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Abstract

Significance: S-nitrosylation (SNO) has been identified throughout the body as an important signaling modifi-
cation both in physiology and a variety of diseases. SNO is a multifaceted post-translational modification, in that
it can either act as a signaling molecule itself or as an intermediate to other modifications. Recent Advances and
Critical Issues: Through extensive SNO research, we have made progress toward understanding the importance
of single cysteine-SNO sites; however, we are just beginning to explore the importance of specific SNO within
the context of other SNO sites and post-translational modifications. Additionally, compartmentalization and
SNO occupancy may play an important role in the consequences of the SNO modification. Future Directions: In
this review, we will consider the context of SNO signaling and discuss how the transient nature of SNO, its role
as an oxidative intermediate, and the pattern of SNO, should be considered when determining the impact of

SNO signaling. Antioxid. Redox Signal. 19, 1209-1219.

Introduction

S-NITROSYLATION (sno) 15 a labile oxidative post-
translational modification that has been implicated in the
regulation of protein function in physiology (10, 13, 46, 66, 71,
110) and disease (15, 20, 25, 40, 59, 84, 95). The beauty and
challenge of SNO lay in its transient nature, its redox regu-
lation, its role as an oxidative intermediate, and the subtleties
of its formation and removal. While many studies have
identified targets of SNO and correlated these protein changes
with functional outcomes, the implications of the transient
and dynamic nature of SNO itself have not been extensively
studied.

SNO Formation and Removal
Formation of SNO adducts

SNO s a reversible, nonenzymatic reaction between a nitric
oxide (NO) moiety and the reduced thiol of a cysteine residue
to form an S-nitrosothiol. SNO reactions are referred to as
S-nitrosation or S-nitrosylation reactions, with the former
referring to the chemically precise term for the formation of a
thiol-SNO via addition of a nitroso group and the latter re-

ferring to the addition of a nitrosyl to a metal. However, SNO
has been favored in common usage and will thus, be used in
this review. The formation of SNO is achieved through one of
three general pathways. In the first, NO becomes thiol reactive
by the formation of a nitrosonium cation (NO™*), which is then
transferred to a thiolate (Fig. 1A). NO™ can be generated by
several NO donors. In addition, a second mechanism of SNO
formation is through transnitrosylation, whereby a NO™ is
donated by either a small SNO-modified molecule or a
proximal SNO-modified protein acting as a transnitrosylase
(4, 49, 60, 79) (Fig. 1B). The existence of transnitrosylating
proteins is clearly demonstrated by Kornberg et al., who show
that through binding to Siahl, SNO-glyceraldehyde 3-
phosphate dehydrogenase is transported to the nucleus
where it then transnitrosylates sirtuin-1, histone deacetylase-
2, and DNA-activated protein kinase (60). Finally, in the third
SNO pathway, intramolecular electron transfer between re-
dox-sensitive amino acids (120) or hydrogen transfer due to
the presence of oxygen radicals (116) results in the formation
of a reactive protein thiyl radical (RS®), which then acts as a
nucleophile for a NO moiety, resulting in direct SNO forma-
tion (Fig. 1C). When first described by Stamler et al. (104, 106),
direct SNO was attributed to protein interaction with NO™
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FIG. 1. Formation of SNO adducts. (A) A nitrosonium
cation (NO™) acts as an activated NO moiety to form a SNO
bond on a thiolate (RS"H™). (B) A NO" is donated from a
protein-SNO to a reduced protein through a transnitrosyla-
tion reaction. (C) A cysteine thiol is activated to a thiyl
radical (S°), which can then react with a NO radical (NO®) to
form a protein-SNO. NO, nitric oxide; SNO, S-nitrosylation.

(69); however, later evidence suggested that SNO can be
achieved through the action of the nitroxyl anion (NO™) as
well in the presence of activated protein thiyls (37). Ad-
ditionally, reactive nitrogen species, such as peroxynitrite
(ONOO™), can act as nitrosylating reagents by serving as
sources of NO™. It is important to consider, however, that in
the absence of a transnitrosylation mechanism, the ability of
NO or NO donors to directly SNO proteins is limited by NO
diffusion and is thus restricted to proteins localized near
sources of NO.

Sources of NO

NO is endogenously produced by nitric oxide synthase
(NOS) or as the product of enzymatic nitrite reduction.
There are three isoforms of NOS: neuronal NOS (NOS1),
inducible NOS (NOS2), and endothelial NOS (eNOS;
NOS3). The localized expression of the different NOS iso-
forms plays an important role in dictating the cellular SNO
pattern (24, 52, 112), as the in vivo half-life of NO is less
than 1s (21). Both NOS1 and NOS3 are expressed physi-
ologically in a spatially localized manner, while NOS2
expression is increased upon cellular stresses, such as in-
flammation (42, 89) and hypoxia (41, 75). The ability of NO
to modify proteins is also regulated by the presence of
reactive oxygen species (ROS), such as superoxide, which
may limit NO bioavailability by forming ONOO™ (27),
changing the ability of a protein cysteine to be SNO or
promoting further oxidation of cysteines in a concentra-
tion-dependent manner (2).
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Removal of SNO adducts

Denitrosylation is achieved through both enzymatic and
nonenzymatic mechanisms. The major mechansism of SNO
reduction is a transnitrosylation reaction, in which a thiol-
containing agent acts as a receiver for the NO moiety of the
SNO adduct. Ascorbate, which has been utilized experimen-
tally as a specific reducing agent for SNO, removes SNO by
acting as a nucleophile for a transnitrosylation reaction re-
sulting in a free thiol and an O-nitrosoascorbate (29). Simi-
larly, it appears that the enzyme, thioredoxin, reduces SNO
through a series of transnitrosylation reactions (11). Ad-
ditionally, reduced glutathione (GSH), which is an abundant
cellular antioxidant, participates in transnitrosylation, result-
ing in the formation of S-nitrosoglutathione (GSNO). GSNO,
the first transitrosylating agent to be characterized (99), can
either act as a NO donor to another protein or be reduced to
GSH through an enzymatic reaction with S-nitroso glutathi-
one reductase (10, 70). SNO adducts also can be reversed by
photolysis under ultraviolet light (33) or through treatment
with inorganic copper or mercury, thus providing specific
tools for studying SNO. It is important to note that the sta-
bility of SNO is limited and thus, must be measured by in-
direct means, such as the biotin switch method, in conditions
of relative darkness. While complicating the measurement
of SNO, this inherent instability is favorable for dynamic

signaling.
Specificity of SNO Target Sites

Much attention has been given to the importance of com-
partmentalization and localization of NO sources in deter-
mining the location of SNO, but only a few studies have
considered how different cellular compartments might bio-
chemically promote or inhibit SNO formation (31, 60, 118).
For example, the redox environment of the endoplasmic re-
ticulum is relatively more oxidizing compared with the nu-
cleus or the mitochondria (98). On one hand, a more oxidizing
environment might favor prolonged SNO by inhibiting de-
nitrosylation or inhibiting the reduction of oxidized deni-
trosylases. On the other hand, an oxidizing environment
might favor the progression of a SNO adduct to a disulfide or
a higher order oxidative post-translational modification. The
availability of intraorganellular free glutathione may also af-
fect the concentration of protein-bound SNO by either serving
as a substrate for the formation of SNO-glutathione or acting
as a transnitrosylase. GSNO is a powerful transnitrosylating
agent and thus has the potential to alter the SNO of proteins
that are remote from sources of NO. This potential may play
an important role in the ability of the SNO signal to propagate
to different compartments. Additionally, compartment-
specific targeting of other transnitrosylases or denitrosylases
may affect localized SNO levels. Therefore, it is important to
consider protein-SNO within individual organelles and in-
terpret SNO signals from whole cell lysates in the context of
organellular subsets.

In addition to the cellular compartment, the reactivity of
the protein thiol group contributes to the formation of
SNO. While most reduced thiols are active at pH 8.5, some
particularly reactive cysteines can be modified at as low as
pH 6.5. This reactivity is determined by the charge of the
surrounding secondary structure, which stabilizes the cys-
teine sulfur in the more reactive thiolate anion (S7) form
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and stabilizes the transition state of the SNO reaction (26).
Therefore, for a given protein, there may be cysteines that
are preferentially SNO. Indeed, this appears to be the case.
In a previous study, we treated whole heart homogenates
with GSNO and detected only a small subset of SNO cys-
teine residues, rather than SNO of all available cysteine
residues, for many protein targets (58). For example, heat
shock protein-71 has four available cysteine residues, but
only one SNO cysteine was detected. Similarly, NADH-
ubiquinone oxidoreductase has 18 available cysteine resi-
dues, but only six SNO cysteines were detected. Whole
heart homogenates were treated with GSNO in the pres-
ence of sodium dodecyl sulfate to facilitate access to all
available cysteine residues.

To help explain SNO specificity, the existence of a SNO motif
has been explored (39, 58, 82, 117). An acid-base motif within
eight angstroms of a cysteine is thought to act as a preferential
SNO motif (74). However, the specific features that determine
preferential SNO sites are still largely undetermined and may
depend on a variety of factors, including secondary structure,
the charge of surrounding amino acids, accessibility of the
cysteine, and coordinating post-translational modifications. In
particular, a distinction between cysteines that are SNO by
direct oxidation and those that participate in transitrosation
reactions has not been made, and this may lend insight into
why SNO patterns differ among proteins. This may also
explain why it has been difficult to identify a consensus
SNO motif.

Important Properties of SNO
Reactivity

While it is well documented that SNO adducts are labile,
the importance of this characteristic is perhaps under ap-
preciated. Unlike irreversible cysteine modifications, such
as sulfinic (SO,H) and sulfonic acid (SO;H), SNO is readily
reversed and can serve as a temporary modulator of
function. Unlike glutathiolation, another reversible oxida-
tive post-translational modification, SNO can be none-
nzymatically reduced, allowing for localized changes in pH,
increased levels of GSH or even free proximal cysteines to
reduce protein SNO (88, 103). SNO shares many character-
istics of sulfenic acid (SOH) modifications; however, because
of the reactivity of sulfenic acid adducts compared to SNO,
sulfenic acid more readily acts as an intermediate to further
oxidation (92), while SNO is able to directly modify protein
function without further oxidation in addition to serving as
an intermediate.

The reactivity of SNO allows for nitrosylated proteins to
serve as transnitrosylases, enhancing the SNO signal beyond
the diffusion limits of NO and allowing for modification in
specific compartments that typically lack NOS, such as the
nucleus (60, 112). SNO can also shield cysteines from further
oxidation, such as is seen in cardioprotective ischemic pre-
conditioning (58, 59), or serve as a platform for further oxi-
dation, such as in atherosclerosis (2, 107). The diversity of
regulatory mechanisms for SNO might account for the ability
of SNO to regulate a variety of cellular conditions. Indeed,
studies have implicated regulation by SNO in sex-specific
protein changes (13, 81, 110), aging (95, 97), cardiovascular
disease (5, 36, 58, 59, 85, 107, 109), and renal function (113),
to name a few.
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Mechanism of SNO-induced protein changes

SNO is thought to exert its effects both through direct al-
teration of protein function and through thiol protection. In
the former, SNO adducts result in steric changes that alter
protein conformation and activate or inhibit the target protein
(88, 100). For example, SNO can alter enzyme activity by
targeting the active site, such as was first described in tissue-
type plasminogen activator (105). In the latter, SNO adducts
prevent the formation of irreversible oxidation by occupying
the cysteine thiol then quickly reverse to restore normal
function when the ROS returns to baseline (59). However,
under specific redox conditions, SNO may also act as an in-
termediate to further post-translational modifications that can
alter protein activity, degradation or protein—protein inter-
actions (7, 47, 95). Thus, the exact mechanism of SNO-induced
functional changes is largely contextual, depending on the
redox environment, cellular compartment, and protein
chemistry.

It is important to note that while SNO can be a protective
modification in many cases, formation of SNO adducts can
also lead to pathological states. In the brain, SNO has been
correlated with the progression of Alzheimer’s Disease due
to its role in protein misfolding. In one instance, SNO
preferentially modifies apolipoproteins-E2 and E3 at spe-
cific cysteine residues, affecting protein folding and low-
density lipoprotein metabolism (1). Although many cases of
Alzheimer’s Disease are linked to genetic variations in
apolipoprotein-E4, these SNO proteins may explain onset
of the disease in nonfamilial or sporadic Alzheimer’s Dis-
ease (1). Similarly, detrimental SNO events have been
found in other organs, such as the heart, where increased
SNO of tropomyosin has been linked to heart failure
through inhibition of cardiomyocyte contractility (15), and
the liver, where increased SNO is linked to decreased al-
dehyde dehydrogenase activity after ethanol exposure (80).
Thus, SNO signaling can be beneficial or detrimental de-
pending on the level of SNO, the duration of the signal,
and the specific SNO target.

SNO occupancy

Although SNO has been shown to influence cell function by
altering protein activity, localization, or stability, or by
shielding critical thiols from oxidation, the percentage of
cysteine-SNO that is required to elicit these effects is not
known. In the absence of compartmentalization, it is reason-
able to assume that the effectiveness of SNO in altering pro-
tein activity or shielding cysteines from oxidation is directly
related to the percentage of the total protein that is SNO. In
other words, if 1 out of 50 proteins contains a specific SNO
modification, will this be functionally relevant? We have re-
cently developed a method for testing this using differential
labeling in an effort to understand the occupancy of a given
cysteine (57). Using GSNO treatment, we found that SNO
occupancy ranged from 23% for cysteine and glycine-rich
protein 3 (Cys168) to nearly 80% for fatty acid-binding protein
4 (Cys2). These SNO occupancy levels were derived from total
protein homogenate; however, the effects of compartmental-
ization must also be considered. If a protein is localized to a
specific organelle when SNO, then the percentage of protein
within this organelle that is SNO is more relevant than the
percentage of total cellular protein.
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Methods and Challenges of Measuring SNO
Tools for modulating SNO levels

For many reasons, studying the functional consequences of
SNO presents a challenge. NO donors have been used ex-
tensively for driving SNO formation, but there are several
complicating issues in using NO donors, including variation
in the NO moiety released, cell permeability, and spatio-
temporal specificity of NO release (54, 73, 76). In addition, NO
donors may drive the formation of glutathione adducts or
ROS rather than SNO. The properties of some common and
emerging NO donors are described in Table 1. Recently,
organelle-targeted NO donors have been used to study SNO
in the mitochondria (19, 93), improving the spatial regulation
of SNO formation. It is likely that more targeted approaches,
such as this will improve the understanding of SNO com-
partmentalization and help avoid some experimental arti-
facts. Tools for the disruption of SNO also suffer from
nonspecificity. For example, NOS inhibitors prevent both
SNO and NO signaling through guanylylcyclase and thus,
have multiple effects that complicate interpretation of the
SNO effects. Similarly, the specificity of SNO-reducing agents,
such as ascorbate, is controversial (28, 29, 34, 50, 64). Cysteine
to serine or alanine protein mutants are also valuable tools to
prevent SNO of specific cysteines. While this approach is
more targeted than pharmacological approaches, the effects of
other post-translational modifications at this site or changes in
protein function due to the mutation itself may be overlooked,
necessitating the need for careful experimental design. Un-
fortunately, there are no known mutations that mimic the
action of a SNO adduct, although a cysteine to aspartate
mutation has been used to mimic oxidation (90). Future work
focused on overcoming experimental hurdles in the study of
SNO should be encouraged.

Assays for measuring SNO

To assess the physiological and pathological ramifications
of protein SNO, it is important to have methods to detect and
quantify this modification. However, the labile nature of SNO
requires special experimental conditions. Addition of an
alkylating agent to lysis buffer prevents oxidation or disulfide
exchange between free thiols during homogenization (43) and
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also stabilizes SNO by inhibiting the activity of antioxidants,
such as thioredoxin, which could potentially act as transni-
trosylases or denitrosylases. Despite this precaution, loss of
SNO from proteins during sample preparation remains a
challenge, and this may be of greatest concern when exam-
ining the SNO signal within specific compartments that re-
quire extra purification steps.

The biotin switch assay has been used for the identification
of SNO proteins (53). With this approach, reduced thiols are
blocked with a methylthiolating agent, such as methyl me-
thanethiosulfonate, or with N-ethylmaleimide, and SNO thi-
ols are then reduced with ascorbate and labeled with biotin.
SNO proteins can then be identified and quantified via west-
ern blot or with the use of mass spectrometry. The biotin
switch assay is one of the most common techniques used for
examining SNO, and many derivatives have been developed
based upon this approach. These derivatives include two-
dimensional fluorescence difference electrophoresis, which
utilizes fluorescent maleimide dyes to label SNO cysteine
residues (i.e., CyDyemaleimide, DyLightmaleimide) (67, 96,
107, 109). SNO-resin-assisted capture is another derivative
of the biotin switch that utilizes a thiol-binding resin (i.e.,
thiopropylsepharose) to quantify SNO levels and identify
specific SNO cysteine residues with mass spectrometry (30,
58, 59). Recently, Murray ef al. utilized a modified biotin
switch approach with cysteine-reactive tandem mass tags
(cysTMT) to measure SNO levels in human pulmonary
arterial endothelial cells with mass spectrometry (83).
cysTMT labels confer the advantage of multiple isobaric
tags, with reporter ions between 126 and 131 kDa, and this
allows for sequential labeling and identification of more
than one cysteine modification (59). We recently used
cysTMT labeling to determine SNO occupancy (57). In the
same sample, free thiols were labeled with one isobaric
tag, while SNO thiols were subsequently labeled with a
second isobaric tag. Free and SNO thiols were quantified
using mass spectrometry, and SNO occupancy was calcu-
lated as the ratio of SNO thiols to total thiols (SNO + free).
Using a similar approach, these labels could serve as an
important tool for analyzing SNO within the context of
other redox-based modifications. Additional variations of
the biotin switch assay include SNO Site Identification (44)
and the HIS-TAG switch method (14).

TABLE 1. ComMON NiITRIC OXIDE DONORS

Dissociation time

Major NO species

NO byproducts Special considerations

Angeli’s salt 2.3 min HNO
DEA NONOate 2min NO
DETA NONOate 20h NO
GSNO Spontaneous NO/NO*
MitoSNO 23h NO
SNAP 1-6h NO
SNO-cysteine Spontaneous NO/NO*
Sodium nitroprusside 2 min NO™
Spermine NONOate 39 min NO

NO,~ Also promotes glutathiolation
NO,~
NO,~
GSH byproduct also drives
glutathiolation; transnitrosylase
Transnitrosylase
Transnitrosylase
Cyanide byproduct
NO,~

NO donors (32, 51, 63, 68, 77, 87, 93, 103).

DEA, diethylamine; DETA, diethylenetriamine, GSH, reduced glutathione; GSNO, S-nitrosoglutathione, NO, nitric oxide; SNAP, S-nitroso-N-

acetyl-p,L-penicillamine; SNO, S-nitrosylation.
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Although the biotin switch assay and variations thereof
offer many advantages and are some of the most widely used
methods for examining SNO, this approach is not without
limitations. The major issue with this methodology results
from the nonspecificity of ascorbate, which has been reported
to reduce other cysteine-based modifications (34, 50, 64), al-
though these claims have been recently refuted (28, 29);
however, it is critically important to implement the proper
controls when utilizing a biotin switch-based approach. There
are some alternative methods for examining SNO that are not
derivatives of the biotin switch and do not require the use of
ascorbate. Mass spectrometry has been utilized to directly
identify SNO cysteine residues, but these studies have been
limited to purified proteins (78, 115). This approach remains a
challenge, as the experimental conditions required for mass
spectrometry may lead to the degradation of protein SNO.

Another alternative method developed by Doulias et al.,
utilized a phenylmercury- based capture approach to examine
protein SNO (23). With this approach, the SNO modification
is reacted with phenylmercury to form a stable thiol-mercury
bond. Labeled peptides are then captured with the use of an
organomercury resin and examined viz mass spectrometry.
This method avoids the use of ascorbate, but the specificity of
the phenylmercury compound still remains a potential issue.

There are also several commercially available antibodies
for the detection of SNO-modified proteins. However, pre-
serving SNO during cell lysis and gel electrophoresis or
during cell fixation presents a challenge and care must be
taken to keep samples in the dark, free of reducing agents, and
free of exogenous oxidants throughout the procedure. As with
any antibody, specificity can be a potential issue with this
approach. In particular, many SNO-specific antibodies are
raised to nitrosylated serum albumin, and these epitopes may
not correspond to those found in a complex homogenate. To
address this, a reducing agent, such as ascorbate, should be
used in negative controls to reverse SNO and prevent anti-
body recognition. Antibody peptide competition using either
SNO bovine serum albumin or GSNO may also serve as a
negative control and help to identify any nonspecific binding
(38). Positive controls can also be generated by treating sam-
ples with NO donors. It is interesting to note that SNO-specific
antibodies have been detected in patients with human African
trypanosomiasis (101).

There are many different methods that have been devel-
oped for the detection and quantification of the SNO modi-
fication, and all have distinct advantages and disadvantages.
The approaches utilized for a particular study will vary de-
pending on experimental objectives (i.e., targeted vs. high-
throughput), but in the end, a multifaceted approach will
yield more robust results, and avoid the common pitfalls of
each of the individual methods, while reducing the proba-
bility of false-positive identifications.

Interaction of SNO with Nonoxidative
Post-Translational Modifications

SNO serves a dual role as both a protective modification
and as an intermediate to further oxidation, such as glu-
tathiolation and sulfinic and sulfonic acid modifications (9).
SNO of proteins responsible for maintaining acylation,
phosphorylation, ubiquitination, and palmitoylation has also
emerged as a method through which SNO can diversely sig-
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nal [See Hess and Stamler (47) for discussion of these path-
ways). Additionally, it is now recognized that SNO
modifications can act as an intermediate for the formation
of secondary post-translational modifications, such as pal-
mitoylation (3) or ubiquitination (55), either on the SNO-
modified cysteine or on surrounding amino acids. By serving
as a platform for further oxidation, the potential role of SNO
intermediates in the propagation of signaling is enhanced

(Fig. 2).

SNO as a platform for secondary oxidation

SNO can serve as an intermediate for the formation of
sulfinic or sulfonic acid. The mechanism of this oxidation
appears to be due to the high on/off rate of the NO group,
allowing for hydrolysis of SNO to free thiol and subsequent
formation of a relatively unstable sulfenic acid adduct that can
then lead to further oxidation to sulfinic or sulfonic acid (46,
65, 91). Increased peroxynitrite production due to either
overproduction of ROS or decreased antioxidant activity has
been implicated in the formation of these irreversible modi-
fications (114). For example, Gu et al. demonstrate that matrix
metalloproteinase-9 (MMP-9) can be SNO in the zinc-
coordinating domain, allowing MMP-9 to dissociate from
inhibitory zinc to become active in its uncleaved form (40).
However, under conditions of increased oxidative stress, such
as following ischemia/reperfusion, MMP-9 is activated
through sulfonic acid formation at the same site in a SNO-
dependent manner. In this instance, SNO seems to serve as a
temporary activator of MMP-9, while sulfonation leads to
prolonged activation, which is associated with coronary ar-
tery disease (94), diabetic retinopathy (61), and idiopathic
dilated cardiomyopathy (94).

In contrast, the role of SNO as a protective modification has
been explored in several contexts, including that of cardiac
ischemic preconditioning (58, 67, 107) and immune response

R-SSG

R-S02H/RSO3H

| oxidation

R1-SNO |

R-SH

R-S-S-R

R2-SNO

FIG. 2. SNO dynamically regulates other oxidative post-
translational modifications. SNO-cysteines can serve as in-
termediates for glutathiolation, sulfinic/sulfonic acid for-
mation, or disulfide bond formation. SNO can also protect
cysteines from further oxidation and later be reduced by
denitrosylases to restore protein function. SNO modifications
can be passed between proteins by transnitrosylation, where
SNO can serve as an intermediate or protective modification
on a different protein, propagating the SNO signal.
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(45). In this context, SNO either prevents the formation of
higher order, irreversible modifications, such as sulfinic and
sulfonic acid, or acts as an intermediate to other reversible
modifications, such as glutathiolation, that can also prevent
oxidation. In the case of glutathiolation, SNO primes the cys-
teine for a thiol exchange reaction wherein the sulfur of a GSH
displaces the covalent NO bond of the SNO, resulting in the
formation of an RSSG (7), which can occupy the cysteine site
and prevent further oxidation. Like SNO, glutathiolation
modifications also act to regulate protein function (2, 12, 63).
Similarly SNO itself can prevent further oxidation of occupied
cysteine sites. The chemistry underlying this protection is
context driven and may be unique to individual proteins;
however, it is likely that SNO can inhibit oxidation through a
number of different pathways. In some proteins, SNO is known
to alter protein conformation, effectively shielding a thiol from
oxidants (88). It is also likely that SNO inhibits further oxida-
tion of specific cysteines by occupying the cysteine thiol and
decreasing its reactivity with surrounding oxidants. This may
be a particularly important mechanism of protection for reac-
tive cysteines that exist in a thiolate anion state and are thus,
more readily oxidized than in the SNO-bound state.

As an example, let us consider protein tyrosine phospha-
tase-1B (PTP1B). PTP1B is a nonreceptor phosphotyrosine
phosphatase that negatively regulates insulin signaling
through dephosphorylation of the insulin receptor. Specific
hydrogen peroxide-induced irreversible oxidation of PTP1B
at cysteine-215 plays an important role in the inhibition of
PTP1B and the promigratory behavior of cancer cells (72);
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however, pretreatment of PTP1B with a NO donor prevents
hydrogen peroxide-induced sulfonic acid formation at this
site (16). Mass spectrometric measurements indicate that
formation of SNO at cysteine-215, but not at other cysteine
residues, prevents the reversible oxidation seen under con-
ditions of oxidative stress and preserves PTPIB catalytic
function (16). Cysteine-215 is a highly reactive cysteine that
can be sulfenated, glutathiolated (8), nitrosylated (16), or ir-
reversibly oxidized (16, 72). SNO at this site appears to shield
the cysteine from further oxidation, preserving the thiol for
reversible, regulatory oxidation.

SNO as a regulator of nonoxidative
post-translational modifications

The crosstalk between SNO and other post-translational
modifications has recently become an area of interest, and SNO
is known to competitively inhibit some post-translational
modifications. For example, palmitoylation of the neuronal
scaffolding protein, PSD-95, is prevented by SNO adduct for-
mation at the same sites in response to NO treatment (48).
Similarly, SNO is inversely correlated with phosphorylation of
eNOS at serine-1179, a site that is associated with eNOS acti-
vation (24). The nitrosylation and denitrosylation of eNOS is
dependent on intracellular targeting and lends insight into the
regulatory mechanisms underlying dynamic SNO. The mech-
anism of SNO inhibition of post-translational modifications
has not been fully explored, but likely shares many
characteristics of SNO-mediated protection from oxidation

<
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FIG. 3. A barcode of post-translational modifications. (A) The traditional approach to post-translational modifications
focuses on changes in a single amino acid. In this example, protein X is SNO at a specific cysteine under physiological
conditions, but loss of SNO at that site leads to increased ubiquitination in disease. (B) The barcode approach shows all
modifications of protein X under physiological conditions. As opposed to the traditional approach shown in (A), the barcode
approach considers the whole protein and shows that the change in protein X from physiology to disease requires increased
ubiquitination, loss of specific SNO sites, loss of glutathiolation, increased oxidation and phosphorylation, and decreased
palmitoylation, all of which may coordinate to affect protein function.
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(i.e., changing protein conformation or altering the redox
environment).

SNO is also a mediator of protein degradation pathways.
Broadly, SNO of E3 ligases is linked to decreased global ubi-
quitination (20, 84); however, direct interaction of SNO and
ubiquitination has been observed on an individual protein
level and is known to both enhance and inhibit protein ubi-
quitination (6, 55, 62, 95). A direct correlation between SNO
and degradation is demonstrated through the SNO-mediated
enhancement of ubiquitination that has been documented for
phosphatase and tensin homology (PTEN) in the brain. SNO
of the PI3K-inhibiting protein, PTEN, at cysteine-124 leads to
its ubiquitination after treatment of cultured cortical neurons
with a NO donor. Mutation of PTEN cysteine-124 prevents
ubiquitination and enhances protein stability, inhibiting re-
moval of PTEN from the cells and preventing PI3K signaling
(62). It is reasonable to assume that SNO-mediated regulation
of ubiquitination may be present in other proteins, and indeed,
ithas been suggested in the regulation of iron homeostasis (55),
apoptosis (6), and Alzheimer’s Disease (95). Dynamic regula-
tion between SNO and other post-translational modifications
likely will be uncovered as the topic is explored in greater
depth.

A barcode of post-translational modifications

As the role of SNO in the modulation of other post-
translational modifications becomes clearer, it may be impor-
tant to ask how these post-translational modifications interact
on proteins. The barcode concept suggests that proteins can be
regulated by a post-translational modification at a single site or
by the interplay among several different modifications, each of
which plays an important role in altering protein chemistry and
function. Much like the individual lines on a barcode, each
combination of modifications results in a different out-
come; thus, the individual contribution of any given post-
translational modification is contextual. A phosphorylation
barcode has been demonstrated in the beta(2)-adrenergic re-
ceptor, where the pattern of phosphorylation differs depending
on which G-protein-coupled receptor kinases are active. Each
distinct pattern of phosphorylation alters the functional capa-
bility of beta-arrestin (86). In considering more than one
modification, there are a vast number of potential post-
translational modification arrays, and these arrays could pro-
duce changes in protein—protein interaction, induce protein
translocation, or alter protein activity (Fig. 3).

As an example, let us consider post-translational regulation
of the N-methyl-D-aspartate (NMDA) receptor. The NMDA
receptor is a heterotetrameric protein complex expressed in
the brain, which acts as a voltage-gated, nonselective ion
channel important for postsynaptic second messenger sig-
naling (22). The NMDA receptor has been reported to be
modified by SNO (111), phosphorylation, ubiquitination, and
palmitoylation (35), each of which is said to play a unique role
in altering protein function or localization, and some aspects
of the interplay between these modifications have been ex-
plored. Takahashi et al. demonstrated that the NMDA re-
ceptor can be SNO at cysteine-744 and 798 of the NR1
subunit under conditions of hypoxia (111). Although SNO of
these cysteines has no direct functional consequence, these
sites act as a thiol sensor, selectively enhancing SNO sus-
ceptibility at other cysteine sites that can then inhibit NMDA
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receptor function. In contrast, SNO of cysteine-87, 320, and
399 on the NR2A subunit appear to directly inhibit NMDA
receptor activity (18), confirming that SNO on multiple sites
is required for modulation of function. Cysteine-744 and 798
of the NR1 subunit and cysteine-87 and 320 of the NR2A
subunit can also be oxidized to form disulphide bonds in the
presence of ROS or following SNO, which has been shown to
decrease NMDA receptor activity (17, 18). These data are
consistent with a SNO barcode.

In considering this small subset of post-translational
modifications on the NMDA receptor, it becomes clear that
multiple post-translation modification sites have overlapping
and/or interacting functionalities. However, the status of
post-translational modifications on the whole protein at any
given time has not been explored and will most likely be ex-
perimentally challenging. Understanding the patterns of
regulation for individual post-translational modifications, as
was done for SNO on the NMDA receptor (111) or for phos-
phorylation on the beta(2)-adrenergic receptor (86), may be a
more feasible step. Regardless, it is likely that the interplay of
post-translational modifications contributes to dynamic pro-
tein regulation and that further analysis of these interactions
will lend insight into cellular regulatory mechanisms.

SNO as a molecular switch

While many post-translational modifications are thought
to act as on/off switches that either increase or decrease
protein function, this may not be true in all cases. For ex-
ample, dynamic regulation of disulfide states has been
linked to changes in protein folding, trafficking, and locali-
zation in addition to the prototypical protein inhibition and
activation (119). Following from this concept, dynamic oxi-
dation of proteins may alter cellular function. OxyR, a
transcription factor that can be activated by both SNO and
oxidation, has distinct graded responses to different modi-
fications at the same cysteine (56). Circular dichroism anal-
ysis indicates that different modifications at this site alter
protein structure (i.e., alpha helical content) and seem to
change DNA affinity and cooperativity between subunits.
Further studies indicate that SNO-OxyR and oxidized OxyR
have both overlapping and distinct gene transcriptional
targets (102). Interestingly, many of the genes regulated by
SNO-OxyR are regulators of nitrosative stress, implying a
cysteine-specific redox-derived molecular switch.

Conclusions

SNO is a dynamic and diverse oxidative post-translational
modification that has important implications for the regula-
tion of protein function. While many SNO sites have been
discovered on a variety of proteins, the importance of SNO in
mediating other post-translational modifications and in al-
tering protein function has not been fully explored. Future
work should focus not only on identifying SNO sites, but also
on understanding the mechanism of SNO action and devel-
oping methods that will allow for studies of the dynamic in-
terplay between post-translational modifications.
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Abbreviations Used

cysTMT = cysteine-reactive tandem mass tags
DEA = diethylamine
DETA = diethylenetriamine
eNOS = endothelial NOS
GSH =reduced glutathione
GSNO = S-nitrosoglutathione
MMP-9 = matrix metalloproteinase-9
NMDA = N-methyl-D-aspartate
NO = nitric oxide
NO~ =nitroxyl anion
NO* = nitrosonium
NOS =nitric oxide synthase
ONOO™ = peroxynitrite
PTEN = phosphatase and tensin homology
PTP1B = protein tyrosine phosphatase-1B
ROS = reactive oxygen species
RS™ = thiyl radical
S” = thiolate anion
SNAP = S-nitroso-N-acetyl-p,L-penicillamine
SNO = S-nitrosylation
SO, H = sulfinic acid
SO3;H = sulfonic acid
SOH = sulfenic acid




