE) and Western Blot
For protein-level SDS-PAGE, glutathionylated proteins were directly eluted from the resin
using 20 mM DTT as stated above. To perform SDS-PAGE analysis, sample volumes were
adjusted so that equal amounts of eluted proteins or final eluted peptides were diluted in
Laemmli sample loading buffer containing 5 mM TCEP and heated at 95°C for 5 min.
Samples were separated electrophoretically on either a 4–12% (for proteins) or a 4–20% (for
peptides) Tris-HCl polyacrylamide gel in Tris-glycine/SDS (TGS) running buffer. Separated
proteins/peptides were then subjected to silver staining according to the manufacturer’s
instructions.

For Western Blot analysis, equal amounts of isolated proteins were diluted in LDS sample
buffer and separated electrophoretically under non-reducing conditions on a 4–12% Bis-Tris
polyacrylamide gel in MES SDS running buffer (Invitrogen, Carlsbad, CA). Separated
proteins were then subjected to electrophoretic transfer to a polyvinylidene difluoride
(PVDF) membrane (Invitrogen, Carlsbad, CA). Membranes were blocked for 1 h at room
temperature in a 5% solution of membrane blocking agent (GE Healthcare, Pittsburgh, PA)
in TBS-T (Tris buffered saline with 1% Tween-20). To measure the total protein-SSG level,
a primary mouse monoclonal anti-glutathione antibody, IgG2a, (Virogen, Watertown, MA)
was added to membranes at a 1:1000 dilution and membranes were incubated overnight at
4°C with gentle rocking. Membranes were washed in TBS-T before being incubated with
the peroxidase-conjugated goat anti-mouse IgG (Sigma-Aldrich) secondary antibody at
1:2000 in TBS-T for 1 hr at room temperature. The membranes were washed in TBS-T prior
to development with SuperSignal West Femto ECL (enhanced chemiluminescent substrate)
(Thermo Scientific, Rockford, IL) according to the manufacturer’s instructions.

To measure the level of SSG modification of specific proteins, equal amounts of total
proteins were first subjected to SSG enrichment using thiol-affinity resin and eluted at the
protein level. Equal volumes of enriched proteins were separated on a 4–12% Bis-Tris
polyacrylamide gel and transferred to a PVDF membrane. Membranes intended for probing
with mouse anti-GAPDH primary antibody (Life Technologies, Grand Island, NY) and
rabbit anti-thioredoxin (TXN) primary antibody (Abcam, Cambridge, MA) were blocked for
1 hr at room temperature in a 1% w/v solution of dry milk (LabTechnologies, Livingston,
NJ)) in PBS. Membranes intended for probing with rabbit anti-Annexin A1(ANXA1)
primary antibody (Cell Signaling, Danvers, MA) and mouse anti- peroxiredoxin 3(PRDX3)
primary antibody (Abcam, Cambridge, MA) were blocked for 1 hr at room temperature in a
5% w/v solution of dry milk (LabTechnologies, Livingston, NJ)) in TBS-T. GAPDH and
TRX antibodies were diluted 1:1000 in a 1% w/v solution of dry milk in PBS, while
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ANXA1 and PRDX3 antibodies were diluted 1:1000 in a 5% w/v solution of bovine serum
albumin (BSA) in TBS-T. Membranes were then incubated with the intended primary
antibody overnight at 4°C with gentle rocking. Membranes were washed as previously
described and incubated with the appropriate peroxidase-conjugated secondary antibody for
1 h at room temperature; either goat anti-rabbit IgG (Jackson Laboratories, Bar Harbor,
Maine) diluted 1:4000 in a 1% w/v solution of dry milk in PBS, or goat anti-mouse IgG
(Thermo Fisher Scientific, Rockford, IL) diluted 1:4000 in a 5% w/v solution of dry milk in
TBS-T. Membranes were washed as previously described and developed using SuperSignal
West Femto ECL according to the manufacturer’s instructions.

LC-MS/MS analyses
All peptide samples were analyzed by a Waters nanoAquity UPLC® system (Waters
Corporation, Milford, MA) with a reversed-phase capillary HPLC column manufactured in-
house using 3-μm Jupiter C18 stationary phase packed into a 70-cm length of 360 μm o.d. ×
75 μm i.d. fused silica capillary tubing. The column was equilibrated with 99 % mobile
phase A (0.1% formic acid in water) and 1% mobile phase B (0.1% formic acid in
acetonitrile) conditions prior to sample injection onto a 5 μL sample loop. The gradient
ramps from mobile phase A to 95% of mobile phase B over 3 h with a flow rate of 300 nL/
min. MS analysis was performed using a LTQ Orbitrap Velos mass spectrometer (Thermo
Scientific, San Jose, CA) coupled with a custom electrospray ionization (ESI) interface as
previously described [31]. Full MS spectra were collected at a resolution of 60K over the
range of m/z 400–2000 with an automated gain control (AGC) value of 1 × 106 followed by
data-dependent orbitrap HCD MS/MS for the top six abundant parent ions with an AGC
target value of 5 × 104 and a normalized collision energy setting of 45%. Precursor ion
activation was performed with an isolation width of 2.5 Da. The ion transfer tube
temperature and spray voltage were 350 °C and 2.2 kV respectively. A dynamic exclusion
time of 60 sec was used.

Data Analysis
MS/MS data analyses were conducted as previously described [31]. Briefly, MS/MS spectra
were identified by SEQUEST (version 27, revision 12) search against the Uniprot mouse
protein database (released on May 05, 2010). The key search parameters used were: 50 ppm
tolerance for precursor ion masses, 0.05 Da for fragment ion masses, a maximum of 2
missed tryptic cleavages, dynamic oxidation of methionine (+15.9949 Da), dynamic NEM
modification of cysteine (+125.0477 Da), and static iTRAQ modification of lysine and N-
termini (+144.1021 Da). To calculate the false discovery rate (FDR), the decoy-database
searching methodology [35, 36] was used for the SEQUEST search and MS Generating-
Function (MSGF) scores were generated for each identified spectrum by computing rigorous
p-values (spectral probabilities) [37]. To achieve <1% FDR for peptide identifications, the
following criteria were applied: (1) for those with mass measurement error within 5 ppm,
fully tryptic peptides with MSGF score <1E-8 and partially tryptic peptides with MSGF
score <1E-10; (2) for those with mass measurement error >5 ppm (presumably due to
picking the wrong monoisotopic peak), only fully tryptic peptides with a MSGF score
<1E-10. Functional and protein interaction network analysis were performed using Ingenuity
Pathway Analysis (IPA) (www.ingenuity.com).

Results
Overall analytical strategy and initial method optimization

To enable identification and quantification of SSG at specific modified Cys-sites, we
adapted a recently developed approach used for quantitative site-specific reactivity profiling
of S-nitrosylation [31]. As shown in Fig. 1A, free thiols were initially blocked by alkylation
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with NEM. Formerly S-nitrosylated cysteines were also reduced by selective reduction using
ascorbate and subsequently blocked by NEM. SSG-modified proteins were selectively
reduced by a reduction cocktail containing the Grx enzyme, GSH, and NADPH. The newly
formed free thiols were then specifically captured by Thiopropyl Sepharose 6B resin. The
enriched proteins were subjected to on-resin trypsin digestion, followed by the removal of
non-Cys-peptides. Resin bound Cys-peptides can be further labeled with amine-reactive
isobaric labeling reagents such as iTRAQ, tandem mass tags (TMT) [38], or deuterium
isobaric amine-reactive tags [39] to facilitate peptide quantification. In this work, iTRAQ
reagents were used for labeling. The iTRAQ labeled Cys-peptides were subjected to LC-
MS/MS analyses for site-specific identification and quantification of the SSG modified
cysteines. Fig. 1B illustrates the details of quantification strategy across multiple conditions
for cells treated with either diamide or hydrogen peroxide (H2O2), for induction of S-
glutathionylation.

To assess the effectiveness of the overall approach, RAW 264.7 murine macrophage cells
were initially treated with different doses of diamide (0, 0.5, 1, and 2 mM), a chemical
oxidizing agent, for 30 min to induce S-glutathionylation of proteins. The dose-dependent
induction of S-glutathionylation by diamide [40] was confirmed by Western Blot using anti-
GSH antibody (Fig. 2A). Based on this observation, 1 mM diamide induced a clear level of
S-glutathionylation, which was the condition chosen for further optimization of selective
reduction of S-glutathionylation.

To evaluate the reduction efficiency, cell lysates were subjected to alkylation with NEM to
block the free thiols, and the SSG-modified Cys-sites were selectively reduced by Grx3
[C14S/C65Y], a mutated form of E. coli Grx3 [41], in the presence of GSH, NADPH, and
GR. As shown in Fig. 2B, Grx alone did not reduce the SSG-modified proteins significantly
for either a 10 or 30 min incubation based on the anti-GSH Western Blot; however, the
reduction cocktail of Grx3 in the presence of GSH, NADPH, and GR led to complete
reduction within the 10 min incubation. The 10 minute incubation time using the reduction
cocktail was chosen as the optimal reduction condition and used for all subsequent
experiments.

To examine the specificity of SSG reduction, samples were reduced with the complete
reduction cocktail containing Grx3 and with Grx3 omitted from the reduction cocktail. After
reduction, proteins were enriched on the resin and eluted at the protein level for SDS-PAGE
analysis. Without Grx3, a relatively low level of background signal was observed for both
the untreated and diamide treated samples (Fig. 2C, Lane 1 and 4), suggesting a low degree
of non-specific reduction of disulfides and SSG by GSH in the absence of Grx3. Moreover,
the level of background signals from non-specific reduction was markedly lower compared
to that reduced by the cocktail containing Grx3 for the diamide treated sample. These results
suggest that the Grx3 reduction cocktail offers a relative good reduction specificity of
protein-SSGs with only a minimal level of non-specific reduction of protein disulfides and
SSGs.

MS-Quantification of diamide-induced S-glutathionylation
To identify potential S-glutathionylated sites, RAW 264.7 cells were treated with three
different doses of diamide. Cellular lysates were selectively reduced, enriched, and labeled
with 4-plex iTRAQ reagents followed by LC-MS/MS analysis. Specific cysteine sites of
glutathionylation were identified based on MS/MS spectra as illustrated in Fig. 3, where
both Cys 150 and 154 of GAPDH, a well-known glutathionylated protein [12], were
identified as being SSG-modified. The reporter ion intensities enabled quantification of the
glutathionylated cysteine sites in response to diamide treatment (Fig. 3B). A total of 1531
unique peptides were identified with a FDR ~0.4% and 94% of the identified peptides were
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free cysteine-containing peptides (Supplementary Table 1), revealing the high enrichment
specificity and sensitivity offered by this approach. These peptides correspond to 1071
potential SSG-modified sites, covering 690 proteins. Of all the Cys-sites, ~90% sites showed
at least two-fold increase in response to 2 mM diamide treatment when compared to the
control samples, according to the observed reporter ion intensity. Fig. 3C shows the overall
MS reporter ion intensities in response to different doses of diamide, reflecting the overall
level of glutathionylated peptides within the cells. Those peptides that showed at least a five-
fold increase in intensity induced by 2 mM diamide were further listed in Supplementary
Table 2, in which 689 Cys-sites were identified. The observation of specific sites with a
greater increase in signal intensity might reflect increased susceptibility of these sites to S-
glutathionylation by diamide treatment.

MS-quantification of H2O2-induced S-glutathionylation
Next we applied the above established quantification method for investigation of the Cys-
sites and pathways affected by S-glutathionylation in response to H2O2, a much milder
oxidant compared to diamide. Hydrogen peroxide serves as a signaling messenger, playing
an important role in host defense and oxidative stress, particularly in higher organisms [42].
RAW 264.7 cells were treated with 0, 20, 100, and 500 μM H2O2 for 30 min, using a similar
experimental design as shown in Fig. 1B. Fig. 4A shows that S-glutathionylation was clearly
induced by 100 and 500 μM H2O2 treatment based on the SDS-PAGE analysis of the
enriched Cys-peptides.

The LC-MS/MS experiments led to the identification of a total of 1191 unique peptides,
corresponding to 1077 Cys-sites from 647 proteins, with a FDR of ~0.3%. Of all the
identified peptides, 99% contained cysteine residues (Supplementary Table 3), again
demonstrating the high degree of specificity and sensitivity of this approach. Based on the
reporter ion intensities, ~55% of Cys-sites displayed a greater than 1.5-fold increase in
response to H2O2 treatment, which is consistent with the fact that H2O2 represents a much
milder stimulant compared to diamide. To further identify Cys-sites that are prone to H2O2-
induced S-glutathionylation, we applied the following criteria: 1) the reporter ion intensity
for 500-μM-H2O2-treated condition > 500, 2) the intensity increase for both 500-μM-H2O2
over control and 500-μM H2O2 over 20-μM H2O2 >1.5-fold. As a result, 364 Cys-sites and
384 Cys-peptides from 265 proteins were confidently identified as being susceptible to S-
glutathionylation by H2O2 treatment (Supplemental Table 4). The reproducibility of the
quantification method was also assessed based on two independent 4-plex experiments
where a median coefficient of variation (CV) values of 17% for the fold-changes between
500 μM and 100 μM H2O2 treatments was observed (Supplemental Table 5). Fig. 4B further
illustrates the levels of H2O2-induced S-glutathionylation at specific Cys-sites of selected
proteins; these Cys-sites are most sensitive to SSG modification. For most sites, little or no
modification was observed for samples treated with 20 μM H2O2, while dose-dependent
increases of SSG were observed for 100 μM and 500 μM H2O2 treatments.

Western blot confirmation of selected SSG-modified proteins
To perform an orthogonal verification of the MS-observed increased S-glutathionylation on
selected proteins, Western blot experiments were performed for GAPDH, TXN, PRDX3,
and ANXA1. GAPDH, TXN, and PRDX3 were previously reported to be regulated by S-
glutathionylation [12] [22, 43]. While ANXA1 is a novel SSG-modified protein identified in
this work, the regulation by S-glutathionylation of ANXA2, another protein in the annexin
family, has been previously reported [44]. For these experiments, total SSG-modified
proteins were first enriched by the resin-assisted method and the eluted proteins were
separated by SDS-PAGE and probed with antibodies specific to each of the selected
proteins. Fig. 5A shows the levels of SSG-modified proteins in response to both H2O2 and
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diamide treatment as measured by western blot. As shown, each of the proteins exhibit an
increase in the total amount of SSG-modification in response to both 0.5 and 1.0 mM
diamide treatments, while only GAPDH displayed a clear increase in S-glutathionylation in
response to 500 μM H2O2 treatment. The results confirm the MS-based identification of
these protein modifications and support the fact that diamide is a much more potent oxidant
than H2O2. Fig. 5B further illustrates the observed relative abundance levels of SSG-
modification on specific Cys-sites in these proteins according to different doses of H2O2
exposure. In contrast to the limited sensitivity of Western blot analysis, the MS results
showed a significant increase in SSG levels for each of these sites. The results also illustrate
the greater susceptibility of GAPDH to S-glutathionylation in response to H2O2 treatment.
The overall results demonstrate that our MS-based quantification method is more sensitive
than Western blot for measuring levels of SSG modification.

Functional analyses of S-glutathionylation target proteins responsive to H2O2 treatment
To gain an overall functional picture of SSG-modifications induced by H2O2 treatment,
functional analyses of these modified proteins were performed using Ingenuity Pathway
Analysis (IPA) tools. Fig. 6A shows the distribution of different types of SSG-modified
proteins based on protein function. Among the annotated proteins, the majority were
enzymes including oxidoreductases, kinases, phosphatases, and peptidases. Transcriptional
and translational regulators, ion channel proteins, membrane receptor proteins, and heat
shock proteins were also observed to be modified by SSG, which is in agreement with
previous reports of these proteins being regulated by S-glutathionylation [6, 11]. Table 1
lists selected proteins based on their molecular function along with their relative SSG levels
on specific Cys-sites in response to H2O2 treatment. It is noteworthy that many of the
observed modification sites involve active-sites of enzymes (GAPDH, GATM, UCHL3, and
CASP1), consistent with the hypothesis that these enzymes are sensitive to redox regulation
through cysteine switch like mechanisms. In addition, previously reported sites of S-
glutathionylation or S-nitrosylation were also identified in our analyses, providing additional
confidence in our results [12, 14, 20, 22, 45, 46].

Fig. 6B further illustrates the top categories of molecular functions of enriched SSG-
modified proteins in response to H2O2 treatment. Interestingly, the top molecular functions
that are identified as being regulated by S-glutathionylation are free radical scavenging, cell
death and survival, and cellular movement. These functional categories are in agreement
with the well-known knowledge of oxidative stress/cell death induced by exposure to H2O2
treatments [47]. A number of proteins involved in free radical scavenging or the metabolism
of ROS are well-known oxidoreductases such as PRDX3, SOD1, and LDHA. The
observation of increased SSG levels in these free radical scavenging proteins along with heat
shock proteins and well-known targets of ROS such as TXN, GAPDH, and CASP1 suggest
that S-glutathionylation is an important underlying mechanism for regulating oxidative
stress response signaling and cell death and survival [48].

Discussion
S-glutathionylation is an important post-translational modification that plays a significant
role in redox signaling and regulation of a variety of cellular functions and processes
involved in disease pathology [6–8, 48, 49]. While many protein targets of S-
glutathionylation have been identified [1, 6, 11], it has been challenging to determine the
specific sites at which these modification occur, and their relative abundance. In this work,
we developed and demonstrated a quantitative proteomic approach for proteome-wide
identification and quantification of site-specific S-glutathionylation. The effectiveness of
this approach was demonstrated by applying the method for enrichment of SSG modified
proteins from mouse macrophages treated with exogenous oxidants. In total, we identified
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more than 1000 Cys-sites from ~650 proteins which are susceptible to glutathionylation. It is
worthy to note that the present proteomic approach offers two advantages; site-specific
identification of SSG-modifications and the ability to quantify relative abundance of SSG-
modified sites. With the global perspective of this approach, this study identified many
novel SSG-modified proteins as well as a number of proteins previously reported to be
regulated by glutathionylation [1, 6, 11]. Our work also extends beyond previous approaches
and provides reactivity information regarding the individual cysteine residues susceptible to
S-glutathionylation. Due to the increased sensitivity of the method, the reactivity of
individual cysteine residues to SSG modification is measurable by employing a range of
doses for each exogenous oxidant (Fig. 4B).

Potential limitations of this approach can be attributed to the indirect nature of the method as
well as the specificity of the reduction step by the Grx enzyme cocktail, which is important
for confidence of final identification of SSG-modified sites. Previous studies have shown
that Grx reduces protein-SSG to protein-thiol through a monothiol mechanism [50, 51] and
becomes S-glutathionylated itself at the active-site C22 [52, 53], which is then regenerated
to free thiol by glutathione reductase (GR), GSH, and NADPH. We chose E. coli Grx3
[C14S/C65Y], which is mutated at the active-sites responsible for disulfide reduction, to
increase the specificity of the SSG reduction step [41]. The utility of this enzyme for
selective reduction of protein glutathionylation has been demonstrated previously [30, 54,
55]. Our results provide further support of the specificity of this enzyme based on the
observation of very low basal levels of enriched proteins in untreated samples (Fig. 2C). We
also note that there are low levels of artifacts resulting from non-specific reduction of
protein disulfides and SSGs by GSH alone in the absence of Grx3 (Fig. 2C). However, we
anticipate that Cys-sites from reduced stable disulfide bonds would be detected by the
presence of similar reporter ion intensities (Fig. 3B) without a significant increase in
intensity in response to exogenous stimuli [56]. Only those Cys-sites which were sensitive to
exogenous stimuli were included as potential SSG sites (Supplemental Table 2 and 4).
Moreover, the reduction condition with Grx3 omitted from the reduction cocktail can serve
as a negative control to identify levels of non-specific reduction and differentiate potential
artifacts from SSG signals.

When RAW cells were treated with H2O2, 364 Cys-sites from 265 proteins were identified
as potential sites of endogenous S-glutathionylation or sites susceptible to SSG
modification. The SSG-modified proteins we identified cover a variety of molecular
functions (Fig. 6) and many of these proteins have been previously reported to be regulated
by S-glutathionylation [1, 6, 11]. However, it should be noted that a 500 μM concentration
of H2O2 treatment to cells is much higher than the physiological cellular concentrations of
H2O2 [42]. Therefore, it is unclear whether these identified SSG modifications have
physiological relevance to redox regulation. Future work needs to be focused on the
detection of in vivo S-glutathionylation under physiological conditions (e.g., macrophages
stimulated by lipopolysaccharide).

Despite this general uncertainty about physiological relevance, the site-specific and
quantitative data in response to different doses of H2O2 provides important information
regarding the potential regulatory sites for many previous reported redox-regulated proteins
[47, 57]. In particular, a number of the observed Cys-sites that were most sensitive to S-
glutathionylation in the present work are also known to be active-sites of the enzymes in
which they were identified, supporting the regulatory role of S-glutathionylation in protein
functions. For example, thioredoxin (TXN), one of the most important enzymes in redox
regulation, was reported to be S-glutathionylated at Cys73, which leads to inactivation of the
enzyme [22]. Our observation of Cys73 as an SSG-sensitive site further supports the idea of
TXN playing a regulatory role involved in crosstalk between the glutathione and thioredoxin
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systems [22]. GAPDH is also a well-studied enzyme of redox regulation that plays a role in
multiple cellular functions such as survival and apoptosis [58, 59]. The regulation of
GAPDH by S-glutathionylation has been well characterized [12] while the exact sites of
SSG modifications were still not confirmed [45]. Our quantitative reactivity data confirm
that both Cys150 (the known active-site) and Cys154 were sensitive to S-glutathionylation
in response to H2O2 treatment while Cys245 and Cys22 were also susceptible to
modification. Another example is superoxide dismutase (SOD1), whose posttranslational
modifications were suggested to play an important role in SOD1 aggregation in the familial
form of amyotrophic lateral sclerosis [60]. Our study confirmed that Cys7, a suggested SSG-
modification site [45], was sensitive to SSG modification and was supportive of the possible
functional regulation of SOD1 by S-glutathionylation. Caspase-1 (CASP1), a thiol protease,
is another example of an enzyme known to play an essential role in the initiation of
inflammation and cell apoptosis. While a previous study reported the regulation of its
activity by S-glutathionylation at Cys397 and Cys362 as well as potential oxidation at
active-site Cys284 [61], our observation of Cys284 as the only site sensitive to SSG-
modification suggests that S-glutathionylation of the active site of CASP1 is likely a
mechanism for modulating its activity under oxidative stress.

Besides these proteins previously reported for S-glutathionylation, the proteome-wide
identifications also provided a valuable database of macrophage proteins and specific
cysteine residues susceptible to SSG modification, including many proteins not previously
known about their susceptibility to SSG. This knowledge base will be useful for studying the
function of specific proteins and the role of S-glutathionylation in cellular regulation.

Conclusions
We have developed an effective approach for enrichment, site-specific identification, and
multiplex quantification of SSG-modifications. Our results from macrophages treated with
diamide and H2O2 demonstrated the overall sensitivity of this resin-assisted enrichment
approach for broad quantification of SSG-modified Cys-sites. We identified more than 1000
SSG-modified sites from both treatment conditions as well as 364 SSG-sites from 265
proteins in response to H2O2 treatment alone. Many of the SSG-modified proteins were
enzymes containing active-site thiols and as well as proteins involved in free radical
scavenging, oxidative stress signaling, and cell death and survival. The results provided
further support of the significance of S-glutathionylation as a regulatory mechanism in
oxidative stress and inflammation. Furthermore, the data provided identification of specific
SSG-modified sites and enabled quantification of their relative reactivity to S-
glutathionylation for both known and novel proteins.
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Abbreviations

SSG S-glutathionylation or S-glutathionylated, ROS, reactive oxygen species

RNS reactive nitrogen species

GSH glutathione

GSSG glutathione disulfide

Grx glutaredoxin

GR glutathione reductase

iTRAQ isobaric tags for relative and absolute quantitation

NEM N-ethylmaleimide

BST biotin switch technique
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Highlights

• Novel proteomics approach for site-specific quantification of S-
glutathionylation

• >1000 Cys-sites identified in RAW macrophages treated with diamide or H2O2

• 364 Cys-sites from 265 proteins identified as sensitive to H2O2 treatments

• Potential significance of SSG in oxidative stress signaling pathways revealed
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Fig. 1.
(A) Strategy for enriching and site-specific identification of SSG-modified Cys-peptides.
Ascorbate coupled with CuCl was used for selective reduction of SNO. NEM was used to
alkylate free thiols. The cocktail of Grx, GSH, GR, and NADPH was used for selectively
reducing protein-SSG. iTRAQ labeling of enriched Cys-peptides was carried out on-resin,
followed by DTT elution. (B) Experimental strategy for multiplex quantification of SSG-
modified peptides. Cells were treated by different doses of exogenous stimuli. After on-resin
iTRAQ labeling, the eluted peptides are subjected to either SDS-PAGE or combined for LC-
MS/MS analyses.
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Fig. 2.
Optimization of reduction conditions. (A) Anti-SSG Western blot image of cell lysates from
macrophages treated with different concentrations of diamide. (B) Anti-SSG Western blot
images of non-reduced and reduced cell lysates from diamide treated macrophages. All cells
were treated with 1 mM diamide followed by enrichment of cellular proteins using Grx
reduction cocktail or using Grx only. (C) SDS-PAGE of enriched proteins. Samples were
reduced by the complete reduction cocktail or with Grx3 omitted followed by resin-assisted
enrichment and protein-level elution. The reduction cocktail contains 2.5 μg/mL Grx3, 0.5
mM GSH, 1 mM NADPH, and 4 U/mL of GR.
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Fig. 3.
(A) An MS/MS spectrum of a Cys-peptide from GAPDH; (B) Zoom-in spectrum of
reporter-ion region showing the SSG abundance increased in response to diamide
treatments; (C) Overall MS reporter ion intensities from summing all identified SSG-
peptides from control and diamide-treated samples.
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Fig. 4.
(A) Silver-staining image of SDS-PAGE of enriched Cys-peptides; (B) Selected Cys-sites
showing increased levels of SSG modifications in response to H2O2 treatments. The
treatment concentrations of H2O2 were in μM.
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Fig. 5.
(A) Western blots of selected SSG-modified proteins. SSG-modified proteins were first
enriched by thiol-affinity resin. The eluted proteins were subjected to Western blotting using
specific antibodies against individual proteins. (B) Increased levels of SSG-modifications on
individual Cys-sites from these proteins in response to H2O2 treatments. The treatment
concentrations of H2O2 were in μM.

Su et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
(A) Distribution of molecular types of identified sensitive SSG-modified proteins from
H2O2 treatments; (B) Top significant molecular function categories. Significance levels are
indicated by −log Pvalue (blue bar). The red bar indicates the number of proteins in each
category.
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