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Abstract

Significance: Posttranslational modification of proteins through phosphorylation, glycosylation, and oxidation
adds complexity to the proteome by reversibly altering the structure and function of target proteins in a highly
controlled fashion. Recent Advances: The study of reversible cysteine oxidation highlights a role for this oxi-
dative modification in complex signal transduction pathways. Nitric oxide (NO), and its respective metabolites
(including reactive nitrogen species), participates in a variety of these cellular redox processes, including the
reversible oxidation of cysteine to S-nitrosothiols (RSNOs). RSNOs act as endogenous transporters of NO, but
also possess beneficial effects independent of NO-related signaling, which suggests a complex and versatile
biological role. In this review, we highlight the importance of RSNOs as a required posttranslational modifi-
cation and summarize the current methods available for detecting S-nitrosation. Critical Issues: Given the
limitations of these indirect detection methods, the review covers recent developments toward the direct de-
tection of RSNOs by phosphine-based chemical probes. The intrinsic properties that dictate this phosphine/
RSNO reactivity are summarized. In general, RSNOs (both small molecule and protein) react with phosphines to
yield reactive S-substituted aza-ylides that undergo further reactions leading to stable RSNO-based adducts.
Future Directions: This newly explored chemical reactivity forms the basis of a number of exciting potential
chemical methods for protein RSNO detection in biological systems. Antioxid. Redox Signal. 17, 981–991.

Introduction

Nitric oxide (NO) is an important and established sig-
naling molecule involved in a variety of critical biologi-

cal processes, including vasodilation, blood pressure
regulation, neuronal signaling, and the immune response.
Much of NO’s role as a second messenger in signal transduc-
tion occurs through the activation of soluble guanylyl cyclase
(sGC), including relaxation of smooth muscle cells, inhibition
of platelet aggregation, promotion of angiogenesis, and de-
creased inflammation (35). NO also modifies protein cysteine
residues through reactive nitrogen species (RNS) making RNS-
associated biological signaling a subject of intense research
interest. RNS arise from endogenously produced NO in oxy-
genated environments and elicit a variety of effects within cells.
At low concentrations, RNS evoke a diverse range of signaling
events, but higher concentrations can lead to cytotoxicity (8, 21,
59). Accumulating evidence suggests that many proteins ac-
tually require RNS oxidation for their normal catalytic function
(5, 11, 43). S-Nitrosothiols (R-S-N = O) represent one of the most
studied and described RNS-based modifications of protein
cysteine residues. S-Nitrosothiols (RSNOs) may act as endog-

enous transporters and storage forms of NO, but also appear to
have other profound effects on NO-related cell signaling.

The Chemistry and Biology of S-Nitrosothiols

While NO clearly activates sGC, and various S-nitrosothiols
act as NO carriers and donors, protein S-nitrosation reveals
profound sGC-independent signaling effects, suggesting a
role other than NO transport and storage. S-Nitrosation of
caspase 3 inhibits apoptosis (33, 63) and poly-S-nitrosation of
the ryanodine receptor (RyR 2) reversibly activates calcium
channels to enhance cardiac contractility (73). NO-induced S-
nitrosation of N-ethylmaleimide-sensitive factor inhibits
platelet granule exocytosis and may be one means by which
NO regulates thrombosis (41). S-Nitrosation also inhibits the
transcription factor nuclear factor kappa B (37, 51) and recent
work demonstrates a role for glyceraldehyde-3-phosphate
dehydrogenase S-nitrosation in the regulation of cytosolic
heme transport to inducible nitric oxide synthase (7). The
formation of protein S-nitrosothiols from the reaction of
endogenously produced NO and RNS, and subsequent de-
nitrosation events defines a new paradigm of protein
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posttranslational modification/activity relationship analo-
gous to protein phosphorylation and de-phosphorylation.
The various roles of S-nitrosated proteins have recently been
extensively reviewed (6, 19, 20, 25).

S-nitrosothiol formation and decomposition

Synthetically, the quickest route to generate an S-
nitrosothiol is through direct nitrosation by treatment of a
thiol with acidic nitrite (which acts as an NO + donor), N2O3,
or an alkyl nitrite (6). In organic solvents, tert-butyl nitrite
or nitrosonium tetrafluoroborate act as efficient nitrosating
agents (70). Organic and small-molecule S-nitrosothiols are
easily quantified based on their characteristic absorbance at
roughly 336 and 545 nm and usually exist as bright green, red,
or pink solids or oils (24). Several organic and small-molecule
RSNOs have been readily isolated and characterized, includ-
ing S-nitroso-N-acetyl-penicillamine (SNAP), S-nitrosoglutathione
(GSNO), tritylthionitrite, and S-nitroso-N-acetyl cysteine (6).
The treatment of thiol-containing proteins with acidified ni-
trite can yield S-nitrosated proteins. However, trans-nitrosation,
the transfer of the nitroso group from one thiol to another,
remains one of the most common methods for preparing
S-nitrosothiol-modified proteins (36).

Under physiological conditions, protein cysteine residues
react with certain RNS and O2 to form RSNOs and Figure 1
shows the proposed in vivo formation of S-nitrosothiols. These
mechanisms could hold for both small-molecule and protein-
containing thiols. Interestingly, the reaction of reduced glu-
tathione (GSH) with NO does not produce GSNO directly, but
gives glutathione disulfide (or oxidized glutathione [GSSG])
and nitroxyl (HNO) (26). The formation of GSNO, or any
RSNO, from NO requires oxygen and only occurs after NO
oxidation by O2 to form$NO2 or N2O3 (Fig. 1) (57). The reac-
tion of NO with the superoxide anion (O2

- ) generates per-
oxynitrite (ONOO - ), a potent oxidant capable of nitrosating
various protein targets (9, 28). The most likely RNS capable of
nitrosating target thiols in biological systems is N2O3 and its
formation is kinetically facilitated in hydrophobic environ-
ments such as biological membranes (34). Thiol transnitrosa-
tion remains the most common method for thiol nitrosation

within the proteome and occurs via the transfer of [NO + ] from
neighboring RSNOs or from iron nitrosyl species that gener-
ate NO + from the reaction of NO with both ferrous and ferric
heme groups (38, 48, 77). These transnitrosation events are not
random, and highly selective [NO + ] transfer between two
protein thiols, based on specific protein–protein interactions,
occurs in cells (39).

Generally RSNOs decompose via homolytic cleavage of the
S-NO bond in the presence of white light, generating NO and
a thiyl radical (RS$), which quickly dimerizes (24, 60), sug-
gesting a biological role for RSNOs as NO storage and
transport devices (Fig. 2) (70). The decomposition of RSNOs to
NO by copper ions in solution is also well established. Cu(I)
ions at concentrations as low as 10 - 6 M react as a catalytic
reductant and decompose RSNOs to form NO (6). For many
RSNOs, this rate of decomposition is effectively zero order,
suggesting that the formation of Cu + is the rate limiting step
(70). Protein-bound copper sources are also capable of gen-
erating NO from RSNOs (12). Overall, RSNO decomposition
rate does not depend on the rate of thermolysis but on the
presence of copper ions in solution, light, and the proximity of
other thiolates. In addition to homolytic cleavage, other
metals (particularly Hg + 2) facilitate heterolytic RSNO cleav-
age to the thiol and nitrous acid (Fig. 2).

Structure and stability of S-nitrosothiols

Examination of several small-molecule RSNOs shows that
the bond dissociation energy of the RS-NO bond only lies
between 23 and 32 kcal/mol (2). RSNO stability depends on
the substituents attached to the carbon alpha to the SNO
group (2). Primary RSNOs are inherently unstable and have
only been characterized by mass spectrometry or through
spectroscopic methods, whereas tertiary RSNOs, including
SNAP, are easily crystallized, indefinitely stable, and have
been characterized by X-ray crystallography (16). The struc-
ture of the RSNO (primary vs. tertiary) directly affects the
spectroscopic properties of the RSNO (both 15N nuclear
magnetic resonance [NMR] and UV-vis spectroscopy) in a

FIG. 1. The formation of protein S-nitrosothiols. Several
types of reactive nitrogen species (RNS) can form S-nitrosothiols
(RSNOs) in vivo, including peroxynitrite (ONOO- ), nitrogen
dioxide (NO2), or dinitrogen trioxide (N2O3).

FIG. 2. Decomposition of RSNOs by heat/light or metal
ions. The decomposition of RSNOs releases nitric oxide
(NO), highlighting a possible role for this posttranslation
modification in NO storage and transport.
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predictable manner (68). Through resonance, S-nitrosothiols
exhibit S-N double bond character yielding two geometric
isomers: syn and anti (Fig. 3) convertible through bond rota-
tion of the S-N single bond resonance form. Hybrid density
functional theory calculations and examination of existing
crystallographic data show that sterically hindered RSNOs
exist in the antiorientation; however, less-sterically hindered
compounds show a strong preference for the syn orientation
(2). These studies form the basis for predicting the reactivity of
small-molecule and protein RSNOs. X-Ray crystallographic
studies of the S-nitrosation of human thioredoxidin show that
both Cys-62 and Cys-69 form protein SNOs predominantly in
the syn form as predicted for primary-substituted thiols (69).
Despite these advances in understanding RSNO chemistry, S-
nitrosothiols demonstrate a wide range of stability and reac-
tivity and clear structure/reactivity relationships do not exist
at this time.

Current RSNO Detection Methods

Stable small-molecule S-nitrosothiols are easily quantified
because of their characteristic absorbance patterns at roughly
336 and 545 nm (24). Concentrations typically obtained in

biological assays (high nM–low lM) remain too low for de-
tection using UV/Vis spectroscopy, which presents a chal-
lenge for researchers looking to correlate protein RSNOs to
their in vivo function. The inherent instability of RSNOs (weak
S-N bond strength and susceptibility to metal-ion-catalyzed
decomposition) makes their detection difficult. To date, the
most widely used methods rely upon the complete removal of
the NO group from the RSNO followed by ‘‘tagging’’ the
nascent thiol (via the biotin switch method) or detecting the
liberated NO species (chemiluminescence or Saville assay).
Thus, each method indirectly detects the RSNO group and, at
present, no universal direct method exists to specifically
identify protein RSNOs. We will briefly review the current
methods for quantifying protein S-nitrosation and discuss the
potential for direct covalent labeling methods.

The biotin switch technique

The most widely cited method for the indirect detection of
protein S-nitrosothiols is the biotin switch technique (BST) (17,
29, 53). The BST consists of three basic steps: (i) blocking all free
cysteine thiols, (ii) reduction of RSNOs with ascorbate, and (iii)
in situ labeling of the nascent thiols with a biotin label (Fig. 4).
RSNO concentrations are determined based on a biotin pull-
down method or through western blot analysis. The advantage
of this technique is that it can be performed without specialized
equipment and can detect low lM concentrations of biotiny-
lated protein. Given the chemical instability of RSNOs, the
numerous processing steps required for this method likely
destroy some S-nitrosated proteins and decrease the confidence
that this assay accurately accounts for all of the protein S-ni-
trosothiols in a particular sample. Also, this technique hinges
on the assumption that ascorbate specifically reduces RSNO,
despite some evidence that ascorbate reduces sulfenic acids
(RSOHs) as well as some disulfides (31, 40).

Since its original development, many improvements to the
BST have been reported.

In the ‘‘fluorescence switch,’’ the substitution of fluorescein-
5-maleimide for biotin-HPDP in the final alkylation step of the

FIG. 3. Syn- and antiresonance forms of an S-nitrosothiol.
Primary-substituted RSNOs favor a syn-orientation, which
tertiary RSNOs exist in the anti-isomer.

FIG. 4. Schematic of the Biotin Switch (above) and d-Switch assays (below). In the traditional biotin switch technique
(BST), S-nitrosated proteins are biotinylated and detected using western blotting techniques. The d-Switch method simul-
taneously quantifies free thiol/RSNO ratios for each protein by comparing ratios of d0/d5-N-ethyl maleimide (NEM) ad-
ducts, respectively.
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BST enhances the overall sensitivity of the assay (64). The
powerful advantage of this method is that it easily couples to
2-dimensional gel electrophoresis (2-DE) that allows for the
individual identification of S-nitrosated proteins. Another
useful modification to the BST was the development of a
microarray-based BST (18). By using an antibiotin antibody,
this assay achieves greater sensitivity as well as applications
for high throughput analysis of the S-nitroso proteome. The
utility of these techniques was recently reviewed (65).

Recently, Thatcher et al. reported on the d-Switch method
for the quantification of RSNOs in cell lysates (58). This
method, similar to the BST, allows for the simultaneous
quantification of both S-nitrosated and non-nitrosated cyste-
ines. Figure 4 outlines the basic steps of both the BST and the
d-Switch methods. In the d-Switch assay, the initial blocking
step uses N-ethyl maleimide (NEM) as opposed to iodoace-
tamide (IAA). Following the RSNO reduction, the nascent
thiol groups are alkylated with D5-NEM, allowing for the
direct comparison of thiol/RSNO ratios by mass spectrome-
try (MS). This method provides powerful advantages over the
traditional BST. The direct examination of individual cysteine
residues is valuable in determining the cysteine microenvi-
ronment, propensity for oxidation, and relative cysteine
reactivity on a protein-by-protein basis. In the standard BST,
S-nitrosated proteins are biotinylated and quantified by
western blot. In the d-Switch method, ratios of free thiol/
S-nitrosothiol are determined by liquid chromatography MS
(LC-MS) on individual cysteine-containing peptides of inter-
est. This new technique provides a powerful alternative to
quickly discern changes in S-nitrosation of reactive cysteine
residues on a protein-by-protein basis.

Chemiluminescence-based quantification

A complementary technique for S-nitrosothiol detection is
reductive chemiluminescence using reagents designed spe-
cifically to promote stoichiometric NO release from RSNOs.
Chemiluminescence-based assays correlate NO concentration
to the generated luminescence (NO2*/NO2) when NO reacts
with ozone, producing NO2 in the excited state (NO2*). We
summarize the major strategies for detecting RSNOs below; a
more detailed review of all RSNO-based chemiluminescence
techniques was recently published (3). In the tri-iodide
method (I3

- ), helium gas is bubbled through a chamber
containing potassium iodide (KI), iodine, and acidic acid. This
method simultaneously detects RSNOs, iron nitrosyls, and
nitrite (15, 52). To detect SNOs specifically, nitrite can be re-
moved from these samples by pretreating with 5%–10%
acidified sulfanilamide (10, 47).

In the 3C method, which contains copper chloride (CuCl),
carbon monoxide (CO), and cysteine, excess cysteine in the
assay serves to drive the trans-nitrosation equilibrium in favor
of cysteine-SNO (Cys-SNO) and maintains the Cu + redox
state of the metal, required to generate NO from Cys-SNO
(22). The CO gas prevents auto-capture of NO by heme in
solution. This 3C assay has been modified to circumvent the
need for CO gas in the reaction chamber (CuCl/Cys only, 2C
method) by treating samples with a nitrite stabilization solu-
tion (K3FeCN6 and NEM) prior to analysis (14). At neutral pH,
both the 3C and modified 2C assays are not compatible with
plasma or red blood cell samples because of excess foaming,
requiring the experiment to be run in glacial acetic acid to

reduce foaming-associated detection issues (42). However,
care must be taken if working under these conditions as nitrite
will act as a nitrosating agent at low pH. Free thiols must be
blocked with NEM or an equivalent reagent to ensure accu-
racy. In both the 3C and modified 2C assays, samples must
also be treated with mercury chloride (HgCl2) as a control to
ensure the accurate detection of RSNOs (3). While chemilu-
minescence provides a useful and accurate alternative to the
BST, its biggest drawback is the failure to indicate which
cysteine residue was modified, and proper care must be
taken during sample preparation to prevent spurious RSNO
formation.

The Saville assay

Another method for indirect S-nitrosothiol detection is the
Saville assay (54). This method relies on the mercuric (Hg + 2)-
ion-facilitated hydrolysis of an RSNO to nitrite followed by
the classic Griess assay for nitrite detection (46, 71). The dif-
ference in nitrite concentrations of complex mixtures – HgCl2
is taken as the total [RSNO] content for the sample (22). Un-
fortunately, this assay has a limit of detection of *500 nM
making it less useful for detection of many biological SNOs
and the mercuric ions may complex with protein thiols
yielding intractable mixtures.

Recently in relatively similar chemistry, gold nanoparticles
(AuNPs) were used to detect S-nitrosated peptide residues
(13). AuNPs react with protein SNOs to yield AuNP-protein
conjugates and release NO (30). In this assay, free thiols are
first blocked with IAA and the sample is digested. Following
digest, AuNPs are introduced and the AuNP-alkylated pep-
tides are harvested by centrifugation and exchanged from the
AuNP surface by incubation with excess dithiothreitol (DTT)
(13). The peptides are then analyzed by LC-MS, where ratios
of free thiol/S-nitrosothiol are obtained. This method was
highly specific in a pure protein system and has yet to be
applied to complicated biological mixtures.

Direct MS-based detection

A recent kinetic analysis of thioredoxin (Trx) nitrosation by
GSNO illustrates the power of direct RSNO detection by MS-
based techniques. Marletta et al. demonstrated that coupling
the RapidFire DS Module� (Agilent Technologies), a highly
sophisticated dual-valve desalting system, to an eletrospray
ionization time-of-flight mass spectrometry allowed for the
accurate time-dependent detection of Trx S-nitrosation using
physiologically relevant concentrations of GSNO and Trx (1).
This technique removed salts, GSH, GSSG, and GSNO from
the samples in a time-dependent fashion, allowing for the
rapid detection of Trx-SNO formation at short time intervals
while simultaneously monitoring the redox status of the
protein (1). This new method provides a powerful tool for
directly studying low-level S-nitrosation in a physiologically
relevant context by capturing and visualizing protein RSNO
adducts in the MS prior to trans-nitrosation or disulfide-bond-
formation events.

Chemical Reactions of RSNOs

As described, the weak S-N bond strength (23–32 kcal/
mol) makes RSNOs susceptible to homolytic S-N bond
cleavage upon heating and exposure to light and to various
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reducing agents (especially Cu + ions and ascorbate; Fig. 2).
Other metals, such as the mercuric ion, facilitate heterolytic S-
N bond cleavage to a thiolate and the nitrosonium ion (Fig. 2).
This chemistry forms the basis of the most widely utilized
RSNO detection strategies by removing the - NO group to
yield a free thiol that can be labeled (BST) or by identifying the
liberated nitrogen oxide (chemiluminescence and Saville as-
says; Fig. 5). While these methods and their modifications
provide most of the current information regarding the role of
RSNOs in biology, none of these methods directly detect S-
nitrosated species. These indirect approaches suffer from
multiple treatment steps that may degrade RSNOs and re-
agent selectivity issues that may lead to false positive RSNO
detection if other oxidized thiol derivatives [disulfides,
RSOH, and sulfenyl chlorides (RSCls)] cross-react. In addi-
tion, methods that rely only upon the detection of the liber-
ated nitrogen oxide (chemiluminescence and Saville assays)
cannot identify the specific S-nitrosated protein or which
cysteine residue was modified. To overcome these problems,
direct methods of labeling RSNO-containing proteins are be-
ing explored and developed. Ideally, the reagent would rap-
idly and selectively react with a protein RSNO to give a stable
adduct amenable to chromatography or electrophoresis with
properties suitable for immunological, spectroscopic, or mass
spectrometric detection. Further, the ability of the reagent to
maintain the S-N bond linkage would provide valuable con-
firmatory chemical information as to the initial identity and
location of the modification (Fig. 5).

Besides homo- and heterolytic S-N bond cleavage reac-
tions, RSNOs participate in other unique chemistry. Figure 6
depicts the RSNO structure and its major resonance forms,
which supports a negative charge on the oxygen atom and a

positive charge on the sulfur atom. These resonance structures
indicate possible reactions of the oxygen atom as a nucleo-
phile (with electron-poor reagents, path a) and reactions of the
S or N atom with nucleophiles (as an electrophile, path b) as
depicted in Figure 6. In addition, nucleophiles could react
with either the N or O atom of the noncharged resonance form
to yield addition products (path c, Fig. 6). The addition of a
nucleophile at the sulfur atom with the displacement of ni-
troxyl (HNO/ - NO) has been suggested as a possible reaction
mechanism (72). Each of these hypothetical pathways may
yield stable adducts or unstable products prone to further
reaction generating secondary adducts. The exploration and
development of these pathways suggest possible chemical
methods for RSNO labeling.

The reactivity of RSNOs with traditional organic electro-
philes (path a) is not well documented. However, the reaction
of various nucleophiles, including thiolates, amines, hydra-
zines, hydroxylamine, azide, bisulfite (S2

- 2), hydrogen per-
oxide, and ascorbate, with RSNOs has been described and
reviewed (70). Other work shows that the reaction of sulfinic
acids with RSNOs generates the corresponding sulfonyl
compound (24). The reaction of RSNOs with other thiols/
thiolates through nucleophilic attack at the nitroso group
(through either path b or c) provides a mechanism of trans-
nitrosation (transfer of the NO group from one thiol to an-
other). This chemistry helps in explaining the biology of NO
transfer of the nitroso group unit from small-molecular-
weight thiols to proteins (and vice versa). Figure 7 shows a
relatively simple organic-based mechanism for trans-nitrosa-
tion from one S-nitrosothiol to a thiol. Addition of the thiol (or
thiolate) to the nitroso group of an RSNO generates an ad-
dition product intermediate that collapses to give the new

FIG. 5. Strategies of indi-
rect and direct RSNO detec-
tion. Indirect RSNO detection
and quantification involves
the dissociation of the RS-NO
bond followed by alkylation
of the nascent thiol. Direct
labeling methods would
maintain the RS-NO bond
character and directly alkyl-
ate the - SNO group.

FIG. 6. Reaction of nucleo-
philes/electrophiles with
RSNOs. The different reso-
nance forms of the RSNO al-
low for both nucleophilic and
electrophilic addition reac-
tions. In both cases, there
would be a direct alkylation
of the - SNO.
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S-nitrosothiol and thiol. 15N NMR studies provide equilib-
rium constants for this process for a number of small thiols
(68). Despite this simple model, theoretical studies suggest
that a more complicated nitroxyl disulfide intermediate may
be involved in thiol trans-nitrosation (27). Similar mecha-
nisms would explain nitroso group transfer from an S-ni-
trosothiol to a secondary amine or hydrogen peroxide to yield
N-nitroso compounds or peroxynitrite. The kinetic profile of
these reactions plays an important role in determining the
biological importance of these reactions. Clearly, RSNOs react
with nucleophiles to produce a variety of products that permit
the exploration of labeling methods through this chemistry.
Two recent excellent reviews also cover chemical methods for
protein RSNO labeling, as well as other oxidative thiol mod-
ifications (32, 65).

Reactions of RSNOs with Phosphines

Reactions of S-nitrosothiols with phosphines
in organic systems

Early work by Haake shows that the reaction of trityl S-
nitrosothiol with two equivalents of triphenylphosphine in
benzene yields 1 equivalent of an N-tritylthio-triphenylpho-
sphonium compound (1) and 1 equivalent of triphenylpho-
sphine oxide (2, Fig. 8) (23). Mechanistically, the reaction
appears to occur from the nucleophilic addition of triphenyl
phosphine to the organic RSNO (Fig. 8). Addition of the
phosphine may occur at either the N or O atom to generate an
addition product that can exist as a neutral three-membered
ring (4). Reaction of this species with an additional equivalent
of triphenylphosphine gives the N-tritylthio-triphenylpho-
sphonium (1, an S-substituted aza-ylide) compound, which
contains the S-N-P linkage and has recently been character-

ized by X-ray crystallography and 31P NMR spectroscopy (4),
and 2. Reaction of the S-substituted aza-ylide (1) with di-
methyl sulfoxide (DMSO) yields the observed DMSO-based
product (3) (23). While a completely organic example, this
work demonstrates that phosphines react as nucleophiles
with RSNOs to give unique aza-ylide-type products and has
inspired the development of several phosphine-based che-
mical probes for the detection of protein S-nitrosothiols.

Detecting S-nitrosothiols with phosphines
in aqueous systems

A coumarin-based phosphine, which fluoresces upon
phosphine oxidation, has been developed as an indirect
means to detect S-nitrosation (Fig. 9) (44). This dye exploits the
fact that phosphine oxide is always generated during the re-
action of phosphines with RSNOs (Fig. 8). In an aqueous
buffered system, this coumarin-phosphine quantified gluta-
thione S-nitrosation levels at low mM concentrations (44).
This coumarin-phosphine shows no affinity for disulfide
bonds, further validating reports that triarylphosphines do
not react with disulfides (4, 44, 56). While the specificity and
utility of this dye in an in vivo system has not been investi-
gated, it could provide a useful means to quantify RSNO
concentration in vitro.

Inspired by the work of M. Haake, we explored the ability
of the water-soluble phosphine tris(4,6-dimethyl-3-sulfona-
tophenyl) phosphine trisodium salt hydrate (TXPTS; Fig. 10)
to generate stable adducts of RSNOs (4). Figure 10 summa-
rizes the unique reactivity of TXPTS with RSNOs in aqueous
media. This water-soluble triaryl phosphine reacts rapidly and
specifically with S-nitrosocysteine (Cys-SNO), GSNO, and a
protein-SNO to yield S-alkylphosphonium adducts (5), as de-
termined by 31P-NMR and MS (4). These results highlight the
differences between the aqueous and organic-based reactions

FIG. 7. Mechanism of a basic trans-S-nitrosation reaction.
The mechanism of trans-nitrosation may involve the direct
addition of a thiolate to an RSNO.

FIG. 8. The reaction of tri-
phenylphosphine with trityl
S-nitrosothiol. The treatment
of trityl S-nitrosothiol with
two equivalents of triphenyl-
phosphine results in the for-
mation of phosphine oxide
and an S-substituted aza-
ylide, the first example of the
direct labeling of an RSNO
using phosphines.

FIG. 9. A fluorogenic method to detect S-nitrosation. This
coumarin-based phosphine fluoresces upon oxidation, pro-
viding a useful means to indirectly quantify RSNOs.
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of phosphines and RSNOs. Time-course NMR and MS exper-
iments fail to detect an S-substituted aza-ylide (1, Fig. 8), as
predicted for the organic-based reactions. These experi-
ments instead show a unique set of products including the
S-alkylphosphonium adduct (5), an N-substituted aza-ylide
(6), and the phosphine oxide (4).

Presently, the mechanism for the formation of these prod-
ucts remains unclear and Figure 11 presents two possibilities.
Path A shows the formation of a similar S-substituted aza-
ylide (1) intermediate from the reaction of TXPTS and an
RSNO. Protonation of this ylide gives a new species that re-
acts with another equivalent of phosphine to give the S-
alkylphosphonium product (5) and the aza-ylide (6, Fig. 11).
Alternatively, the direct nucleophilic addition of TXPTS on
the sulfur atom directly generates 5 with the displacement of
nitroxyl (HNO) that reacts with TXPTS to yield the aza-ylide
(6) and phosphine oxide (Fig. 11, path B) (49, 50). Treatment of

the S-nitrosated mutant of C165S alkyl hydroperoxide re-
ductase subunit C (AhpC), a 2-cys peroxiredoxin, generates
the S-alkylphosphonium adduct of this protein as determined
by mass spectrometry. This adduct demonstrates good sta-
bility and provides one of the first examples of a covalently
labeled protein S-nitrosothiol and highlights the potential for
these types of phosphines as covalent labels of protein
RSNOs. At present, detection of these adducts relies on 31P
NMR spectroscopy and mass spectrometry and, while the
- SNO nitrogen atom is accounted for the aza-ylide (6), the
reaction destroys the S-N bond of the S-nitrosothiol group
(losing some evidence of the initial existence of the RSNO and
making this final adduct akin to BST). The aza-ylide (6) is not
indefinitely stable in water and decomposes over several
hours, presumably releasing ammonia in this process.
Nonetheless, these findings encourage the development of
new and superior reagents that, containing fluorescent or

FIG. 10. Formation of a stable S-alkylphosphonium adduct from the reaction of tris(4,6-dimethyl-3-sulfonatophenyl)
phosphine trisodium salt hydrate (TXPTS) and RSNOs. The water-soluble phosphine TXPTS reacted with peptide and protein
RSNOs to generate stable adducts that were detected by nuclear magnetic resonance (NMR) and mass spectrometry (MS).

FIG. 11. Proposed mechanisms for the formation of the TXPTS S-alkyl phosphonium adduct. The SNO-derived adduct
(5) is formed either by an S-substituted aza-ylide intermediate that quickly reacts in the presence of excess phosphine (path A)
or through direct attack of the phosphine at the sulfur atom, releasing nitroxyl (HNO), which reacts with excess phosphine
(path B). At this time, the exact labeling mechanism is unknown.

CHEMICAL METHODS OF S-NITROSOTHIOL DETECTION 987

http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2012.4570&iName=master.img-009.jpg&w=420&h=137
http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2012.4570&iName=master.img-010.jpg&w=420&h=226


immunologically detectable groups, could evaluate a wide
range of S-nitrosated proteins under different conditions.

Phosphine and RSNO ligation reactions

Figure 12 shows the resonance forms of S-substituted aza-
ylides that highlight the unique chemical properties of these
intermediates. The central nitrogen atom exhibits nucleophilic
character amenable to reactions with various electrophiles,
including Staudinger-type ligations similar to those devel-
oped by Raines (61, 62) and Bertozzi (55, 56). Recent work by
Xian and his group demonstrates that small-molecule S-
nitrosothiols react with modified triarylphosphines in a sim-
ilar fashion to initially produce an S-substituted aza-ylide that
undergoes further reactions to give ligated products (66, 75).
Structural changes to the phosphine dictate the observed li-
gated products. When an electrophilic group, typically an
ester, is strategically placed on a phenyl ring of the triphenyl
phosphine, the S-substituted aza-ylide intermediate reacts to
form stable sulfenamide products (66). Figure 13 depicts this
Staudinger ligation-type mechanism. Such a reaction se-
quence maintains the S-N bond of the initial RSNO and pro-
vides chemical opportunities for the direct labeling of protein
RSNOs although the stability of protein sulfenamides in the
presence of excess phoshphine or thiolate remains to be
thoroughly determined.

The Xian group has further developed this chemistry to
explore alternative methods of chemically labeling protein
RSNOs. Using thioester substrates, these reactions include a
bis-ligation pathway (Fig. 14) that initially generates an S-
substituted aza-ylide that internally reacts to yield a labeled
disulfide product and an iminophosphorane ylide. This
method captures the RSNO as a relatively stable disulfide
with the nitrogen atom being maintained in the label; how-
ever, the S-N bond is destroyed during this process. Reversal
of the thioester linkage gives phosphines that react with
RSNOs to initially yield S-substituted aza-ylides that further
react to give reactive sulfenamides that intramolecularly
condense to generate a new disulfide that contains the original
RSNO (45). Using a biotin-derived phosphine, this method
was used to the identify S-nitrosated proteins from RSNO-

treated COS-7 cells (74). Treatment of RSNOs with amine-
containing phosphines resulted in an elimination that con-
verted cysteine-bearing SNOs to dehydroalanine products,
chemistry that may allow specific labeling (67).

In general, the reactions of triaryl phosphines with S-
nitrosothiols give unique reaction products making this pro-
cess specific for S-nitrosothiol detection. Unlike trialkyl
phosphines, triaryl phosphines react slowly with disulfides
and would be expected to yield phosphine oxides. Preliminary
evidence suggests that TXPTS may reduce protein RSOH to
give the protein thiol and phosphine oxide. Triaryl phos-
phines react with nitroxyl (HNO) to yield aza-ylide products
and in some cases difficulty could exist in distinguishing
S-nitrosothiols from HNO using phosphine reagents (49, 50).
While not thoroughly investigated, N-nitroso, O-nitroso, and
C-nitroso species should react with phosphines to give aza-
ylide products that could complicate S-nitrosothiol detection,
and reactions with these species must be considered as these
methods develop.

These methods exploit the unique chemical reactivity of the
S-substituted aza-ylide intermediate and provide a useful
means for creating novel phosphine adducts of RSNOs. To
date, most of this chemistry has been applied in organic/
aqueous buffer systems with small-molecule RSNOs but the
recent labeling of protein RSNOs in cells highlights the po-
tential and importance of water-soluble Staudinger-based
phosphines as useful tools for studying the S-nitroso pro-
teome (65). Each of these phosphine-based methods initially
labels the S-nitrosothiol directly as an S-aza ylide (RS-N = PR3)
preserving the original S-N bond linkage of the S-nitrosothiol.
Except for the Staudinger ligation sequence (Fig. 13), subse-
quent chemistry destroys this S-N bond converting these to
indirect labels. However, this work clearly shows the ability of
these reagents to directly react with S-nitrosothiols and form
unique adducts for the detection of S-nitrosated proteins.
Additionally, these phosphines do not react with free thiols,
and therefore, unlike the Biotin Switch assay, require the
- SNO functionality to form detectable S-adducts. While
nearly all of this chemistry focuses on the reactions of S-ni-
trosothiols with phosphines, these studies highlight a need to
investigate the reaction between RSNOs and other nucleo-
philes to possibly generate more stable/detectable markers.

Conclusions

Protein-derived S-nitrosothiols play important roles in NO-
based signaling in both normal biology and disease. Given
their importance, methods for the direct and specific detection
of S-nitrosated proteins are required to fully understanding

FIG. 12. The resonance forms of S-substituted aza-ylides.
Due to the resonance character of the aza-ylide, the nitrogen
atom possesses nucleophilic behavior.

FIG. 13. Phosphines in Staudinger-type ligation reactions with RSNOs. In the presence of a properly situated electrophile,
RSNOs can undergo Staudinger-type ligation reactions with phosphines to generate stable sulfenamide products.
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the biology of this posttranslational modification. Currently,
the biotin switch and chemiluminesence-based assays are
the most commonly used methods for the detection of
S-nitrosated proteins. Many refinements and improvements
to these assays incorporate mass spectrometry to study pro-
teome-level S-nitrosation. Despite these advances, these
methods remain an indirect means of detection and suffer
from lengthy preparative protocols, questions regarding re-
agent selectivity, and the actual loss of the functional group of
interest.

Until a few years ago, the possible direct chemical reaction
of RSNOs to give distinct adducts remained merely a topic
of discussion. Early synthetic organic chemical work shows
that triarylphosphines react with organic RSNOs to give S-
substituted aza-ylides that demonstrate reactivity similar to
other aza-ylides. Based on this early work, a number of in-
triguing direct methods for the chemical labeling of RSNOs
have emerged within the last 5 years. The exact reaction
product depends on the structure of both the phosphine and
the RSNO. Triaryl phosphines appear necessary to prevent
nonspecific reactivity with disulfide bonds (4, 44, 55). TXPTS,
a triaryl, highly substituted phosphine (Fig. 10), reacts with
RSNOs to form S-alkyl phosphonium adducts (4). RSNOs also
undergo cyclization reactions with phosphines containing
properly situated electrophiles (typically an ortho-substituted
ester or thiosester on one of the phenyl rings) and result in
both ‘‘traditional’’ and ‘‘traceless’’ Staudinger ligation prod-
ucts (Figs. 13 and 14) (75, 76). Examples of protein RSNO
labeling using these methods now exist, further demonstrat-
ing the potential of this unique reactivity between RSNOs and
phosphines that could pave the way for new chemical probes
for the direct detection of protein S-nitrosation in biological
contexts.
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Abbreviations Used

AhpC¼ alkyl hydroperoxide reductase subunit C
AuNP¼ gold nanoparticle

BST¼ biotin switch technique
CO¼ carbon monoxide

CuCl¼ copper chloride
DMSO¼dimethyl sulfoxide

GSH¼ glutathione
GSNO¼ S-nitrosoglutathione
GSSG¼ glutathione disulfide (or oxidized glutathione)
HgCl2¼mercury chloride
HNO¼nitroxyl

IAA¼ iodoacetamide
LC-MS¼ liquid chromatography mass spectrometry

MS¼mass spectrometry
N2O3¼dinitrogen trioxide
NEM¼N-ethyl maleimide
NMR¼nuclear magnetic resonance

NO¼nitric oxide
NO2¼nitrogen dioxide

ONOO-¼peroxynitrite
RNS¼ reactive nitrogen species
RSCl¼ sulfenyl chlorides

RSNO¼ S-nitrosothiol
RSOHs¼ sulfenic acids

RyR¼ ryanodine receptor
sGC¼ soluble guanylate cyclase

SNAP¼ S-nitroso-N-acetyl-pencillamine
Trx¼ thioredoxin

TXPTS¼ tris(4,6-dimethyl-3-sulfonatophenyl)
phosphine trisodium salt hydrate

CHEMICAL METHODS OF S-NITROSOTHIOL DETECTION 991



This article has been cited by:

1. Douglas D. Thomas , David Jourd'heuil . 2012. S-Nitrosation: Current Concepts and New Developments. Antioxidants &
Redox Signaling 17:7, 934-936. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1089/ars.2012.4669
http://online.liebertpub.com/doi/full/10.1089/ars.2012.4669
http://online.liebertpub.com/doi/pdf/10.1089/ars.2012.4669
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2012.4669

