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Abstract
Cysteine S-nitrosylation is a post-translational modification regulating protein function and nitric
oxide signaling. Herein the selectivity, reproducibility, and sensitivity of a mass spectrometry-
based proteomic method for the identification of endogenous S-nitrosylated proteins is outlined.
The method enriches for either S-nitrosylated proteins or peptides through covalent binding of the
cysteine sulfur with phenylmercury at pH=6.0. Phenylmercury reacts selectively and efficiently
with S-nitrosocysteine since no reactivity can be documented for disulfides, sulfinic or sulfonic
acids, S-glutathionylated, S-alkylated or S- sulfhydrylated cysteine residues. A specificity of 97 ±
1 % for the identification of S-nitrosocysteine peptides in mouse liver tissue is achieved by the
inclusion of negative controls. The method enables the detection of 36 S-nitrosocysteine peptides
starting with 5 pmoles S-nitrosocysteine/mg of total tissue protein. Both the percentage of protein
molecules modified as well as the occupancy by S-nitrosylation can be determined. Overall,
selective, sensitive and reproducible enrichment of S-nitrosylated proteins and peptides is
achieved by the use of phenylmercury. The inclusion of appropriate negative controls secures the
precise identification of endogenous S-nitrosylated sites and proteins in biological samples.
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Introduction
Protein S-nitrosylation, the covalent addition of a nitric oxide equivalent to a reduced thiol,
is considered the major non-soluble guanylate cyclase-regulated mechanism for the
biological functions of nitric oxide in vivo[1–6]. Experimental data indicated that S-
nitrosylation regulates enzymatic activity, alters the topology of modified proteins and
influences protein-protein interactions in vivo [7–12]. Despite these important findings that
highlight the biological significance of protein S-nitrosylation, critical aspects such as the
mechanism(s) of S-nitrosylation in vivo, the factors that govern its selectivity, the
dependency of the modification on different isoforms of nitric oxide synthases (NOS), as
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well as the physiological function of this protein modification require further exploration. To
gain insights into these areas of investigation the global identification of endogenous S-
nitrosoproteome(s) would be exceptionally valuable. Over the last decade the identification
of S-nitrosylated proteins has been achieved primarily by the use of the original and several
variations of the biotin switch method [13–16]. Other methods based on chemical
enrichment have been also employed (for recent reviews ref [17–19]). We used the
principles of the Saville reaction [20] to develop a mass spectrometry-based proteomic
method for the precise identification of protein S-nitrosocysteine sites in vivo [21]. As with
every method, it is imperative that the selectivity, specificity, reproducibility and the
quantitative capacity are explored in detail. In this article we report that the phenylmercury-
assisted capture provides selective, sensitive and reproducible enrichment for S-nitrosylated
proteins and peptides present in complex biological samples. This chemical enrichment
coupled with mass spectrometric identification enables the precise mapping of endogenous
S-nitrosoproteomes.

Materials and methods
Chemicals and reagents

Bovine insulin solution (10 mg/mL), rabbit glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) and mouse monoclonal anti-GAPDH antibody were purchased from Sigma-
Aldrich (St Louis, MO). All chemicals used were of analytical grade.

Glyceraldehyde 3-phosphate dehydrogenase treatment
Rabbit glyceraldehyde-3-phosphate dehydrogenase at concentration of 5µg/µl (140 µM) was
exposed to 10 equivalents of S-nitrosoglutathione (GSNO), oxidized glutathione (GSSG),
hydrogen peroxide (H2O2), N-ethlymaleimide (NEM) and sodium hydrosulfide (NaHS) for
30 min at room temperature in the dark. The excess reagents were removed by micro bio-
spin chromatography columns (Biorad, Hercules, CA) according to manufacturer
instructions. Protein concentration was determined by BCA assay and samples were stored
at −80°C until use.

Evaluation of displacement capacity of phenylmercury resin
Liver homogenates were exposed to 2 µM GSNO for 30 min in triplicate (N = 3). The
homogenate was divided equally between two tubes and blocked with S-methyl
methanethiosulfonate (MMTS). Then, one sample was mixed for 1 hr at room temperature
with 2ml activated phenylmercury resin whereas the second left untreated. The
phenylmercury resin exposed sample was centrifuged at 1000 × g for 5 min and the
supernatant was collected. Total protein was normalized between samples and protein S-
nitrosocysteine content was quantified by reductive chemistries coupled to ozone-based
chemiluminescence as previously described [22]. The limit of detection for this experiment
was 3 pmoles of S-nitrosocysteine per mg of total protein.

In solution digestion of modified GAPDH and mass spectrometric analysis
Mapping of modified cysteine residues on GAPDH as a result of treatment with NEM,
GSNO, GSSG, NaHS and H2O2 respectively was facilitated by in solution digestion of
GAPDH preparations (0.5 µg/µl in 50 mM NaHCO3) with trypsin at ratio of 1:100 enzyme
to protein for 6 h at 37°C. Five µl of each tryptic digest (40ng/µl) were analyzed by mass
spectrometry as previously described [21].

Doulias et al. Page 2

J Proteomics. Author manuscript; available in PMC 2014 October 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Phenylmercury resin assisted capture
Phenylmercury resin assisted capture was performed as previously described [21]with a
minor modification. Sixty µg of protein mixture (1:1 ratio of GAPDH and insulin) in
250mM Hepes, 1mM DTPA, 0.1mM neocupreine, 2.5% SDS, pH 7.7 reacted with 35 mM
MMTS for 30 min at 50 °C. The blocking buffer was exchanged to 250 mM MES, 1 mM
DTPA pH 6.0 by micro bio-spin chromatography columns. Sodium docecyl sulfate was
added to protein preparations at concentration of 1% and protein suspensions were loaded
onto activated organic mercury columns for 1 h at room temperature. The unbound fraction
was collected, columns were extensively washed according to our standard protocol [23]and
bound proteins were eluted into 4 ml β-mercaptoethanol. Both bound and unbound fractions
were concentrated using 3kDa cut off microconcentrators (Millipore, Billerica, MA). For
western blot analysis against GAPDH, 1 µg of unbound and 20% of the bound fraction
respectively were used. Densitometric analysis was employed to quantify the amount of
GAPDH present in bound and unbound fractions based on the fluorescence intensity of a
series of pure GAPDH loaded onto the same gel. For bovine insulin 1 µg of unbound
fraction and 50% of bound fraction were separated on SDS protein gel. To preserve disulfide
bonds on insulin, inclusion of β-mercaptoethanol in the LDS (lithium docedyl sulfate)
loading buffer as well as boiling of the samples was omitted. Proteins were resolved using
MES SDS running buffer instead of MOPS SDS running buffer. The gel was stained with
silver using SilverQuest kit (Invitrogen, Carlsbad, CA) according to the manufacturer
instructions. For the identification of the sites of modification, proteins were processed for
phenylmercury assisted capture followed by on column trypsin digestion and performic acid
elution as previously described [21].

Results and discussion
Chemical selectivity and efficiency of phenylmercury for S-nitrosocysteine

The method relies on the chemical reactivity of phenylmercury towards S-nitrosocysteine
which was originally described by Saville [20]. The reaction of phenylmercury with S-
nitrosocysteine displaces nitric oxide forming a covalent bond between the mercury and the
sulfur atom. The phenylmercury resin is synthesized by conjugating ρ-amino-
phenylmercuric acetate to N-hydroxysuccinimide- activated Affi-Gel 10 agarose beads. The
reactive group, phenylmercury, is activated by base hydrolysis of the acetate group at pH
8.8. Phenylmercury has been used previously for the specific capture of proteins with
reduced cysteine residues [24]. Therefore it is essential that reduced cysteine residues are
blocked effectively. This is achieved by S-methylsulfonylation of reduced cysteine residues
with MMTS. We previously reported that the efficiency of S-methylsulfonylation is 99.95%
in biological samples and that S-methylsulfonylated cysteine residues do not react with
phenylmercury [25]. However, in biological samples, other modifications of cysteine
residues that do not react with MMTS are present and are potentially reactive towards
phenylmercury. Known post- translational modifications of cysteine residues include
oxidation to disulfide, oxidation to sulfinic or sulfonic acids, S-glutathionylation, S-
alkylation, and S- sulfhydrylation [17]. Therefore the selectivity of phenylmercury for the
detection of S-nitrosocysteine was tested with model proteins. First the reactivity of
phenylmercury with bovine insulin was tested. Insulin was selected because of the presence
of three well-characterized disulfide bonds and the absence of reduced cysteine residues in
the structure of the protein. Phenylmercury does not react with insulin as evident by; i) the
absence of insulin in silver stained protein gel of the bound fraction eluted from the
phenylmercury resin and ii) the nonexistence of insulin-derived cysteine containing peptides
after mass spectrometric analysis of trypsin digested bound fraction (data not shown). Next,
the reactivity of the phenylmercury with purified rabbit glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was tested. GAPDH was selected since four reduced cysteine
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residues at positions 150, 154, 245 and 281 are present in the crystal structure of the protein
(Uniprot accession number P46046) and previous studies have determined that some of
these residues particularly residues 150 and 245 are modified by S-nitrosylation in vivo or in
cellular model systems [26,27]. Using well-described chemical modifiers we generated
GAPDH with altered cysteine residues (Figure 1A). The site-specific modified GAPDH
proteins were characterized by mass spectrometry. Reacting GAPDH with N-
ethylmaleimide generated alkylated cysteine residues at Cys150, Cys154 and Cys245
(Figure 1B). Upon incubation of GAPDH with oxidized glutathione (GSSG), S-
glutathionylated adducts on cysteine residues Cys150, Cys154 and Cys245 were detected
(Figure 1B). Sodium hydrosulfate (NaHS) was used to generate S-sulfhydrylated GAPDH.
S-Sulfhydrylated thiol (S-SH) is prone to oxidation making its detection by mass
spectrometry challenging. Therefore, to prevent further oxidation of S-sulfhydrylated
GAPDH the protein was treated with N-ethylmaleimide which alkylates S-sulfhydrylated
thiols [28]. S-Sulfhydrylated cysteine residues were detected by mass spectrometry having
an additional mass of 157 Da corresponding to the S-N-ethylmaleimide adducts. Cysteine
245 was detected with an additional mass of 157 Da whereas cysteine residues Cys150 and
Cys154 were detected with additional mass of 125 Da (Figure 1B) indicating that under
these experimental conditions only cysteine 245 is modified by S-sulfhydrylation. Hydrogen
peroxide treatment of GAPDH generated sulfinic and sulfonic acids on residues Cys150,
sulfonic acid on Cys154 and sulfinic acid on Cys245 (Figure 1B). Finally, treatment with S-
nitrosoglutathione (GSNO) resulted in S-nitrosylated GAPDH on cysteine residue 245
(Figure 2B and 2C). These differently modified GAPDH preparations were used to test their
reactivity with phenylmercury resin. Only S-nitrosylated GAPDH reacted with
phenylmercury as documented by: i) the presence of GAPDH in the bound fraction (Figure
1C) and ii) by mass spectrometric detection of VPTPNVSVVDLTC245R peptide (Figure 2B
and 2C). By employing the same methodologies, none of the differently modified cysteine
residues were detected indicating the selectivity of the phenylmercury for S-nitrosocysteine.

The binding efficiency of phenylmercury resin for S-nitrosocysteine was evaluated by
generating GAPDH with various levels of S-nitrosylation (Figure 3A). These preparations of
GAPDH were reacted with phenylmercury and the bound and unbound fractions were
quantified by western blot using a standard curve constructed with purified GAPDH. Based
on the densitometric analysis, it was determined that 2, 20 and 57 percent of the molecules
of GAPDH were captured by phenylmercury resin (Figure 3B). Using molecular mass of 36
kDa for GAPDH the amount of bound protein was converted to pmole of bound GAPDH.
These values were compared with the levels of S-nitrosylated GAPDH that were
independently measured in the protein used for input using reduction and
chemiluminescence detection of S-nitrosylated GAPDH. It was found that across the three
samples, bound GAPDH represented 96 ± 4 % of S-nitrosylated GAPDH that was present in
the original preparations. Therefore the phenylmercury resin enriches for proteins with S-
nitrosocysteine with high efficiency even with a starting S-nitrosocysteine concentration as
low as 0.2 pmole per µg of protein.

In addition, the efficiency of phenylmercury resin to displace cysteine-bound nitric oxide in
complex mixtures was evaluated by reduction coupled to ozone-based chemiluminescence
detection of S-nitrosocysteine. Incubation of GSNO-exposed, MMTS-blocked mouse liver
homogenate with phenylmercury resin resulted in a 94.4 ± 1.4 % decrease in protein S-
nitrosocysteine levels. Collectively the data indicate that phenylmercury displaces nitric
oxide from S-nitrosocysteine leading to selective and efficient capture of S-nitrosylated
proteins and peptides.
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Application of the mercury resin assisted capture of S-nitrosylated proteins in complex
biological samples

The application phenylmercury resin-assisted capture for the identification of S-nitrosylated
proteins in complex biological mixtures requires three basic steps [21]. Initially, the reduced
cysteine residues in the biological sample are S-methylsulfonated by reacting with MMTS.
Blocked-protein homogenates react with phenylmercury, which displaces nitric oxide and
forms a covalent bond with sulfur immobilizing proteins on the resin. Bound proteins are
released intact using reduction of the mercury-sulfur bond with β-mercaptoethanol. The
bound fraction can be then separated on regular SDS-PAGE gels followed by
immunodetection of specific proteins provided that antibodies are available. Alternatively
for the global identification of proteins in the bound fraction, the proteins are separated a
short distance (2 cm) by SDS-PAGE followed by in-gel trypsin digestion and LC-MS/MS-
based identification of the resulting peptides. Additional approaches can be used for
reducing the complexity of the bound fraction and facilitate the identification of low
abundance proteins. For example, a typical workflow includes the separation of the tryptic
peptides to ten fractions by ion-exchange chromatography, followed by separation of each of
the ten fractions by reverse-phase chromatography and MS/MS detection. Proteins are
considered for further analysis only if at least two peptides that pass our previously
described stringent criteria are detected [29].

However, we cannot rely on the positive identification of these proteins as being S-
nitrosylated without knowing the site of modification. Therefore, we simultaneously
perform peptide capture as follows. After intact proteins are bound to the phenylmercury
resin, the proteins are digested on column with trypsin followed by extensive washes of the
resin. The bound peptides are then eluted from the resin by performic acid oxidation. Mild
performic acid releases the bound peptides and more importantly oxidizes cysteine sulfur to
sulfonic acid (+48Da). Under electrospray ionization, sulfonic acid-containing peptides are
stable and yield typical y- and b-ion peptide fragments pairs from collision-induced
dissociation (CID) as would be observed for cysteine carbamidomethyl-containing peptides.
At times the presence of sulfonic acid may also generate increased confidence in peptide
database search scores [30,31]. However, for tryptic peptides with more than one cysteine
residues the use of performic acid for elution does not permit the discrimination of which
residue was modified by S-nitrosylation. This situation was encountered during the analysis
of endogenous S-nitrosocysteine proteomes and it appears to be a rare occurrence as less
than 1% peptides identified in the liver S-nitrosocysteine proteome had more than one
cysteine residues [21]. The post mass spectrometry data analysis includes the generation of
DTA files by extracting the MS/MS spectra from RAW files (Figure 4). DTA files are
submitted to Sorcerer-SEQUEST for performing the database search against a Uniprot
reference database. We perform database searches including cysteine sulfonic acid as static
modification since we have determined that performic acid treatment oxidizes 100% of
cysteine sulfur to sulfonic acid. Potential sequence-to-spectrum peptide assignments
generated by Sorcerer-SEQUEST are loaded into Scaffold to validate protein identifications
and perform manual inspection of MS/MS spectra as well as to compare protein
identifications across experimental conditions. While this secures the precise identification
of the S-nitrosocysteine residues, it does not control for inclusion of false positive
identifications that may result from incomplete blocking of reduced cysteine residues or
non-specific interactions with the resin during enrichment. To secure the specificity of the
identification each sample analyzed is paired with a negative control that is processed in
parallel with the sample. Negative controls are generated either by chemical treatment
(dithiothreitol (DTT), Cu/ascorbate and HgCl2) or by UV-light illumination. Displacement
of nitric oxide from S-nitrosocysteine residues by pretreatment of biological samples with
UV, DTT, Cu-ascorbate, or HgCl2 decreased protein S-nitrosocysteine levels by greater than
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99% (quantified by ozone-chemiluminescence) and also eliminated reaction with the
phenylmercury compounds [21]. All cysteine containing peptides that were identified in the
negative controls were considered as false positive and were removed from the final
analysis. The number of peptides identified in the negative samples was used for the
calculation of the false identification rate (FIR) of the method. Using wild type mouse liver
homogenates we calculated 3 ± 1% FIR across seven biological replicates. Besides liver, we
calculated the false identification rate in wild type mouse heart, kidney, lung and thymus
using three biological replicates. In these organs the FIR did not exceed 3%. This FIR is in
agreement and compare favorably with the greater than 90% specificity reported for
immobilized metal affinity chromatography used for the enrichment of phosphopeptides
from mouse liver [32]. As an additional measure of method specificity we considered the
non-cysteine peptides that were identified during each run. Across the five mouse organs
these peptides represented lower than 2% of the total peptides identified. Based on these
results we conclude that the specificity of the method is equal or greater than 95% for
complex biological samples.

The technical reproducibility of the method was determining as follows; the same liver
homogenate was analyzed through phenylmercury assisted protein and peptide capture three
times. The technical reproducibility for each triplicate was calculated by dividing the
number of proteins/sites identified in that sample by the number of proteins/sites identified
across all three replicates. The technical reproducibility of the method is defined as the
average ± standard deviation (SD) of the values calculated for each triplicate. According to
this formula technical reproducibility of 80 ± 3% and 81 ± 2% for proteins and peptides
respectively was calculated. This technical reproducibility compares well with reported
variance of mass spectrometry based methods for the identification of protein acetylation
and glycation {{226 Choudhary,C. 2009};[33]. In addition, we determined the minimum
number of biological replicates that is required to cover at least 95% of the endogenous S-
nitrosoproteome (Figure 5). In a typical experiment starting with 3 mg of liver homogenate,
corresponding to 150 pmole S-nitrosocysteine resulted in the identification of nearly 150
cysteine-containing peptides per sample (Figure 5A). Under these conditions the analysis of
seven different biological replicates resulted in the acquisition of 328 S-nitrosocysteine
peptides from a wild type mouse liver (Figure 5B). In subsequent experiments we increased
the protein concentration of the starting material to 30 mg and were able to identify the same
number of cysteine containing peptides using only three biological replicates. As long as
there are no limitations in tissue availability, higher starting protein concentrations will
reduce the number of biological replicates required to achieve comprehensive coverage of
the S-nitrosocysteine proteome under the current workflow.

The sensitivity and selectivity of the method in complex biological mixtures was further
evaluated by the use of liver homogenates from mice lacking the endothelial nitric oxide
synthase (eNOS−/− mice). The absence of eNOS from the liver results in diminished
generation of nitric oxide, which in turn affects protein S-nitrosylation. Indeed, the liver
homogenates from eNOS−/− mice had only 5 ± 5 pmoles S-nitrosocysteine per mg of
protein, 10 fold lower as compared to wild-type mice. This resulted in a significant
reduction in the number of peptides identified by the method as only 36 S-nitrosocysteine
peptides were detected across three biological replicates from eNOS null mouse liver
[15,21]. Collectively, these experiments show that the reaction of protein S-nitrosocysteine
with the phenylmercury is specific, efficient, and through the inclusion of negative controls,
achieved selective identification of endogenous nitrosocysteine peptides, the ultimate
qualifier for the unambiguous assignment of S-nitrosylated proteins. Since our primary goal
is to broaden the discovery and increase the depth of the in vivo S-nitrosocysteine proteome
while minimizing bias due to biological variance, we devise the following work flow: (a)
From all biological replicates, sulfonic acid-containing peptides, identified by SEQUEST
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database searches, are pooled (from this list peptides present in the corresponding UV-
pretreated samples are removed). Although protein identification can be accomplished from
a single peptide we have elected to increase the confidence by matching the single peptide
with the modified cysteine to proteins identified by the same method but independently of
the peptides. (b) Therefore, all proteins identified by protein capture were pooled (those also
identified in the UV-pretreated samples were removed). By matching sulfonic acid-
containing peptides with corresponding protein identifications, we precisely pinpoint the site
of modification and independently match the modified peptides with protein identification
providing additional confidence for the correct identification of the modified proteins.

The method was applied to multiple organs from wild type mouse to precisely identify 1011
S-nitrosocysteine sites in 468 proteins [27]. The data showed that the method is capable of
covering a reasonable dynamic range in terms of molecular mass and distribution in
different tissue organelles including the nucleus [27]. Ontological and pathway analysis
coupled with site-directed mutagenesis and structure-function analysis uncover a potential
role of S-nitrosylation in the regulation of fatty acid β-oxidation in the mitochondria. The
method has been also applied to tissues of mice lacking S-nitrosoglutathione reductase
(GSNOR−/−), the enzyme that metabolizes GSNO in vivo [34], revealing a potential role of
S-nitrosylation in the regulation of apoptotic cell death in the thymus [35].

Quantification of the occupancy of cysteine residues by S-nitrosylation in vivo
The method can be utilized for label free quantification of endogenous S-nitrosylation sites
by mass spectrometry. For this purpose a reference proteome which comprised all
phenylmercury-reactive cysteine residues present in the biological sample was generated by
omitting the blocking step with MMTS. For the identification of S-nitrosylation sites
MMTS-blocked homogenate is processed in parallel as described above. The cysteine
containing peptides that are identified in both samples are extracted from the base peak
chromatogram and their current intensities are divided. The ratio of ion current intensity
multiplied by 100 represents the occupancy by S-nitrosylation for this site. We applied this
approach to determine the occupancy by S-nitrosylation for GAPDH in wild type mouse
liver homogenates. Two cysteine-containing peptides for GAPDH were identified in both
blocked and unblocked homogenates (Table 1). These peptides were extracted from the base
peak chromatograms and their current intensities were compared. The occupancy by S-
nitrosylation for the peptide that contains Cys150 and Cys154 is 6 ± 3% whereas the peptide
that contains Cys245 is occupied by 1.0 ± 0.4 % under physiological conditions. S-
nitrosylation of Cys150 has been reported to have implications for the protein-protein
interactions and cellular localization of GAPDH [26]. These protein-protein interactions and
translocation of the S-nitrosylated GAPDH to the nucleus have been found to influence
signaling events and determine the fate of neurons [36]. The biological implications of S-
nitrosylation at Cys245 have not been examined. We speculate that poly-S-nitrosylation, in
accordance with the known effects of other modifications such as lysine acetylation [37],
may promote conformational changes which in turn influence the protein interactions,
stability and trafficking of GAPDH.
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Significance

The current study describes a selective, sensitive and reproducible method for the
acquisition of endogenously S-nitrosylated proteins and peptides. The acquisition of
endogenous S-nitrosoproteomes provides robust data that is necessary for the
investigating mechanism(s) of S-nitrosylation in vivo, the factors that govern its
selectivity, the dependency of the modification on different isoforms of nitric oxide
synthases (NOS), as well as the physiological functions of this protein modification.
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Highlights

➢ Selective and efficient enrichment for S-nitrosocysteine proteins and peptides
by phenylmercury

➢ Site specific identification of S-nitrosylated peptides by mass spectrometry

➢ Work-flow, negative controls and implementation of the method in complex
biological samples
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Figure 1. Phenylmercury resin selectively enriches for S-nitrosylated proteins
(A) Schematic representation of phenylmercury assisted capture of S-nitrosylated proteins.
GAPDH preparations react with MMTS which S-methylsulfonate reduce thiols and prevents
their subsequent reaction with phenylmercury. MMTS-blocked GAPDH preparations are
loaded onto activated phenylmercury-resin-containing columns and one hour later the resin
is washed extensively to remove the unbound proteins. Bound proteins are released by β-
mercaptoethanol. (B) Mapping of cysteine modifications on GAPDH after different
chemical treatments. GAPDH, treated with different chemical agents was digested in
solution with trypsin and the resulting peptides were identified by LC-MS/MS. These
peptides were identified having a mass indicative of the predicted mass shift expected for
the chemical treatments. Cysteine containing peptides with an additional mass of 29 Da,
corresponding to nitric oxide adduct on reduced cysteine, were not identified due to the
labile nature of S-nitrosocysteine bond. NID; none identified. (C) Representative western
blot using antibodies against GAPDH in bound and unbound fractions collected after
phenylmercury resin-assisted capture. Note the presence of immunoreactivity in the bound
fraction corresponding to GAPDH treated with GSNO indicating that phenylmercury resin
selectively enriches for S-nitrosocysteine.
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Figure 2. Phenylmercury resin selectively enriches for S-nitrosocysteine
(A) Schematic representation of phenylmercury resin-assisted identification of S-
nitrosocysteine peptides. After covalent attachment of S-nitrosylated proteins and extensive
washes bound proteins are subjected to on-column trypsin digestion followed by extensive
washes to remove unbound peptides. Cysteine containing peptides are released from the
resin using performic acid which cleaves the mercury-thiol bond and oxidizes thiol to
sulfonic acid (+48 Da). The sites of modification are identified by mass spectrometric
analysis of eluted peptides. (B) Representative MS spectra of doubly-charged sulfonic acid-
containing tryptic peptide VPTPNVSVVDLTC245R from GAPDH acquired in the bound
fraction after mercury assisted capture of GSNO-treated GAPDH. (C) MS/MS spectra
confirmed the sequence and site of sulfonic acid-containing peptide from GAPDH. MS/MS
spectra passed automatic and manual filter criteria and were identified with high SEQUEST
cross correlation (Xc) score. The experiments presented to this figure were repeated once
more with identical results.
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Figure 3. Phenylmercury resin enriches quantitatively for S-nitrosocysteine
(A) Representative western blot with anti-GAPDH antibodies in bound and unbound
fractions collected after phenylmercury resin-assisted capture. GAPDH (140 µM) was
exposed to the indicated equivalents of GSNO and 50 µg from each preparation was used for
phenylmercury-assisted capture. To avoid signal saturation, 1 µg from the unbound fraction
was loaded to the gels. For the same reason, the bound fractions were loaded as follows;
100%, 100%, 20% and 10% of the volume of bound fraction corresponded to GAPDH
treated with 0.01, 0.1, 1 and 10 equivalents of GSNO respectively. The levels of S-
nitrosocysteine per µg of protein were 0.2, 1.6 and 12 pmole as quantified by reduction of S-
NO bond followed by chemiluminescence-based detection of liberated NO equivalents. (B)
GAPDH was used to titrate antibody binding and construct this standard curve.
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Densitometric analysis was employed to determine the fraction of GAPDH present in the
bound and unbound fractions. The experiment repeated once more with similar results.
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Figure 4. Workflow of LC-MS/MS post-acquisition data analysis
RAW files generated by LC-MS/MS analysis from protein (left) and peptide (right) capture
experiments are filtered according to the criteria presented here in order to extract the MS/
MS spectra. DTA files, comprise the MS/MS spectra, are searched by Sorcerer-SEQUEST
against a forward-reverse reference database. Potential sequence-to-spectrum peptide
assignments generated by Sorcerer-SEQUEST are loaded into Scaffold (Proteome Software,
Portland, OR) to validate protein identifications and perform manual inspection of MS/MS
spectra as well as to compare protein identifications across experimental conditions. Proteins
are considered for further analysis if at least two peptides passing the criteria for acceptance
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are identified. Peptides are considered for further analysis if meet all the criteria presented in
this figure.
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Figure 5. Biological reproducibility of mercury assisted capture
Wild-type mouse liver homogenates were processed for protein and peptide capture through
phenylmercury assisted capture. Cysteine-containing peptides were matched to their
corresponding proteins. (A) Number of cysteine containing peptides that were matched in
seven different homogenates. (B) Number of unique cysteine-containing peptides identified
across seven liver homogenates. Note that the number of unique peptides did not increase
significantly (<5%) between the sixth and seventh biological replicate indicating that under
these experimental conditions six biological replicates are required to acquire the
endogenous S-nitrosoproteome.
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Table 1
Occupancy by S-nitrosylation of GAPDH in vivo

Liver homogenates were processed for phenylmercury assisted capture according to the standard protocol
(blocked) or by omitting the blocking step with MMTS (unblocked). In the blocked homogenate are identified
S-nitrosylated cysteine residues only whereas in the unblocked homogenate are identified all phenylmercury-
reactive cysteine residues, i.e. S-nitrosylated plus reduced. Cysteine containing peptides that were identified
for GAPDH in both samples were extracted from the base peak chromatogram and their intensities were
divided. The ratio of blocked/unblocked multiplied by 100 represents the occupancy by S-nitrosylation for
each cysteine containing peptide.

Peptide sequence Intensity blocked(× E+06) Intensity unblocked (× E+08) Occupancy %

IVSNASC150TTNC154LAPLAK 7.6 ± 1.2 1.3 ± 0.1 6 ± 3

VPTPNVSVVDLTC245R 9.7 ± 1.4 9.7 ± 0.5 1 ± 0.4
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