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Abstract

Protein S-nitrosylation plays a central role in signal transduction by nitric oxide (NO), and
aberrant S-nitrosylation of specific proteins is increasingly implicated in disease. Due to their low-
abundance and relative instability, S-nitrosylated proteins (SNO-proteins) have been difficult to
detect and quantify in biological systems. However, over the last 10 years, the biotin switch
technique (BST) and related thiol-based assays have allowed enrichment and identification of
specific SNO-proteins from complex biological mixtures as well as the facile identification and
quantification of sites of protein S-nitrosylation (SNO-sites), leading to scores of important new
discoveries. Structural characterization of SNO-proteins by X-ray crystallography is also
increasingly being utilized to understand both the relationships between protein structure and Cys
thiol reactivity as well as the consequences of S-nitrosylation on protein structure and function.
Here, we review these and other methodologies for the characterization, identification and
quantification of SNO-proteins.

1. Introduction

It is increasingly recognized that protein S-nitrosylation, the post-translational modification
of Cys thiol by nitric oxide (NO) to generate S-nitrosothiol (SNO), transduces many of the
biological effects of NO [1-3]. Aberrant S-nitrosylation in implicated in numerous
cardiopulmonary, skeletomuscular and neurodegenerative diseases [4, 5]. Largely driven by
methodological limitations, early studies in the field largely focused on: abundant and
readily detectable endogenous species, namely SNO-hemoglobin (SNO-Hb) and SNO-
albumin (SNO-AIDb) [4]; proteins that could be easily obtained in purified form for /n vitro
analyses (e.g. SNO-GAPDH and SNO-caspase); and the physiological effects of NO that
could often be only indirectly ascribed to S-nitrosylation [6]. The development of new
techniques for the enrichment and identification of endogenous SNO-proteins, and mapping
of sites of S-nitrosylation (SNO-sites) have prompted most of the major discoveries in the
field over the last 10 years, many of which are highlighted elsewhere in this Special Issue.

There are now perhaps hundreds of published permutations of assays for SNO-protein
characterization, identification and quantification. However, assays generally fall into one of
three classes (Table). They involve: 1) direct detection of a NO-modified thiol; 2) chemical
reduction or photolytic breakdown of the SNO to a more readily identifiable NO-based
species; or 3) tagging of the S-nitrosylated Cys thiol for subsequent enrichment and
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identification of SNO-proteins as well as facile mapping of SNO-sites. In general,
methodologies in class 1 are mostly biophysical techniques—perhaps the most powerful
being X-ray crystallography—that are best suited for characterization of single, isolated
SNO-proteins. Techniques specific to class 2 detect SNO-derived NO and nitrite and are
amenable to absolute quantification of total amounts of protein S-nitrosylation (but not
specific proteins) in biological mixtures. The third class of methodologies are particular
suited for identification of SNO-proteins and SNO-sites from complex mixtures and relative
(but not absolute) quantification of these species across multiple samples. Here we present
an overview of both “tried and true” and promising new methodologies for SNO-protein
characterization, identification and quantification.

2. Characterization of intact S-nitrosoproteins and protein-derived S-
nitrosopeptides

Purified SNO-proteins are amenable to characterization by a number of biophysical
techniques, including mass spectrometry (MS) and X-ray crystallography (see below), as
well as ultraviolet/visible spectroscopy (UV/Vis) [7, 8] and 1°N nuclear magnetic resonance
spectroscopy (NMR) [7, 9]. The techniques are mostly applicable to the characterization of
isolated SNO-proteins. UV/vis can be used for quantification of low-mass SNOs [10], but
SNO-proteins are not generally produced in sufficient quantities to be easily detected, while
NMR has little demonstrated utility. SNO-specific antibodies, raised against an S-
nitrosocysteine epitope, have also been used for the enrichment and identification of SNO-
proteins in situ (see below).

X-ray crystallography

High-resolution crystal structures have been recently solved for a number of SNO-proteins,
namely S-nitrosylated hemeproteins [11-13], protein tyrosine phosphatase 1B [14] and
thioredoxin (SNO-Trx) [8]. Collectively, these structural analyses have not only enabled
SNO-site identification, but also have helped to characterize the effects of S-nitrosylation on
protein structure, the “solid-state” conformations of protein-bound SNO (e.g. R-S-N-O
dihedral) and potential mechanisms of S-nitrosylation (Fig. 1). Treatment with NO or low-
mass S-nitrosothiol has been performed both prior to [8, 13] and after crystallization [11, 12,
14]. SNO-proteins can survive lengthy crystallization protocols, as evidenced by the stability
of SNO-myoglobin after one month at room temperature (under light- and metal-free
conditions) [13]. However, the S-NO moiety appears to be unstable to synchrotron radiation
[13, 15], which is preferred for solving high-resolution structures.

Mass spectrometry (MS)

MS has been applied to the analysis of both intact and protease-digested SNO-proteins.
SNOs are unstable to analysis by matrix-assisted laser desorption ionization MS (MALDI-
MS) but can be detected by electrospray ionization MS (ESI-MS) [16]. Deconvoluted
spectra of intact SNO-proteins exhibit a mass shift of +29 amu per bound NO and can
suggest SNO:protein stoichiometry [16-19]. Alternatively, SNO-containing peptides have
been identified from proteolyzed proteins using a variety of digestion conditions,
instrumentation and acquisition methods [20-22]. SNO-Hb was characterized by pepsin
digestion (50:1 protein:protease, 5% formic acid, 37 °C, 1.5 h) followed by reverse phase-
LC-MS, varying the cone voltage between 20-80V across multiple injections [20]. A
voltage-dependent shift of -29 amu was observed for a peptide corresponding to residues
89-105 of B-Hb (Cys93 is the known SNO-site). A SNO-site in argininosuccinate synthetase
(AS) was localized by neutral loss scanning using a triple quadrupole mass spectrometer
[21]. SNO-AS was digested with trypsin (50:1, pH 8.0, 37 °C, 4 h) and infused into the ESI
source. Parent ions that lost 30 or 15 m/z (singly or doubly charged ions, respectively) in the
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first quadropole were allowed to pass into the second quadrupole for mass analysis. More
recently, a different technique was used to map a SNO-site on Arabidopsis thaliana NPR1
after digestion with trypsin (20:1, pH 5.5, 37 °C, 1 h) and analysis by nano-RP-LC-MS2 on a
LTQ-Orbitrap [22]. Peptides were first subjected to a normalized collision energy of 35V,
and ions which had a loss of 9.7 or 14.5 m/z (from 3+ and 2+ ions respectively) were
fragmented for sequence identification. Low pH and short digestion conditions might favor
preservation of SNO, but this has not been adequately examined, nor has the ability of these
methods to identify SNO-sites in multi-protein mixtures.

SNO-specific antibodies

Circulating immunoglobulins (IgM) recognizing a SNO epitope (SNO-Cys cross-linked to
BSA; SNO-Cys-BSA) were first identified in sera of patients with MS [23], raising the idea
that SNO-specific antibodies could be developed as a research tool. Gow et al. demonstrated
proof-of-concept by raising a rabbit polyclonal Ab to SNO-Cys-BSA and used it for
ELISA-, western blotting- and immunohistochemistry-based analysis of SNO proteins,
including the demonstration of cytokine- and GPCR agonist-stimulated S-nitrosylation [24].
Similar antibodies have been used for co-immunoprecipitation and immunofluorescence of
endogenous SNO-proteins [25, 26]. However, there are several limitations: the SNO must be
stable throughout the course of the assay, which can involve tissue fixation or
immunoblotting; SNO antibodies are raised against S-nitrosocysteine, suggesting that only
solvent-accessible sites may be good epitopes; and the specificities of commercially-
available antibodies (for SNO-Cys versus Cys) are not well-validated.

3. Quantification of protein-bound SNO using nitrite- and NO-based assays

The absolute quantification of protein-bound SNO in isolated proteins or in complex
mixtures is most easily achieved through the cleavage of SNO to a more easily assayable
species, namely nitrous acid/nitrite or nitric oxide. These methodologies are generally
medium to high throughput and can have adequate sensitivity for quantifying endogenous S-
nitrosylation. However, immunoprecipitation (IP) or affinity purification is required for
detection of specific SNO-proteins from complex biological mixtures [27, 28], the main
exceptions being S-nitrosohemogobin (SNO-Hb) and S-nitrosoalbumin (SNO-AIb) which
are the major reactive thiol- and SNO-containing species in their respective milieus
(erythrocytes and plasma, respectively) [29, 30].

Nitrite-based assays

Saville, DAF and GC-MS—The heterolytic cleavage of RSNO by mercury(ll) to
mercury-thiolate and nitrous acid/nitrite is the basis for a number of SNO-specific assays
(Fig. 2). Mercury(ll) nitrate has been shown to react with low-mass mass SNOs ~102 more
rapidly than mercury(1l) chloride due to preferential ionization of the nitrate salt in water
[31]. It is assumed that Hg2* reacts quantitatively with protein-bound SNO, although it is
not known whether or how solvent accessibility of the SNO-Cys effects this reaction.
However, Hg?* does not appear to react with the related Cys-coordinated dinitrosyliron
complexes [32]. In general, standard curves are generated using low-mass SNOs (e.g. S-
nitrosoglutathione) which can be synthesized and quantified in a highly reproducible fashion
[10]. Metal chelators, which are often utilized to prevent SNO decomposition, should be
present at sub-stoichiometric amounts relative to Hg2*.

The colorimetric Saville assay (Fig. 2) [33] is the simplest Hg2*-based assay. SNO-proteins
are first mixed with sulfanilamide and HgCl, in acid, and after incubation are treated with
N-(1-naphthyl)ethylenediamine to give an azo dye [34]. The Saville assay is suitable for
quantifying ~1-100 M SNO and thus lacks sensitivity for detection of endogenous SNO-
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proteins. More sensitive methods utilize diaminonapthalene, diaminofluorescein (DAF) or
analogous compounds which form fluorescent triazole species upon reaction with nitrous
acid [35]. In a typical DAF assay (Fig. 2), cleavage of SNO-protein by Hg2* is performed at
neutral pH, followed by addition of DAF and acid (to affect nitrosation) and subsequent
neutralization (as the DAF triazole fluorescence is highly pH sensitive). The DAF assay
exhibits low nM sensitivity and it has been applied to the quantification of SNO-Hb from
human erythrocytes [30] and in the activity-based purification of thrioredoxin as a SNO-
caspase-3-denitrosylase [36].

Tsikas and coworkers have developed an elegant nitrite-based gas chromatography-MS
(GC-MS) method for absolute quantification of S-nitrosoalbumin [37, 38]. First, an internal
standard (1°N-labelled SNO-albumin) is synthesized by treating albumin with 1°N-tert-butyl
nitrite or similar isotope-labeled S-nitrosylating agent. After spiking freshly isolated plasma
with SI5NO-albumin, total albumin is affinity-purified from plasma with HiTrap Blue
Sepharose and treated with Hg2*. Following derivitization with pentafluorbenzyl bromide,
nitrite (14N and 15N) is extracted, separated by capillary GC and quantified by selective ion
monitoring of NO,™ (m/z 46) or 1°NO," (m/z 47). This procedure has enabled quantification
of SNO-albumin in human plasma [38] and has been used to assess the fate of SNO-albumin
in vivo[39].

Nitric oxide detection using ozone-based chemiluminescence and NO-specific electrodes

Nitric oxide-based assays for SNO quantification rely on the chemical reduction or UV-
catalyzed homolytic cleavage of SNOs and subsequent quantification of NO using ozone-
based chemiluminescence detection or NO-specific electrodes. Compared to nitrite-based
assays, NO-based assays provide equal or better sensitivity for detection of endogenous
SNOs and in some cases are able to differentiate total protein-bound NO versus SNO.

Hg?*-coupled photolysis-chemiluminscence (P-C) was the first SNO-specific assay that had
high sensitivity for detection of endogenous SNOs (Fig. 2) [29]. Samples are injected via a
low-pressure pump and delivered via inert gas-purged water into a glass capillary coil. As it
travels around the coil, the sample is photolyzed by a Hg vapor lamp, resulting in
quantitative release of protein-bound NO which is carried via inert gas under negative
pressure to a chemiluminescence-based NO analyzer (Thermal Energy Analyzer; TEA).
SNO is defined as the difference in NO signal (area under the curve) in untreated versus
Hg?*-treated samples, and the NO that is not displaced by Hg?* is classified as X-NO
(where X=metal, N, O and/or C) [40, 41]; GSNO standards are used for absolute
quantification, and the relationship between low-mass and protein-bound SNO is determined
by desalting or ultrafiltration [40, 41]. Nitrite and nitrate are generally non-interfering at
physiological concentrations [42, 43]. The photolysis apparatus (Nitrolite™, Thermo Orion)
is no longer commercially available, making this technique among the least accessible.

NO-based SNO quantification can also be accomplished using a more common
chemiluminescence-based NO analyzer (e.g. Sievers NOA) via metal-catalyzed reduction.
In the “Cu/Cys” method (Fig. 3) [44], samples are injected into an inert gas purge vessel
containing a mixture of CuCl and cysteine in PBS, and the resulting NO is detected. This
assay is insensitive to contaminating nitrite, but unlike photolysis-chemiluminescence, only
detects SNO. SNO-protein is thought to be first denitrosylated by Cys to CysNO, which is
then reduced to NO by Cul* (although Cul* may also reduce SNO-protein directly).
However, it is unclear whether either Cu/Cys can access all protein-bound SNO (only ~1/3
of albumin SNO was recovered as NO [44]). To prevent autocapture of NO by
hemeproteins, carbon monoxide can be introduced into the inert gas stream [45]. Triiodide
has also been used as a reductant, particularly for the measurement of SNO-Hb [46-48].
However, this requires numerous manipulations: 13™ is not specific for NO,™ versus total
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protein-bound NO, so samples must be treated with sulfanilamide to remove background
nitrite; “subtractive” analysis of SNO versus X-NO is further accomplished by treatment
with Hg2* and sulfanilamide; and ferricyanide is used to prevent NO autocapture. In part
because of these requirements, the triiodide method may underestimate SNO-protein levels
[42] and the interpretation of data obtained using this assay should be viewed with caution.

NO-selective electrodes have also been employed for quantifying S-nitrosothiols in plasma
and whole blood. However, in contrast to NOA-based methods, NO electrodes measure
steady-state dissolved NO in an open system and can be sensitive to factors that influence
NO solubility and diffusion (e.g. temperature, rate of stirring, surface area of the air-liquid
interface). These factors may make absolute quantification a challenge. Nonetheless,
addition of CuSO,4 and ascorbic acid (i.e. Cul*) to SNO-Alb and to plasma has been shown
to generate a quantifiable NO signal [49]; as a negative control, samples were pre-
photolyzed by UV irradiation (>330 nm). An immobilized polymeric organoselenium
catalyst has also been incorporated into the distal tip of an NO-selective electrode for the
specific detection of S-nitrosothiols from whole blood [50]. However, because the catalyst is
immobilized to a dialysis membrane, the measurement of SNO-protein requires
transnitrosylation to a low mass thiol such as cysteine.

4. Thiol-based assays utilizing ascorbate as a denitro(sy)lating agent

A pivotal moment in analysis of SNO-proteins came 10 years ago with the publication of the
biotin switch technique (BST) by Synder and coworkers [51]. The BST was the first assay
designed to detect the S-nitrosylated Cys thiol rather than SNO-derived nitrite or NO, and
consequently, it made routine the identification of endogenously S-nitrosylation proteins
from cells and tissues as well as the proteomic identification of tens to hundreds of SNO-
proteins (mostly following treatment with low-mass SNOs) in a single analysis. Subsequent
modifications to the assay have enabled identification [52] and relative quantification of
SNO-sites by mass spectrometry [53, 54], as well as global S-nitrosylation analysis on
protein microarrays [55].

Biotin Switch Technique (BST)

As originally described [51], the BST consists of two sequential steps (Fig. 3A). First,
reduced protein thiols are reversibly blocked under denaturing conditions with the S-
thiomethylating agent, S-methyl methanethiosulfonate (MMTS). Next, proteins are treated
with ascorbate (Asc) to remove the thiol-bound NO, and the newly liberated thiol is
simultaneously labeled with a reversible biotinylating agent (biotin-HPDP). These steps are
performed in the dark and in the presence of metal chelators. Biotinylated proteins are
visualized directly using avidin-HRP after SDS-PAGE and western blotting; alternatively,
biotinylated proteins are precipitated with immobilized monomeric avidin or streptavidin
and identified by western blotting for protein(s)-of-interest or mass spectrometry. Critical to
the success of the assay is the apparent stability of SNO-protein during the blocking step
(2.5% SDS, 50 °C) and the specificity of the ascorbate reaction for S-nitrosylation versus S-
oxidized or S-thiolated Cys residues (see below).

Thiol blocking step

In the BST and related methods, blocking is typically performed with MMTS, which
generates a mixed disulfide. Alternatively, for SNO-site identification (see below),
irreversible blocking with reagents such as N-ethylmaleimide [56] can help to identify the
site of S-nitrosylation in peptides that contain more than one Cys residue (the tryptic peptide
containing the active site of GAPDH, IVSNAS*CTTNCLAPLAK, where the asterisk
denotes the SNO-site, is a notable example [56]). It is also important to remember that false
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positives can arise from incomplete blocking of free thiols. Thus, a true positive cannot be
assigned based solely on a signal in the BST, and it is critical to include a negative control
such as pre-photolysis or NOS inhibition (also see below).

Specificity and sensitivity of Asc-mediated denitrosation

In the presence of metal chelators (i.e. under the BST reaction conditions), Asc does not act
as a reductant but rather undergoes transnitrosation with SNO to yield thiol and &
nitrosoascorbate [57]. However, it has been suggested that Asc can reduce small molecule
and protein disulfides under these same conditions [58, 59], observations that were not
consistent with the previously demonstrated specificity of the BST [51, 60] and would
essentially render the assay useless. In addressing this controversy, Forrester et al. found that
exposure to indirect sunlight from a laboratory window (and not fluorescent light) could
reduce the activated disulfide in biotin-HPDP and facilitate biotinylation of MMTS-blocked
protein thiol [61], providing a mechanism for generation of Asc-dependent artifacts. In this
scenario, it is presumed that UV light causes generation of the semi-dehydroascorbate
radical, reduction of the reactive disulfide biotin-HPDP and thiol-disulfide exchange with S-
methylated protein thiol to form biotinylated protein thiol [61, 62]. Prior to these studies,
Asc-dependence was often utilized to demonstrate assay specificity, but it has become clear
that additional controls are needed. NOS inhibition, deletion or knockdown can be utilized
in some instances to address specificity, but these tools are not amenable to all studies.
Alternatively, UV-photolysis of samples, to destroy the SNO prior to analysis, has been used
in conjunction with the BST [61, 63, 64] and related assays [65, 66] to identify true
positives.

The efficiency of Asc-mediated denitrosation has also been a subject of investigation. It has
been reported that at 1 mM Asc (the concentration originally used by Jaffrey et al. [51]) only
a fraction of SNO may be converted to free thiol within the timescale of the assay [67].
Concentrations of Asc up to 100 mM increase protein biotinylation and do not appear to
sacrifice assay specificity [60, 61, 67]. These findings are consistent with the kinetics of Asc
denitrosation, which shows first-order dependence for SNO and Asc in the presence of metal
chelators [57]. The rate of Asc-mediated denitrosation can also vary over three orders of
magnitude between pH 7-12, although to our knowledge [57], the relationship between pH
and sensitivity of the BST has not been tested. Whereas Asc acts as a nucleophile in the
absence of added metal ion, Asc can also catalyze the Cu-dependent reduction of S-
nitrosothiols [57]. As an alternative to the standard BST, the combination of Cu and 1 mM
Asc has been shown to greatly potentiate the specific biotinylation of SNO-protein
compared to 1 mM Asc alone [68].

Identification of SNO-sites

It has been a tractable approach to combine site-directed mutagenesis with the BST for
identification of SNO-sites. Mass spectrometry-based methods, however, are more direct
and amenable to large-scale analyses. Peptide-level Cys biotinylation and capture had been
utilized previously for expression proteomics [69], but Gross and coworkers first described
the use of a similar methodology for SNO-site identification (SNOSID; Fig. 3B) [52].
Simply, following the BST, biotinylated proteins are proteolyzed with trypsin, and the
resulting peptides are affinity-purified with immobilized monomeric avidin or streptavidin,
eluted and analyzed by LC-MS/MS. Elution can be performed with reductant [52] or acid
[63, 70]; the latter results in a peptide with disulfide-linked biotin.

The SNO-RAC methodology substitutes a thiol-reactive resin (e.g. thiopropyl sepharose) for
biotin-HPDP(Fig. 3A) [54]. The elimination of biotin removal and avidin-based enrichment
steps appears to result in improved sensitivity for detection of high-mass SNO-proteins.
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SNO-RAC also simplifies SNO-site identification: “captured” proteins are proteolyzed on
resin, and SNO-site-containing peptides are eluted with reductant and identified by LC-MS/
MS (Fig. 3B) [54].

Relative protein and SNO-site quantification

Relative levels of SNO-proteins can be assessed across multiple conditions using western
blotting and densitometry [55, 71] or by fluorescence-based quantification using either thiol-
reactive fluorophores [72-75] or fluorescent secondary antibodies [55]. Measurements can
be normalized to total amounts of protein-of-interest in each sample [71]. However, note
that the linearity of Asc-based SNO-protein detection across a range of concentrations has
not been critically evaluated.

Mass spectrometry has also been employed for relative quantification of SNO-proteins and
SNO-site following enrichment by the BST, SNO-RAC and related methodologies. The
SNO-CAP method utilizes light and heavy isotope-labeled thiol biotinylating agents to
perform relative quantification of SNO-sites between two conditions and was used to
identify glutathione-reversible/unstable versus non-reducible/stable S-nitrosylated proteins
in vitroand in cultured cells [53]. Alternatively, stable isotope labeling of amino acids in
cell culture (SILAC) [76], which employs light and heavy isotope-labeled Arg and/or Lys
for relative quantification of tryptic peptides, has been combined with the BST for relative
quantification of SNO-proteins in unstimulated versus cytokine-stimulated mouse
macrophages [77] and to identify targets of the denitrosylase, thioredoxin [78]. iTRAQ-
based isobaric quantification [79] has been used in conjunction with the SNO-RAC method
[54]. The amine-reactive iTRAQ tags each produce unique product ions (e.g. 114-117 amu
for 4-plex iTRAQ) after peptide fragmentation that are used for relative quantification [79].
To examine kinetics of intracellular S-nitrosylation and denitrosylation, Forrester et al.
performed SNO-RAC at 10, 30 and 50 min following treatment of HEK cells with CysNO; a
fourth sample was a negative control (i.e. untreated) [54]. After on-resin digestion, samples
were labeled with one of 4 amine-reactive isobaric tags, and after elution, samples were
mixed and analyzed by LC-MS/MS, resulting in ~350 quantifiable SNO-sites. S-
nitrosylation at most sites peaked at 10 min and decayed rapidly, but about one quarter of
quantified SNO-sites were relatively stable over the time course of the assay.

5. Alternative chemistries for thiol-based SNO assays

Despite the almost universal acceptance of the BST, several other approaches have emerged
as potentially feasible alternatives to Asc-based methodologies (Fig. 4). The radical spin trap
5,5-dimethyl-1-pyrroline A-oxide (DMPO) reacts with S-nitrosothiols after photolysis to
thiyl radical [80] (Fig. 4A), and this reaction has recently been used to label protein-bound
SNO without the requirement of a thiol-blocking step [81]. Specificity for S-NO versus
photolyzable C-NO and N-NO was achieved by irradiation at >515 nm. DMPO adducts
were initially visualized by western blotting using a anti-DMPO antibody, but the potential
for enrichment and identification of protein-DMPO conjugates has been made easier by the
recent development of a disulfide-linked, biotinylated DMPO [82]. In order positively to
identify SNO-sites using this assay, it will be critical that there be minimal intramolecular
electron transfer between other redox-sensitive sidechains (e.g. Cys, Tyr, Trp); the use of
excess radical trap appears to prevent such crosstalk [83]. The initial spin trap/thiyl adduct
(ST-RS"), has been shown to disproportionate to nitrone-thiol (N-RSH) and hydroxylamine-
thiol (HA-RSH) [84]; the N-RSH adduct is unstable and its decomposition may compromise
yield of tagged Cys thiol.

A SNO-specific assay has also been based on the reaction of SNO-proteins and
phenylmercury compounds, which result in covalent Hg-S conjugates (Fig. 4B) [65]. An
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initial blocking is step is required to prevent reaction of reduced Cys thiol with the
organomercurial, which is followed by reaction with either biotin-conjugated or resin-bound
phenylmercury compounds for SNO-specific protein enrichment. Performic acid was used to
elute and oxidize bound Cys thiol to the oxidized sulfonic acid form, thus providing a
unique SNO-site signature for MS analysis. This method identified numerous endogenously
S-nitrosylated proteins in both mouse liver and thymus [65, 66], suggesting that it is highly
sensitive.

In a series of elegant studies, Xian and coworkers have taken advantage of a neglected
reaction between SNO and triphenylphosphine (TPP) [85] to develop novel reagents that
may have immense utility for general SNO detection and for the affinity capture of SNO
proteins [86]. They recognized the similarity between the SNO/TPP chemistry and that of
the Staudinger ligation, which has been exploited for the specific labeling of azide-
conjugated molecules (include cell-surface glycans) [87]. Through a series of iterations [86,
88-92] they arrived at biotinylated phosphine capable of trapping S-nitrosylated proteins
under aqueous conditions (Fig. 4C). Although they showed that the biotin-phosphine did not
react with thiol, Cys thiol blocking was nonetheless employed as a first step. They have also
developed a SNO-specific sensor, a coumarin-phosphine, which fluoresces upon oxidation
by low-mass SNO [93]. The specificity of this sensor to SNO versus other cellular oxidants,
as well as it applicability to the detection of protein-bound SNO, have to yet to be shown.

6. Remaining Challenges

Despite the recent progress in methods for characterization and quantification of SNO-
proteins, several challenges remain. Some techniques, namely X-ray crystallography, are
underutilized for the characterization of SNO-dependent effects on protein structure and
function, and consequently there is still little understanding how S-nitrosylation regulates
protein function (although the same might be said for phosphorylation). Furthermore, the
BST and related assays have enabled the high-throughput identification of hundreds to
thousands of novel targets of exogenous S-nitrosylating compounds but have has had limited
success [52, 65, 75] in the de novo identification of endogenous SNO-proteins. More is not
always better. The physiological relevance of SNO-proteomics has often been questioned,
and the argument that S-nitrosylation is comparable to O-phosphorylation in its
ubiquitousness is not well substantiated. Improvements in the sensitivity and efficiency of
thiol-based assays are needed to make improvements in these arenas. Finally, as it is
increasingly recognized that altered levels of specific SNO-proteins may be
symptomological of disease, clinical assays that can robustly quantify SNO-proteins from
biological fluids or tissues may represent the next logical step forward for SNO-based
assays; it remains to be seen if exisiting methodologies can meet the necessary criteria for
clinical utility or whether substantial additional method development will be required.
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SNO-Cys69

SNO-Cys10
Cys10
N

Figurel1. X-ray crystallography of S-nitrosylated proteins

A) Exposure of Cimex lectularius nitrophorin crystal to NO led to distal heme nitrosylation
and S-nitrosylation of Cys60 on the proximal side of the heme (PDB ID: 1Y21) [12].
Stopped-flow UV-vis spectroscopy revealed that heme reduction is coupled to S-
nitrosylation of the protein by NO. B) Human thioredoxin was S-nitrosylated at two
adjacents sites (Cys62 and Cys69) of an a-helix (PDB ID: 2HXK). The S-nitrosylated Cys
residues both adopt a cis-planar configuration. Cys62, which is exhibits higher reactivity
than Cys69 [8], sits at the helix N-terminus, a newly identified S-nitrosylation motif [55].
Interestingly, SNO-Cys62 is buried and faces the interior of the protein (not shown) [8]. C)
The structure of CysNO-treated Blackfin Tuna myoglobin (PDB ID: 2NRM) revealed the
presence of both reduced and S-nitrosylated Cys10 [13]. Two conformations of SNO-Cys10,
each adopting a cis-planar configuration, were observed. Images were generating using
Pymol.
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Photolysis
protein-SNO + hv —3= protein-S* + NO

Reductive cleavage

i) protein-SNO + Cu'l* —3 protein-S™ + Cu2+ + NO

i) protein-SNO + Cys-SH —3= protein-SH + Cys-NO
Cys-SNO + Cu'l* —3= Cys-S™ + Cu2* + NO

Ozone-based chemiluminscence

NO + 03 —»= NO2* + O2

NO2* — NO2+ hv
DAF-2 Assay

DAF-2 triazole

Figure 2. Nitrite- and NO-based quantification of SNO-proteins

A) Nitrite-based assays. Heterolytic cleavage of SNO-protein by Hg2* generates nitrite/
nitrous acid. In the Saville assay, SNO-proteins are treated with HgCl, in acid to yield
nitrous acid, which reacts with sulfanilamide to form diazonium ion. Addition of A~(1-
napthyl)ethyelenediamine generates and azo dye with a Ayax 0f 540 nm; In the DAF assay,
SNO-proteins are treated with HgCl, at neutral pH to generate nitrite. The addition of
diaminofluorescein and acid yields a triazole which exhibits strong fluorescence upon
neutralization of the reaction mixture. B) Nitric oxide-based quantification of SNO-proteins.
Nitric oxide is generated from SNO-protein by UV photoloysis or Cu-dependent reductive
cleavage (Cu/Cys). NO is quantified by ozone-based cheluminiescence. See text for
description of instrumentation used for photolysis-chemiluminescence versus Cu/Cys-based
reduction-chemiluminscence.
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Figure 3. Ascorbate-based enrichment and identification of SNO-proteins and -peptides

A) In the biotin switch technique (BST) and resin-assisted capture of SNO-proteins (SNO-
RAC), free thiols are first S-methylthiolated with S-methyl methanethiosulfonate (MMTS)
under denaturing conditions (SDS, heat). In a second step, SNO-Cys residues are
denitrosylated with Asc and nascent thiols are biotinylated (BST) or captured using a thiol-
reactive resin (SNO-RAC). Note that the BST requires an additional precipitation step.
Bound proteins are commonly eluted with reductant and analyzed by SDS-PAGE with
staining or western blotting. B) SNO-site identification (SNO-SID) is a modification of the
BST, where biotinylated protein is trypsinized, and biotinylated peptides are precipitated and
analyzed by LC-MS/MS. Acid elution from (strept)avidin agarose preserves bound biotin.
SNO-RAC offers a simplified approach. Trypsin disgestion is performed on-resin to isolate
SNO-site containing peptides. Elution must be performed with reductant. BST/SNO-SID
and SNO-RAC are amenable to relative quantification by LC-MS/MS (see text).
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Figure4. New methods for thiol-based detection of SNO-protein

Three new methods have recently been reported for tagging of SNO-Cys and biotin-avidin-
based detection of SNO-proteins. A) Spin-trapping [81]. SNO-proteins are photolyzed to
NO and thiyl radical in the presence of the radical spin trap, DMPO. The initial spin trap-
thiyl conjugate undergoes disproportionation to nitrone-thiol and hydroxylamine-thiol (see
text for discussion) [84]. A disulfide-containing biotin-DMPO conjugate may facilitate
enrichment and identification of SNO-proteins [82]. B) Organomercurial trapping [65]. Free
thiols are blocked, and SNO-proteins are reacted with biotin- or resin-conjugated phenylHg.
Performic acid can be used to cleave Hg-S, generating cysteine sulfonic acid (Cys-SO3H).
C) Reductive ligation [88]. Free thiols are blocked, and SNO-proteins are reacted with a
biotin-conjugate phosphine thioester to yield sulfenamide and thiolate intermediates which
further react to form disulfide. Reaction scheme is as published in ref. 92.
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Table 1

Overview of methodologies for detection of SNO-proteins.

Class 1: Detection of intact SNO4

X-ray crystallography
UV-vis spectroscopy
NMR spectrocopy
Mass spectrometry

SNO-specific antibodies

Class 2: Detection of SNO-derived nitrite and NO?

Saville Assay
DAF-2 Assay
GC-MS
Photolysis chemiluminscence
Reductive chemiluminescence

NO electrode

Class 3: Labeling of SNO-derived Cysthiol ¢
Biotin switch technique (BST)
SNO-site identification (SNO-SID)
S-nitrosothiol capture (SNOCAP)
Resin-assisted capture of SNO-Proteins (SNO-RAC)

Spin trapping after UV photolysis

Organomercurial-binding

Phosphine-based ligation

a - . - - .
These methods, except for SNO-based antibodies, are mostly suitable for the characterization of purified SNO-proteins and are generally low-
sensitivity.

bThese methods are suitable for quantifying total levels of endogenous SNO-proteins but have limited utility for the analysis of specific SNO-
proteins from complex mixtures.

These methods are useful for the enrichment, identification and relative quantification of SNO-proteins from complex mixtures and for the facile
identification of SNO-sites.
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