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Abstract
The proteomic analysis of S-nitrosylated protein (SNO-proteins) has long depended on the biotin
switch technique (BST), which requires blocking of free thiols, ascorbate-based denitrosylation of
SNO-Cys, biotinylation of nascent thiol and avidin-based affinity isolation. A more recent
development is resin assisted-capture of SNO-proteins (SNO-RAC), which substitutes thiopropyl
sepharose (TPS) for biotin-avidin, thus reducing the number of steps required for enrichment of S-
nitrosylated proteins. In addition, SNO-RAC facilitates on-resin proteolytic digestion following
SNO-protein capture, greatly simplifying the purification of peptides containing sites of S-
nitrosylation (“SNO-sites”). This resin-based approach has also now been applied to detection of
alternative Cys-based modifications, including S-palmitoylation (Acyl-RAC) and S-oxidation
(Ox-RAC). Here, we review the important steps to minimize false-positive identification of SNO-
proteins, give detailed methods for processing of protein-bound TPS for mass spectrometry (MS)
based analysis, and discuss the various quantitative MS methods that are compatible with SNO-
RAC. We also discuss strategies to overcome the current limitations surrounding MS-based SNO-
site localization in peptides containing more than one potential target Cys residue. This article
therefore serves as a starting point and guide for the MS-focused exploration of SNO-proteomes
by SNO-RAC.
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1. Introduction
It is increasingly recognized that protein S-nitrosylation represents a major molecular
mechanism for signal transduction by nitric oxide (NO) (1). Aberrant S-nitrosylation is

© 2012 Elsevier Inc. All rights reserved.
*Address correspondence to: Matthew W. Foster, Box 2629 Research Drive, Duke University Medical Center, Durham, NC 27710,
Phone: 919-668-0936, mwfoster@duke.edu, Fax: 919-668-0494.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Methods. Author manuscript; available in PMC 2014 August 01.

Published in final edited form as:
Methods. 2013 August 1; 62(2): 130–137. doi:10.1016/j.ymeth.2012.10.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



implicated in a wide range of diseases (2), and therapies that are aimed at restoring or
elevating levels of peptide and protein S-nitrosothiols (SNOs) have proven efficacious in
animal models of acute lung injury and asthma (3, 4), as well as in humans with cystic
fibrosis and pulmonary hypertension (5, 6). Consequently, there is significant interest in the
identification of the global protein targets of S-nitrosylation (“SNO-proteome”) and the
specific Cys residues (“SNO-sites”) that are modified within these proteins.

Due to the low abundance of SNO-proteins under most physiological conditions, and the
propensity of the S-NO bond to undergo homolytic and heterolytic decomposition,
methodologies that specifically enrich for S-nitrosylated Cys thiols have proven the most
effective for analysis of the SNO-proteome. In comparison to other post-translational
modifications (PTMs), such as phosphorylation and acetylation, well-validated
immunological or affinity reagents for the enrichment and identification of protein S-
nitrosylation are lacking and may never be practical. Introduced in 2001 (7), the biotin
switch technique (BST) was the first to take advantage of a unique chemical reaction—
denitrosylation by ascorbate (8)—for SNO enrichment and detection. The BST consists of
an initial “blocking” step, where all reduced thiols are modified, followed by denitrosylation
of the remaining SNO-Cys in the presence of a thiol-reactive biotinylating reagent (e.g.
biotin-HPDP). By this approach, SNO-proteins can be enriched using (strept)avidin and
identified by immunological methods or mass spectrometry. Although other chemistries may
eventually prove more specific or sensitive for enriching SNOs, the BST—and related
assays that employ ascorbate—continue to be the most widely utilized for the routine
analysis of protein S-nitrosylation as well as global SNO-proteomics.

Resin-assisted capture of S-nitrosothiols (SNO-RAC) has emerged as an important addition
to the repertoire of SNO-specific assays. By substitution of biotin-HPDP with thiopropyl
sepharose (9–11), or other similar thiol-reactive resins (9), the SNO-RAC method combines
thiol labeling and protein enrichment into a single step, thus eliminating the need for
removal of excess biotinylating agent and (strept)avidin pulldown (Fig. 1A). In addition to
requiring fewer steps than the BST, SNO-RAC has greater sensitivity for high-MW SNO-
proteins (9), and it is amenable to on-resin digestion and isolation of Cys-containing
peptides. In the majority of cases, SNO-RAC enables SNO-sites to be identified more easily
than BST-based approaches. Moreover, the technique easily allows for both protein-level
and SNO-site level quantitation, using a number of available quantitative mass spectrometric
approaches such as SILAC, iTRAQ/TMT tags, or label-free quantitation (9). SNO-RAC has
also been adapted for the detection of other Cys-based modifications, including protein S-
acylation (Acyl-Rac) and S-oxidation (Ox-Rac) (10, 12).

In this article, we discuss important general considerations for SNO-protein analysis by
SNO-RAC, including guidelines for proper sample handling and minimization of artifacts
and a comparison of quantitative mass spectrometry approaches that are most compatible
with SNO-RAC. Although we do not consider every potential iteration of the SNO-RAC
methodology, the methods that are provide should serve as an important guide for SNO-
proteome analysis by this solid phase technique.

2. Resin-assisted capture of S-nitrosothiols (SNO-RAC)
2.1 Sample preparation

Like the BST and related methodologies, SNO-RAC can be utilized to assess either
endogenous or exogenous S-nitrosylation (e.g. by NO synthases or low-mass SNOs,
respectively). Because the levels of endogenous S-nitrosylation are typically very low,
exogenously promoted S-nitrosylation has been utilized in most de novo analyses of global
S-nitrosylation. The significance of these hyper-S-nitrosylated conditions for identifying
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physiological relevant endogenous targets of S-nitrosylation (versus the “S-nitrosylatable”
proteome) can be debated; nonetheless, there is an emerging interest in SNO-based therapies
that warrants the identification of targets of S-nitrosylating agents in cells and tissues.
Exogenously S-nitrosylated samples can also serve as useful positive controls for assay
development and for determining assay sensitivity and specificity.

S-nitrosylation of purified protein or of cell lysates can be readily effected by low-mass
SNOs, including S-nitrosocysteine (CysNO) and S-nitrosoglutathione (GSNO). In a typical
scenario, cell lysates are adjusted to 1 mg/ml in buffer containing metal chelators (e.g. HEN
buffer; 250 mM HEPES, 1 mM EDTA, 0.1 mM neocuproine, pH 7.7) and treated ± 50 µM
GSNO for 30 min at room temp, in the dark, to achieve robust S-nitrosylation (7, 13). For
the analysis of in vitro S-nitrosylation, ~1 mg of starting material (e.g. cell lysate) per
condition is typically sufficient. In vitro, CysNO may exhibit higher reactivity than GSNO
due to its smaller size (14, 15), and additional specificity of low-mass SNOs can be achieved
by varying the structure or stereochemistry of the side chain (15). For S-nitrosylation of
intact cells, CysNO is also generally more effective than GSNO, largely due to the former’s
uptake via L-amino acid transporters (16, 17). Alternatively, cell-permeable S-nitrosothiols,
such as the ethyl esters of CysNO and GSNO (18, 19), can be utilized. In these intact cell
systems, incubation time is critical, as even 50–500 µM CysNO will generate maximally
detectable protein S-nitrosylation after 5–10 min of treatment, after which many proteins
undergo rapid denitrosylation (9).

Low-mass SNOs can usually be synthesized by the method of Hart et al. (20). For example,
equivalent volumes of 1 M thiol (in 1 M HCl) and 1 M NaNO2 (in water containing 1 mM
EDTA) are mixed on ice and the resultant 0.5 M SNO is immediately neutralized with
NaOH and diluted in appropriate buffer. Although the reaction is generally quantitative,
SNO concentrations can be verified by UV-vis [e.g. ε(334)~767 M−1cm−1 for GSNO (21)]
or Saville assay (22). High concentrations of CysNO should be prepared in a glass test tube
that has been previously washed with HEN (see above) or similar buffer containing metal
chelators. Thiol and nitrite stocks can be stored at −20 °C, but SNOs should be freshly
prepared and can be kept on ice, in the dark, for up to several hours.

Endogenous SNO-proteins typically exist at much lower levels than can be achieved by
exogenous S-nitrosylating agents and are often near or below sensitivity limits for their de
novo identification by MS-based methodologies. Consequently, greater amounts of sample
may be required than for analysis of in vitro S-nitrosylation. At the same time, there are
multiple steps in the SNO-RAC (and BST) that may generate low levels of artifact. Thus,
the use of proper controls becomes extremely important for the identification of bona fide S-
nitrosoproteins and SNO-sites by both immuno- and MS-based techniques. Due to the
possibility of UV light-catalyzed artifacts [(23); see discussion below], ascorbate-
dependence cannot be used as a sole criterion for identifying SNO-protein. Treatment of
cells with NOS inhibitor (14), “pre-photolysis” of samples with a high-intensity UV source
(14, 23), reduction of S-nitrosothiols with DTT and denitrosation with ascorbate (10) should
all be effective in eliminating or attenuating bona fide SNO-proteins. However, in order to
best utilize these manipulations as negative controls, robust analytical methods are needed to
quantify their effects (see Section 5).

Because SNOs are a labile PTM and sensitive to homolytic or heterolytic degradation (24),
it is critical that samples are not exposed to disulfide reductants (e.g. DTT and TCEP) or UV
light (e.g. sunlight) prior to or during sample manipulation. As metal ions also reduce SNOs,
cell and tissue lysis is typically performed in the presence of metal chelators, specifically
EDTA and neocuproine, which complex Cu(II) and Cu(I), respectively (25). If lysates will
not be subsequently exposed to S-nitrosylating agents, thiol blocking agents such as S-
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methyl methanethiosulfonate (MMTS; 10 mM) can be added to lysis buffer to prevent thiol-
promoted protein denitrosylation, although it is worth noting that MMTS interferes with
protein measurements by the bicinchoninic acid (BCA) but not Bradford assay. For analysis
of SNOs in tissues, it is recommended that tissues are well-perfused with saline prior to
homogenization, as red blood cell-derived heme will react with ascorbate during the SNO
denitrosylation and thiol pulldown step, potentially decreasing the sensitivity of the assay
(see Sec. 2.4) or confounding results for samples that have undergone variable degrees of
saline perfusion prior to tissue isolation.

2.2 Thiol Blocking
Adequate blocking of free Cys thiols is critical for ensuring assay sensitivity and specificity,
because any free thiol remaining after the blocking step will increase the background
pulldown of reduced protein. Without proper controls, these “background” proteins can be
misclassified as SNO-proteins. S-methyl methane thiosulfonate (MMTS), which generates a
reducible methythio-Cys mixed disulfide, is most commonly used for blocking of reduced
Cys thiols. Typically, 1–2.5 mg/ml protein is adjusted to 2.5% (w/v) SDS and 0.2% (v/v)
MMTS [from a freshly prepared 10% (v/v) stock of MMTS in DMSO] and incubated at 50
°C for 20 min. These concentrations of SDS and MMTS are typically sufficient for blocking
Cys thiols at protein concentrations up to 2.5 mg/ml. Denaturation by SDS may be less
effective at higher protein concentrations, thus leading to incomplete blocking and higher
background signals.

Choice of blocking agent can impact downstream mass spectrometry-based identification of
SNO-sites (see Sec. 4.3). With this in mind, alkylators such as N-ethyl maleimide (NEM)
have been successfully substituted for MMTS in ascorbate-based assays (11, 26) and can be
used to aid in assigning SNO-sites in peptides containing more than Cys residue.

2.3 Removal of blocking reagent
Carryover of thiol blocking reagent into the capture step will adversely impact assay
sensitivity by competing for the newly formed thiols that are released by ascorbate. For
small sample volumes (e.g. <100 µl), this can be performed using a size-exclusion resin in a
spin column format (7). However, a single desalting step may only remove 90–95% of the
blocking agent. Using the BST, we previously determined that effective removal of 20 mM
MMTS by MicroBiospin 6 columns (Pierce) requires passage of samples through two
desalting columns to minimize loss of signal from MMTS carryover (13).

For large sample volumes, excess MMTS is removed by precipitation of protein with 2.5
volumes of ice-cold acetone for 20 min at −20 °C followed by centrifugation at ~4000 xg in
a swinging bucket rotor. The resultant pellet is washed 3 times with room temp 70%
aqueous acetone to remove excess MMTS (14). These conditions allow maximal protein
recovery without precipitation of buffer components. Alternatively, acetone concentrations
may be adjusted for selective precipitation of a particular protein of interest. For example, it
was determined that 50% acetone was sufficient for precipitation of S-nitrosylated GRK2
from endothelial cell lysates (14).

2.4 SNO displacement and Cys capture with thiopropyl sepharose (TPS)
The SNO-RAC differs from the BST at this and subsequent steps. In place of thiol-reactive
biotin, a resin-bound reactive disulfide is utilized. Aryl disulfides coupled to a solid phase
support (e.g. thiopropyl sepharose; TPS) result in higher sensitivity as compared to a more
bulky disulfide (e.g. activated glutathione sepharose) (9). Commercially available TPS
(Amersham) is supplied as a powder and should be swelled in HEN buffer and washed
several times, by centrifugation (1000 xg for 1 min) and resuspension in HEN buffer, to
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remove preservatives. Ascorbate (Asc) solutions should be freshly prepared in HEN buffer
and kept away from UV light (see below). For SNO-RAC, acetone-precipitated protein (Sec.
2.3) is resuspended in 1 ml of HEN buffer containing 1% SDS (HENS buffer), and a small
amount of protein is reserved for analysis of total protein input. Finally, up to 50 mM Asc
(see below) and 30 µl of TPS are added to the remaining protein, and the mixture is gently
agitated/rotated at room temp in the dark for 4 h. These volumes of HENS and TPS are
applicable for 1–2.5 mg of starting material but may be adjusted for larger or smaller protein
amounts. In our experience, this volume of TPS resin has a capture capacity of ~150 µg
protein. Under these conditions the resin-binding capacity greatly exceeds the amount of
Asc-liberated protein thiol.

It should be noted that the ascorbate-dependent displacement of SNO is first order with
respect to Asc concentration and is also highly pH dependent (8). Increased sensitivity due
to improved denitrosylation by Asc may be observed at 50 versus 5 mM Asc and at pH 8.0
versus 7.7. Although metal ions such as Cu(I) have been reported to facilitate SNO
reduction at low [Asc] (27), this pathway is less relevant at high [Asc] (8). UV light (e.g.
sunlight) but not fluorescent lighting will reduce Asc to the semi-dehydroascorbate radical
(23), which may promote artifactual thiol capture. For these reasons, extreme care should be
taken to avoid sunlight exposure during the SNO-RAC (23).

Other reagents for selective reduction or denitrosylation of SNO-Cys may be amenable to
SNO-RAC and related methodologies. The most promising of these are the
triphenylphosphine esters, which have recently been shown to be compatible with the BST
and appear to be highly selective for SNO versus other redox modifications of Cys thiol
(28).

2.5 Sample processing for western blotting
Following protein capture, beads are washed at least 5 times with wash buffer [e.g. BST
wash buffer, 25 mM Hepes, pH 7.7, 1 mM EDTA, 600 mM NaCl and 0.5% Triton X-100
(7)]. While this wash buffer is also suitable for SNO-RAC, the covalent nature of the TPS-
protein conjugate allows for more stringent wash conditions, including SDS-containing
HENS buffer (see Sec. 2.4). Following the wash step, protein can be eluted by reduction of
disulfide with buffer containing 100 mM 2-mercaptoethanol or 20 mM DTT, and western
blotting performed to detect S-nitrosylation of the target protein. Total levels of the target
protein in each sample prior to pulldown should also be assessed by western blotting to
insure that differences in protein capture do not simply reflect differences in protein amount
across samples.

3. Alternative methods for resin-based capture of SNOs and other Cys-
based modifications

In addition to the ascorbate-based methods for SNO-protein enrichment, several other
methods discussed below have emerged that have potential applicability for resin-based
capture.

3.1 Organomercurial agarose
Ischiropoulos and coworkers have recently described organomercury resin capture (MRC)
for the specific enrichment of SNO-proteins (29). Although this assay also requires blocking
of free thiol, it takes advantage of the specific reaction of RSNO with the organomercurial
moity to form a stable mercury thiolate complex. Commercial MRC resin is no longer
available, but its synthesis has been described (29, 30). Excess 2-mercaptoethanol or mild
performic acid can be used to elute bound peptide/protein (29). The latter condition
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generates cysteinesulfonic acid from both Hg-SR and disulfide (31); thus, neither elution
method will enable unambiguous SNO-site assignment for peptides containing more than
one Cys residue if MMTS is used as a blocking agent (see Sec. 4.3). MRC may have
sensitivity advantages over the Asc-based methodologies (including SNO-RAC), but this
has yet to be demonstrated.

3.2 Other SNO-specific methods
Several additional chemistries have been recently been described for specific detection of
protein S-nitrosothiols (32), including radical trapping following UV-promoted SNO
homolysis and the “Staudinger ligation”-like reaction of SNO with aryl phosphines. Xian
and coworkers have recently shown that a disulfide is formed upon reaction of SNO with
phosphine thioester, and they have utilized a biotin derivative for specific derivitization of
SNO to Cys-S-S-biotin disulfide (33). It is tempting to speculate that a similar resin-bound
compound might be adapted for analogous solid-phase capture of SNOs.

3.3 Acyl-RAC and Ox-RAC
In addition to methods that utilize additional chemistries for solid-phase SNO-protein
capture, several other methods have been introduced that modify the SNO-RAC approach
for identification and quantitation of other Cys-based modifications. Acyl-RAC utilizes a
thiol blocking step, followed by hydroxylamine cleavage of acyl-thioester bonds, to capture
S-acylated proteins (12). Acyl-RAC of cell lysates detects predominantly S-palmitoylated
(but not S-prenylated) Cys residues and other PTMs such as ubiquitin-thioester linkages.

Ox-RAC is another variation introduced to capture non-S-nitrosylated, but reversibly
oxidized Cys residues (10). Ox-RAC utilizes ascorbate-dependent reduction of SNO as an
initial step, following by irreversible blocking of free thiols. Finally, reversibly oxidized
thiols, which may include disulfide, sulfenic acid and possibly sulfhydrated Cys, are reduced
with DTT prior to TPS capture. Although Ox-RAC lacks specificity with regard to the Cys-
based oxidations, it nonetheless may be useful for identifying oxidation-sensitive Cys
residues and their modulation under (patho)physiological conditions.

4. Identification of captured proteins by mass spectrometry
The identification of SNO-proteomes by mass spectrometry, following biotinylation and
avidin enrichment, has been a principal application of the BST since its inception (7). More
recently, enrichment of peptides following biotinylation and proteolytic digestion, has also
enabled mapping of SNO-sites in purified proteins and in complex mixtures (14, 34, 35).
SNO-RAC simplifies these analyses, and more importantly, is amenable to a range of MS-
based strategies for relative quantification of SNO-protein and SNO-site levels across
multiple samples (Figs. 1–2).

4.1 Sample preparation for qualitative MS analysis
SNO-RAC offers considerable flexibility with respect to MS-based analysis of TPS-bound
protein. Although proteins can be eluted with reductant prior to trypsinization, on-resin
digestion enables the generation of two unique fractions, the supernatant “SNO-sup” which
contains tryptic peptides released from on-resin digestion, and the second being the resin-
bound SNO-site peptides (Fig. 1B). The analysis of the SNO-site fraction identifies both the
SNO-protein and site of modification, typically using a single Cys-containing peptide. By
analyzing the SNO-sup, additional protein sequence coverage can be obtained, thus
improving confidence of the SNO-protein identification. Analysis of the supernatant fraction
may also identify a unique set of SNO-proteins that lack an identifiable tryptic SNO-site
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peptide, and thus might be missed during analysis of the resin-bound SNO-site fraction
alone.

On-resin digestion is performed as follows: Following resin capture, TPS is first washed
stringently as described in Sec. 2.5. The detergent solution is removed, and TPS is
exchanged into a MS-compatible buffer by at least three additional washes with 50 mM
ammonium bicarbonate, pH 8 (AmBic). After removal of excess AmBic, 100 µl (or a 2× bed
volume) of 0.2% (w/v) Rapigest SF (Waters) in AmBic and 4 µl of 100 ng/µl Sequencing
Grade Trypsin (Promega) are added to the TPS. Digestion is performed with agitation on a
Thermomixer R (Eppendorf) at 1050 rpm and 37 °C overnight.

Following on-resin digestion, the supernatant fraction contains all but the bound SNO-site
peptides. This “SNO-sup” is prepared for MS analysis by addition of 1/10 volume of 20%
ACN/10% TFA and incubation at 65 °C for 2 h to inactivate trypsin and degrade the acid-
labile Rapigest SF. After centrifugation, the supernatant is concentrated by SpeedVac and
resuspended in 20 µl of 2% ACN/1% TFA without further cleanup. For label-free
quantitation, we recommend adding ~100–250 fmol yeast alcohol dehydrogenase standard
(MassPREP ADH; Waters) at this point, for use as an internal standard.

Prior to elution of SNO-site peptides, TPS is washed at least three times with 1 ml of each of
the following buffers to remove free peptides, detergent and other contaminating species
[adapted from (10)]: a) HENS; b) AmBic; c) 80/20/0.1 v/v/v MeCN/H20/TFA; d) 50/50
MeOH/H2O; e) AmBic. This extensive washing procedure should result in an eluted SNO-
site sample which contains virtually 100% Cys-containing peptides. Elution is performed by
adding a 2× resin volume (e.g. 50 µl) of 10 mM DTT in AmBic with agitation at 1050 rpm
and 37 °C for 30 min. The eluent fraction is recovered after centrifugation and the beads are
washed with an additional 100 µl of AmBic. The Cys peptides are akylated by addition of 50
µl of 20 mM iodoacetamide in AmBic (2 molar excess over DTT) and incubation at room
temp in the dark for 30 min. Finally, the eluent is reduced to dryness by SpeedVac and is
subjected to C18 Zip Tip (Millipore) cleanup according to the manufacturer’s protocol. The
eluent is dried by SpeedVac and resuspended in 15 µl of 1% TFA/2% MeCN. As with the
SNO-sup sample, MassPREP ADH standard (e.g. 5 fmol/µl or 25 fmol per injection volume)
can be added for normalizing across samples.

4.2 Qualitative LC-MS/MS analysis
The qualitative identifications of SNO-sup and SNO-site fractions do not differ substantially
from any typical analysis of tryptic peptides. These samples can be analyzed by almost any
variety of MS/MS strategy and database searching algorithms, although we encourage the
use of high-resolution accurate-mass instrumentation to lower identification false discovery
rates, especially for SNO-site analysis, where a majority of protein identifications are made
based on a single peptide ID.

Based on our experience, the SNO-sup fraction from a particular sample will typically
contain at least an order of magnitude greater quantity of total peptide than the SNO-site
fraction, due simply to the fact that SNO-site typically represents a single peptide per bound
protein. Therefore, we recommend analysis of 1/20th of the SNO-sup isolate and 1/4th to
1/3rd of the SNO-site isolate, as starting points for LC-MS/MS analysis when using standard
commercial nanoscale LC-MS/MS (36–40). Injection volumes can then be adjusted
according to the appropriate loading for the individual LC-MS system.

For our standard protocol (MMTS blocking of total protein and iodoacetamide alkylation of
SNO-sites), SNO-sup peptides should be searched with methylthio-Cys as a fixed
modification and SNO-sites with carbamidomethyl Cys as a fixed modification. Since the
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SNO-site peptides are exclusively Cys-containing and may be very few peptides per protein,
care must be taken when utilizing protein-centric data scoring algorithms (e.g.
ProteinProphet (41)) that may overpenalize identifications based on a single peptide ID.
Such considerations have been made for the analysis of other PTMs (e.g. phosphorylation
(42–44)), but a rigorous evaluation of the capabilities of different search engines and scoring
criteria for this type of Cys-specific pulldown has not yet been performed.

Proteomic identification of bona fide SNO-proteins will be most rigorous when a
comparison can be made to a negative control. For analysis of an exogenously S-nitrosylated
sample, the corresponding untreated sample can serve as an appropriate control, and in many
cases, this control will contain low levels of protein/peptide versus the treated sample (7, 9,
13). As discussed earlier, unambiguous identification of endogenous SNOs will require
comparison to NOS inhibitor-treated or NOS knockout, or UV-photolyzed, samples.

4.3 Modification assignment and site localization of SNO-sites in peptides containing
multiple Cys residues

Challenges posed by the occurrence of multiple modifiable residues within a single tryptic
peptide are well known for PTMs such as phosphorylation (44). For Cys peptides identified
by SNO-RAC, this appears to be a relatively minor occurrence. For example, in a dataset
containing >500 SNO-site peptides (9) we found that only ~5% of peptides had more than
one Cys. Nonetheless, a notable example is the tryptic peptide containing Cys149 and
Cys153 of GAPDH, where Cys149 is the principal site of S-nitrosylation (34).
Modifications to the sample blocking protocol, and use of additional scoring algorithms,
may help in more confidently assigning reduced versus S-nitrosylated Cys thiols in these
peptides.

Disulfide reduction and Cys alkylation (e.g. with iodoacetamide) comprise the last steps in
recovery of SNO-site peptides (Fig. 1B). If MMTS is used as a blocking agent (“reversible”
blocking; Fig. 2), both reduced and S-nitrosylated Cys thiols in multiple Cys-containing
peptides will be identically carbamidomethylated. On the other hand, “irreversible” blocking
with a Cys alkylator such as NEM, prior to Asc denitrosation, will effectively freeze all
reduced Cys thiols and allow them to be distinguished from Cys thiols that are liberated by
Asc treatment and subsequent reduction (Fig. 2). Steenbergen and coworkers have recently
employed this latter method to distinguish reduced and SNO-Cys (10). Two peptides
identified in this work included GAADKCTCCA, containing Cys57, 59 and 60 of
metallothionein-1 and cPNCGTHYK, containing Cys112 and 115 of cytochrome c oxidase
subunit 5B (COX5B; where C indiciates putative SNO-Cys and c is NEM-modified Cys)
(10). In the COX5B peptide, the native reduced Cys thiol is identified by its NEM
modification. However, among the three Cys residues of the metallothionein-1 peptide, only
one likely represents the site of TPS attachment (e.g. resin-bound SNO-site), while the other
putative SNO-Cys residues may be one of several forms of oxidized Cys, including SNO-
Cys, disulfide or DTT-reducible Cys oxide (e.g. Cys-SO2H). Thus, although irreversible
blocking is useful in some instances, it is unlikely to completely solve the potential
ambiguities associated with multiple Cys-containing peptides.

In the scenario where a single peptide has multiple Cys residues and several possible
modifications (e.g. N-ethylmaleimide and carbidomethylated Cys), the correct localization
of these modifications may require additional probability scoring criteria. For example, the
ambiguity score (Ascore) for phosphorylation site localization algorithm considers both the
presence and intensity of site-localizing MS/MS fragment ions to arrive at a probability that
phosphorylation is assigned to the correct Ser, Thr and/or Tyr residues (44). Mascot delta
score, and site localization in peptide (SLIP) have been recently utilized for the site
localization of phosphorylation and other PTMs (43, 45) and should be useful for
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interpreting SNO-RAC data. While none of these additional steps may completely address
the challenges of SNO-site localization, the use of irreversible blocking agents, and the use
of scoring algorithms, may remove some ambiguities.

5. Relative quantification of SNO-sites and SNO-proteins by LC-MS/MS
In addition to the simple qualitative analysis based on spectral counting, SNO-RAC is
amenable to numerous types of quantitative analyses, including stable isotope labeling of
amino acids in cell culture (SILAC), isotopic and isobaric labeling of resin-bound SNO-site
peptides (iTRAQ/TMT), as well as label-free quantification (Figs. 1c and 3). Each of these
methods has distinct advantages and disadvantages as summarized in Table 1.

5.1 Stable isotope labeling of amino acids in cell culture (SILAC)
SILAC is a preferred quantification strategy for many mass spectrometry laboratories and
has been utilized for quantification by BST (46). This method requires conditioning of cells
with media containing light or heavy (i.e. 13C15N) Arg and Lys, and for this reason, is most
applicable to transformed cell lines. Another limitation is that only two (or at most three)
states can be compared in any given experiment. Nonetheless, the stable endogenous isotope
labeling of protein provided by SILAC should allow for facile relative quantification of both
SNO-site and SNO-sup fractions in a SNO-RAC experiment. In principal, equal quantities
of light and heavy isotope-labeled samples (e.g. control versus CysNO-treated) could be
mixed at any point during the SNO-RAC assay. However, it should be cautioned that if
samples are combined prior to blocking of free thiols, transnitrosylative transfer of NO
could occur between Cys residues of “heavy” and “light” proteins. Therefore, if SILAC is
utilized for SNO-RAC analysis, it is recommended that samples be mixed immediately
following the blocking step and just prior to acetone precipitation and resin capture (Fig.
3A).

5.2 Isotopic and isobaric labeling of SNO-site peptides
A number of MS-compatible methods have been developed for isotopic and isobaric
labeling of Cys residues for relative quantification of SNO-site peptides using small
molecule (e.g. biotin-based) tags (47, 48). Although such strategies may be adaptable to
solid-phase Cys capture (49), we have developed a much simpler strategy for stable isotope-
and isobar-based relative quantification of SNO-sites [(9); Fig. 1C]. This methodology relies
on the fact that on-resin trypsinization results in at least one (peptide N-terminus) and often
two (peptide N-terminus and lysine) sites for tagging with amine-reactive labeling reagents.
Specifically, we have utilized light and heavy (i.e. 13C-labeled) acetic anhydride for
acetylation of primary amines, as well as amine-reactive iTRAQ reagents, which in principle
allow multiplexed analysis of up to 8 samples (9). For iTRAQ labeling, protein-bound to
TPS is first digested on-resin with trypsin (see Sec. 4.1) followed by labeling with iTRAQ
reagents in 0.2 ml sodium borate, pH 8.5, for 2 h (9). After washing, resins are combined
(Fig. 3A), and SNO-site peptides are recovered as described in Sec. 4.1.

The iTRAQ method is not as amenable to SNO-sup analysis, as it requires an additional in-
solution labeling step and sample cleanup. Another limitation of the iTRAQ/TMT strategy is
that the amount of TPS resin increases linearly with the number of multiplexed samples. We
have found that < 50 µl of TPS resin is optimal per sample to minimize carryover of DTT,
IAM and thiopyridine, and adducts thereof, to the LC-MS/MS analysis. A 4-plex iTRAQ
assay may utilize 100–200 µl TPS in total, which may contribute significant small-molecule
interference and is not removed by standard C18 Stagetip or ZipTip cleanup (Sec. 4.1). For
these reasons, we have previously utilized SCX ZipTip cleanup for LC-MS/MS analysis of
iTRAQ-labeled peptides (9), but this step can incur significant sample loss.
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5.3 Label-free quantitative LC-MS/MS
Unlike the aforementioned methods, label-free quantitative proteomic approaches do not
require additional tagging, can be used over a wider range of biological samples and have no
inherent sample size limitations (Table 1). Another important distinction is that each sample
is assayed independently (Fig. 3). While spectral counting-based label-free quantitation can
be utilized with SNO-RAC, we recommend using it only for presence/absence type
determinations because of the relatively poor analytical reproducibility especially at low
spectral counts (50). Area-under-the-curve (AUC) label-free quantitation is a robust
alternative to spectral counting which relies on alignment of peptides across replicate
analyses using their accurate mass and retention time, and can be accomplished using a
number of commercial or free software packages (51–55). AUC quantitation can be
performed on cohorts of tens to hundreds of samples, with analytical reproducibility that
rivals SILAC approaches and often exceeds iTRAQ/TMT. (36, 38, 39)

Since each sample is processed independently throughout the entire procedure, label-free
quantitation avoids the increase in TPS resin volume that is one drawback of iTRAQ/TMT
multiplexing. On the other hand, extreme care must be taken at all steps to minimize sample-
to-sample variability (Table 1). This is especially critical during the many resin wash steps,
where resin might be inadvertently aspirated. An internal standard is also recommended,
both to insure technical reproducibility across samples and for normalization across many
LC-MS analyses; the latter can be important in samples with dramatically different SNO
content (and signal intensity). As discussed in Sec. 4.1, Massprep ADH (or similar peptide
standard) can be added at 20–25 fmol per injection volume (typically 2–4 µl). Finally, when
analyzing several samples using label-free LC-MS/MS, it is best to randomize sample
injections to avoid temporal bias and to perform technical replicate injections of each sample
to obtain statistical confidence.

6. Conclusions
While still under-utilized for SNO proteomics in comparison to the BST, SNO-RAC and
other solid phase methods are simpler and more amenable to relative quantification, and
they easily allow analysis of two unique and possibly complementary fractions (i.e. SNO-
site and SNO-sup). Nonetheless, several significant challenges remain. Assay sensitivity and
efficiency may still present a barrier for the large-scale identification of endogenous SNO-
proteins. This may be solved in part by more sensitive mass spectrometry techniques or
development of additional SNO-specific chemistries to improve established methodologies.
Along the same lines, the standardization of proper controls, including NOS inhibitors or
pre-photolysis, must be implemented to unambiguously assign endogenous SNO-proteins. It
is not enough to simply identify a peptide after SNO-RAC from a tissue or cell. As with
studies of all PTMs, there should always be a comparison to a proper control, and ideally,
these differences should be assigned a quantitative value. Ultimately, use of these criteria
should improve the rigor of SNO-proteomic studies, where the ultimate objective is to
identify and quantify endogenous SNO-proteins.
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iTRAQ isobaric tags for relative and absolute quantitation

LC-MS/MS liquid chromatography, tandem mass spectrometry

SILAC stable isotope labeling of amino acids in culture

SNO S-nitrosothiol

SNO-RAC resin-assisted capture of S-nitrosothiols
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Highlights

• We describe critical parameters for analysis of S-nitrosylated proteins by SNO-
RAC

• We give methods for MS-based identification of S-nitrosylated proteins by
SNO-RAC

• We review the tractable MS-based methods for relative quantitation by SNO-
RAC
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Figure 1. Isolation and post-enrichment fractionation of SNO-proteins by BST and SNO-RAC
A) Comparison of the biotin switch technique (BST) and SNO-RAC methods for detection
of S-nitrosoproteins [adapted from (32)]. B) Workflow for isolation of “SNO-site” fraction
(containing site of S-nitrosylation) and “SNO-sup” fraction (containing all other peptides
from S-nitrosylated proteins) by on-resin digestions of TPS-bound protein. SNO-site
samples are alkylated with iodoacetamide (IAM) prior to LC-MS/MS, whereas SNO-sup
peptides contain the Cys modification (e.g. methylthio-Cys) that is introduced during
blocking. C) On-resin labeling can be used for relative quantification of SNO-site fractions.
Labeling with NHS-iTRAQ yields peptides containing one or two isobaric tags for Arg- and
Lys-containing peptides, respectively (assuming zero missed cleavages).
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Figure 2. Pitfalls associated with characterization of SNO-site peptides containing multiple Cys
residues
Protein Cys thiols may be found in various redox forms, including reduced (SH), S-
nitrosylated (SNO), S-oxidized (e.g. SO2H) or disulfide-bound (SSR). The presence of more
than one Cys in a SNO-site peptide (center) may present difficulties for determination of the
specific SNO-site. Here we show an example where four forms of the same SNO-site
peptide may yield equivalent SNO-site peptides. If MMTS is used as blocking agent
(“reversible” blocking, left), and eluted Cys peptides are subsequently alkylated with
iodoacetamide, all possible redox modifications will have carbamidomethylated (Cam) Cys.
If the protein is blocked with N-ethylmaleimide (“irreversible” blocking, right), free thiols
are irreversibly alkylated with NEM and therefore non-modified (reduced) Cys sites may be
determined by the MS/MS fragmentation data. In this scenario, reduced thiol will be
distinguishable from oxidized/nitrosylated thiol, but the three oxidized forms will be
indistinguishable from one another.
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Figure 3. Mass spectrometry-based methods for relative quantification and identification of
SNO-proteins and SNO-sites by SNO-RAC
A) Comparison of three methods for relative quantification of SNO-proteins by SNO-RAC.
The points at which the samples are mixed (in the SILAC and iTRAQ/TMT workflows,
only) are indicated. B) Cartoons of RAW data are shown for the three methods. SILAC pairs
are identified by a delta m/z (e.g. 4 amu for a 2+ charge, heavy versus light peptide
containing a single Lys), and relative SNO is calculated from the difference in peak heights
for the highest isotopomers. For iTRAQ-based quantification, each sample is labeled with a
unique isobaric tag (allowing for multiplexing of up to 8 samples). Upon MS/MS
fragmentation, relative S-nitrosylation can be measured from the intensities of these unique
isobaric fragments (e.g. increasing SNO, 114–117). For label-free quantification, each
sample is analyzed separately, and LC-MS chromatograms are aligned using accurate
masses and retention times of eluting ions across all analyses. Relative abundance of
identified peptide is calculated from area-under-the-curve.
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Table 1

Utility of methods for quantitative MS analysis using SNO-RAC.

Stable isotope labeling of amino acids in cell culture (SILAC)

Advantages

• Proteins are labeled prior to assay and can be mixed after blocking step to minimize technical variability.

• Both SNO-site and SNO-sup are isotopically labeled.

• SNO-site and SNO-sup samples can be subjected to additional offline fractionation.

• MS/MS identification of only light or heavy peptide needed for quantitation.

Disadvantages

• Mostly applicable to transformed cell lines.

• Limited to two (perhaps 3) conditions per analysis.

• Sample complexity is increased over an unlabeled analog.

iTRAQ/TMT tagging of SNO-site peptides

Advantages

• Allows multiplexing of up to 8 samples.

• On-resin labeling and sample cleanup are relatively simple.

Disadvantages

• Only SNO-site fraction can be easily quantified.

• Sample dilution effects may limit identification of low-level species.

• On-resin labeling may require more reagent than in-solution methods.

• Amount of TPS resin increases with number of multiplexed sample, adding to potential interfering background ions.

• More strict attention required for quantitative recovery of TPS resin across samples throughout the protocol, as opposed to SILAC.

Label-free quantitation

Advantages

• Experimental design with respect to sample number and treatment is unlimited.

• There are no sample-type constraints.

• SNO-site and SNO-sup fractions can be easily quantified.

Disadvantages

• More strict attention to quantitative recovery of TPS resin across samples throughout the protocol is required, as compared to
SILAC.

• Reproducibility of LC-MS/MS is critical.
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