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Protein post-translational modification by S-nitrosylation
conveys a ubiquitous influence of nitric oxide on signal trans-
duction in eukaryotic cells. The wide functional purview of S-ni-
trosylation reflects in part the regulation by S-nitrosylation of
the principal protein post-translational modifications that play
a role in cell signaling, including phosphorylation, acetylation,
ubiquitylation and related modifications, palmitoylation, and
alternative Cys-based redox modifications. In this minireview,
we discuss the mechanisms through which S-nitrosylation
exerts its broad pleiotropic influence on protein post-transla-
tional modification.

In eukaryotic cells, regulation of protein properties and function
by post-translational modification is the central molecular mech-
anism that mediates signal transduction. It has been established
over the past decade that S-nitrosylation, the addition of an NO
group to a Cys thiol to form an S-nitrosoprotein (SNO-protein),
regulates a broad spectrum of proteins in all functional protein
classes and cell types examined (1-3). The literature now
encompasses some 3000 S-nitrosoproteins (including those
identified with exogenously administered, physiological,
nitrosylating agents), which may represent only the tip of the
iceberg in light of the emerging role of denitrosylases in determin-
ing detectable levels of protein S-nitrosylation (4, 5). As illustrated
in this minireview, the picture that has formed indicates that the
propagation or modulation of cell signals by S-nitrosylation often
entails crosstalk with signaling modalities mediated by other
principal mechanisms of post-translational modification. In-
deed, it appears to date that, among post-translational modifi-
cations that convey cell signals, the breadth of the influence of
S-nitrosylation may be comparable with that of phosphoryla-
tion and ubiquitylation, where signal crosstalk is established as
a central operating principle (6). A number of recent reviews
have emphasized the determinants of substrate specificity and
the enzymatic mechanisms of S-nitrosylation/denitrosylation
(1, 2, 4, 5, 7). We summarize here for the first time the role of
S-nitrosylation as a pleiotropic regulator of protein post-trans-
lational modification (Fig. 1).
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The precis presented here raises issues of general relevance
to the analysis of regulation by S-nitrosylation (as for other
post-translational modifications). With regard to causality, it
can be difficult to predict or assess the degree of modification
required to exert a significant regulatory effect in vivo, in part
because of the compartmentalized modification of substrate
proteins involved (1, 8). Accordingly, only a small subset of
proteins, such as those affiliated with a receptor or other part-
ners (1, 8, 9), may convey the cell signals. Furthermore, the
population stoichiometry of modification may be relatively
unimportant in cases of gain of function, including induced
protein-protein interactions and the activation of transcription
factors or channels, where minor populations may convey bio-
logical activity. Nonetheless, S-nitrosylation and activation of a
substantial proportion of a channel population have in fact
been documented (10), and notably, a stoichiometry of 1 for
S-nitrosylation has been observed in the case of inhibition of
enzyme activity (mitochondrial caspase-3) (11, 12). Additional
challenges are presented by the targeted S-nitrosylation of mul-
tiple, functionally related elements in signaling pathways
because spatiotemporal analyses are largely beyond the state of
the art. Nonetheless, mutation of identified sites of S-nitrosyla-
tion in concert with inhibition of stimulus-coupled NOS activ-
ity can provide strong evidence for a physiological role. An
emerging understanding of the determinants of specificity of
S-nitrosylation highlights the importance of direct binding of
substrates by sources of NO groups, the reactivity of target Cys,
and the nature of the nitrosylating agent, as illustrated by the
newly appreciated roles for transnitrosylases (7).

Phosphorylation

Regulation by S-nitrosylation of both protein kinases and
phosphatases influences a wide range of signal transduction
pathways mediated by phosphorylation/dephosphorylation,
and illustrative examples are provided here (Table 1). In many
but not all cases, the effect of S-nitrosylation on kinase or phos-
phatase activity is inhibitory and is exerted through modifica-
tion of a single Cys residue, and in the case of kinases, inhibition
may be exerted directly through suppression of kinase activity
or by modulating the interaction of kinase and substrate. These
operating principles are well illustrated in the case of MAPK-
mediated signaling (1) that mediates TNFa-induced apoptosis.
Endogenous S-nitrosylation of the MAPK kinase kinase ASK1
(apoptosis signal-regulating kinase-1) at a single Cys inhibits
the binding of ASK1 to its principal downstream effectors,
MKK3 and MKK6 (13). S-Nitrosylation of a single Cys within
JNK, the downstream MAPK target of MKK3/6, inhibits JNK-
mediated phosphorylation and transactivation of c-Jun (14), at
least in part by inhibiting binding of JNK and c-Jun (15). Thus,
S-nitrosylation of specific regulatory Cys residues may exert a
calibrated anti-apoptotic influence through modulation of
sequential MAPK-mediated transduction stages. In addition to
the MAPK subfamily of the CMCG family of kinases, S-nitrosy-
lation acts on members of the cyclin-dependent kinase subfam-
ily (16, 17). Endogenous S-nitrosylation of neuronal Cdk5 tar-
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FIGURE 1. Schematic summary of principal post-translational mechanisms regulated by S-nitrosylation and molecular loci of regulation.

gets one or two Cys residues, including Cys-83, within the ATP-
binding pocket, and the resultant modulation of kinase activity
regulates dendritic growth, branching, and spine formation (17,
18). Excessive S-nitrosylation of Cdk5 is associated with den-
dritic spine loss in Alzheimer disease (18).

Exemplary instances of regulation by S-nitrosylation of ser-
ine/threonine kinases outside the MAPK family are provided by
Akt kinase (PKB) and G protein-coupled receptor kinase
(GRK).? S-Nitrosylation of a single Cys within Akt inhibits insu-
lin-stimulated Akt catalytic activity, and Akt S-nitrosylation is
enhanced in diabetic mouse models (19, 20). Enhanced S-ni-
trosylation of Akt is also associated with aging-related deficits
in skeletal muscle (21). S-Nitrosylation of a single Cys within
the activation loop of GRK?2, induced by stimulation of 3,-ad-
renergic receptors (8,-ARs) that are coupled to endothelial
NOS (eNOS; NOS3), inhibits ligand-stimulated activation of
GRK2 and thus 3,-AR phosphorylation and thereby suppresses
receptor desensitization and down-regulation that are associ-
ated with heart failure and asthma (22). S-Nitrosylation also
inhibits the activity of protein kinase C (23) as well as other
serine/threonine kinases, including IkB kinase and the insulin
receptor kinase, as discussed below.

2 The abbreviations used are: GRK, G protein-coupled receptor kinase; 8,-AR,
B,-adrenergic receptor; eNOS, endothelial NOS; PTK, protein-tyrosine
kinase; nNOS, neuronal NOS; PTP, protein-tyrosine phosphatase; SDF-1q,
stromal cell-derived factor-1q; HIF-1«, hypoxia-inducible factor-1q; IKK,
IxB kinase.
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Protein-tyrosine kinases (PTKs) function in a multiplicity of
signaling pathways, and S-nitrosylation has been shown to reg-
ulate the function of both receptor and non-receptor PTKs.
S-Nitrosylation of one or two Cys residues within the epidermal
growth factor receptor, a prototypical receptor PTK, inhibits its
auto(trans)phosphorylation and downstream signaling (24).
Downstream signaling by receptor PTKs is often mediated by
phosphorylation and activation of non-receptor PTKs, the pro-
totype of which is c-Src. S-Nitrosylation of a single Cys within
the catalytic domain of c-Src (which is conserved among other
members of the Src family of non-receptor PTKs) activates
rather than inhibits c-Src catalytic activity as assessed by tyro-
sine autophosphorylation, and c-Src activation by -estradiol,
an important step in cancer cell invasion, was shown to depend
upon c-Src S-nitrosylation (25). An additional example of
kinase activation by S-nitrosylation is provided by the (non-
protein) kinase glucokinase. S-Nitrosylation of a single Cys res-
idue (Cys-371) consequent upon activation of neuronal NOS
(nNOS; NOS1) by insulin in pancreatic beta cells disrupts the
binding of glucokinase and nNOS, thereby disinhibiting glu-
cokinase to promote insulin secretion (notably, insulin is a
prominent example of a receptor PTK ligand) (26).

Both protein-tyrosine phosphatases (PTPs) and serine/thre-
onine phosphatases are regulated by S-nitrosylation. Members
of the PTP superfamily utilize a catalytic Cys, and oxidative
inhibition of PTPs by endogenously produced hydrogen perox-
ide, which may be reversible or irreversible, is well known. S-Ni-
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TABLE 1

MINIREVIEW: Pleiotropic Protein S-Nitrosylation

Summary of illustrative examples of regulation by S-nitrosylation of protein post-translational modification

Post-translational Modification SNO-protein

Phosphorylation ASK1 (Ser/Thr kinase)
JNK (Ser/Thr kinase)

CDK5 (Ser/Thr kinase)

Akt (PKB) (Ser/Thr kinase)

GRK2 (Ser/Thr kinase)

PKC (Ser/Thr kinase)
EGFR (Tyr kinase)
cSRC (Tyr kinase)

MKP7 (Ser/Thr phosphatase)

PTP1B (Tyr phosphatase)

SHP-1, SHP-2 (Tyr phosphatases)

Glucokinase

PTEN

eNOS
Acetylation HDAC?2 (deacetylase)

SIRT1 (deacetylase)

GAPDH

Methylation GAPDH

Palmitoylation GAP-43, SNAP-25 (substrates)
B,-adrenergic receptor (substrate)
Transferrin receptor (substrate)
Caveolin (substrate)

Ha-Ras (substrate)

PSD-95 (substrate)

Ubiquitylation Parkin (E3 ligase)

XIAP (E3 ligase)

IRP2 (substrate)

Bcl-2 (substrate)
FLIP (substrate)
HDM2 (E3 ligase)
HIF-10a (substrate)
IKKB (IxB kinase)
Arginylation Multiple substrates (RGS proteins)

SUMOylation, ISGylation Pias3 (SUMO E3 ligase)

ISG15 (ISG ligase)

Cys-based redox modifications Actin, aldose reductase

PTP1B

Molecular Effect
Inhibit binding to MKK3/MKK6
Inhibit binding to, phosphorylation of c-Jun

Activate and inhibit kinase activity
(ATP-binding domain modification)

Inhibit catalytic activity
(allosteric site modification)

Inhibit catalytic activity
(activation loop modification)

Inhibit catalytic activity
Inhibit autophosphorylation
Enhance autophosphorylation

Inhibit catalytic activity

Inhibit catalytic activity
(active site modification)

Inhibit catalytic activity
(active site modification)

Disinhibit catalytic activity
(suppress inhibitory nNOS binding)

Inhibit phosphatase activity
(allosteric site modification)

Denitrosylation promotes phosphorylation
Release from chromatin
Inhibit deacetylase activity

Ubiquitylation by Siah1 of SUV39H1
(Binding, co-transport of SNO-GAPDH and Siah1)

Degradation by Siah1 of SUV39H1
Inhibit S-palmitoylation
Inhibit S-palmitoylation
Inhibit S-palmitoylation
Inhibit S-palmitoylation

Enhance palmitate turnover

Inhibit S-palmitoylation
(mutually competitive thiol modification)

Inhibit E3 ligase activity
(promote parkin ubiquitylation)

Inhibit E3 ligase activity, caspase binding

Enhance ubiquitylation, degradation

Inhibit ubiquitylation, degradation
Inhibit ubiquitylation, degradation
Inhibit p53 binding, turnover
Inhibit ubiquitylation, degradation
Inhibit IxB ubiquitylation
Mediate arginylation of N-terminal Cys

Enhance ubiquitylation, degradation
(enhance binding to Trim23 E3 ligase)

Activate catalytic activity
(enhance dimerization)

Promote glutathionylation

Suppress active-site Cys oxidation, inactivation

Functional Effect Refs.
Anti-apoptotic 13
Anti-apoptotic 14,15

Regulate dendritic branching 17,18
Suppress insulin signaling 19-21
Inhibit Bo-AR desensitization 22
Inhibit smooth muscle contraction 23
Inhibit EGF signaling 24
Facilitate B-estradiol signaling 25
Enhance JNK3 phosphorylation, 30
SDF signaling
Enhance insulin receptor phosphorylation, 27,29
insulin responsiveness
Enhance insulin receptor phosphorylation, 28,29
insulin responsiveness
Enhance insulin secretion 26
Enhance Akt signaling 31-33
Enhance stimulus-coupled eNOS activity 78
Transcriptional activation 37,38
Transcriptional regulation 39
Enhance histone acetylation and 41
CREB-related gene expresion
Suppress histone methylation by SUV39H1 41
Alter neuronal growth cone motility 44
Inhibit agonist-induced cAMP production 45
46
46
Decrease GTP binding, ERK1/2 activation 46
Inhibit synaptic clustering 48
Neurodegenerative disease 51,52
Inhibit caspase degradation, disinhibit 53,54
caspase activity (pro-apoptotic)
Enhance ferritin, suppress transferrin 55
receptor synthesis
Anti-apoptotic 56
Anti-apoptotic 57
Activate p53-dependent transcription 58,59
Enhance HIF-1o-dependent transcription 63,64
Enhance NF-kB-dependent transcription 61
Implement N-end rule for degradation 50
Suppress sumoylation 65
Enhance ISGylation 66
75,76
27
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trosylation inhibits the prototypical PTP, PTP1B, by targeting
the active site Cys, and S-nitrosylation protected PTP1B from
irreversible oxidation by hydrogen peroxide (27). Cellular irra-
diation induced transient S-nitrosylation of the active site Cys
and thereby inactivated the SH2 (Src homology 2) domain-con-
taining non-receptor tyrosine phosphatases SHP-1 and SHP-2
(28). Furthermore, PTP1B, SHP-1, and SHP-2 are S-nitrosy-
lated consequent upon insulin stimulation of eNOS, which
results in enhanced tyrosine phosphorylation of the insulin
receptor and downstream signaling elements, including the Akt
kinase, and thereby enhanced insulin responsiveness (29). The
chemokine stromal cell-derived factor-la (SDF-1a) signals
through a MAPK cascade involving JNK3, and JNK activity is
regulated by MKP7 (MAPK phosphatase 7). Activation of JNK3
by SDF-1a was shown to depend upon activation of eNOS, and
an essential role was demonstrated for S-nitrosylation and inhi-
bition of MKP7, resulting in enhanced JNK3 phosphorylation
(30). Thus, S-nitrosylation of MKP?7 is a crucial link in SDF-1a-
regulated endothelial cell migration and angiogenesis (30).
Recent results demonstrated that PTEN (phosphatase and
tensin homolog) is also regulated by S-nitrosylation. The gene
encoding PTEN was identified as a tumor suppressor that is
mutated in many cancers. Although the catalytic domain of
PTEN is similar to that of dual specificity PTPs, its principal
substrates are phosphoinositides and, in particular, phosphati-
dylinositol 3,4,5-trisphosphate. Thus, PTEN negatively regu-
lates the phosphoinositide 3-kinase/Akt signaling pathway.
S-Nitrosylation of a single Cys within PTEN inhibits phosphati-
dylinositol-3,4,5-trisphosphate phosphatase activity, and nota-
bly, the site of S-nitrosylation (Cys-83) is allosteric and distinct
from the active site Cys (Cys-124) that is the target of oxidative
inactivation of PTEN (31). S-Nitrosylation of PTEN enhances
Akt signaling (phosphorylation of Akt substrates), and S-ni-
trosylation of PTEN is enhanced in ischemic brain tissue (31,
32), consistent with the role of Akt in promoting cell survival.
Enhanced S-nitrosylation of PTEN was also observed in the
brains of patients diagnosed with Alzheimer disease (33).

Acetylation

Nitric oxide plays a broad role in regulating the expression of
eukaryotic genes, and this influence is exerted at least in part
through S-nitrosylation (34, 35). S-Nitrosylation of regulatory
binding partners of transcription factors can exert an extranu-
clear influence on transcription factor activation, stability,
and/or nuclear targeting, as in the case of hypoxia-inducible
factor-1a (HIF-1a) and p53 (see below) (1), and S-nitrosylation
of transcription factors at DNA-binding or allosteric sites can
directly regulate gene transcription in the nucleus, as in the case
of NF-«kB, where S-nitrosylation of critical redox-sensitive Cys
residues inhibits NF-«kB DNA binding and promoter activity
and thereby NF-kB-dependent gene transcription (36). In addi-
tion, it has emerged that S-nitrosylation may also operate in the
nucleus on epigenetic mechanisms of transcriptional regula-
tion, in particular through regulation of histone acetylation/
deacetylation (Table 1).

HDAC?2 (histone deacetylase 2) is modified directly by S-ni-
trosylation. In neurons, S-nitrosylation of HDAC2 coupled to
stimulation of nNOS by BDNF was localized to two Cys resi-
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dues, Cys-262 and Cys-274, which are conserved across other
Class I histone deacetylases (37). S-Nitrosylation did not affect
deacetylase activity, but it induced HDAC2 release from chro-
matin and consequently enhanced acetylation of histones and
transcriptional activation, in particular of cAMP response ele-
ment-regulated genes. At least one function of this chromatin
remodeling was to control the activation of genes that regulate
dendritic growth and branching (37). In skeletal muscle,
HDAC2 expression is up-regulated in the MDX mouse model
of muscular dystrophy, which is also characterized by dysregu-
lated NOS activity in dystrophic muscle (38). Either down-reg-
ulation of HDAC2 or repletion of NOS ameliorates the patho-
physiological MDX muscle phenotype, and repletion of NOS
results in S-nitrosylation of HDAC2 (38).

Important new insight into the regulation of nuclear S-ni-
trosylation has been provided recently by Snyder and co-
workers (39). These investigators established a role for the
enzyme GAPDH in conveying S-nitrosylation-based signals
from the cytosol to the nucleus: GAPDH that is S-nitrosy-
lated at the single (active site) Cys-150, by NO generated
endogenously in the context of apoptotic signaling, binds the
E3 ubiquitin ligase Siahl and is thereby co-translocated to
the nucleus (40). Subsequently, they reported that S-nitrosyla-
tion of GAPDH promoted its binding to nuclear substrates,
including HDAC2 and the Class III deacetylase sirtuin-1, fol-
lowed by transnitrosylative transfer of the NO group from
SNO-GAPDH to binding partners (39). Furthermore, trans-S-
nitrosylation inhibited sirtuin-1 activity and its effects on tran-
scription. Thus, SNO-GAPDH functions as a nuclear S-nitrosy-
lase to facilitate histone acetylation and thereby gene
transcription (7, 39). Most recently, this group has shown that
histone acetylation is also facilitated through degradation by
Siahl, co-translocated to the nucleus with SNO-GAPDH, of the
histone methyltransferase SUV39H1 (suppressor of variegation
3-9 homologue 1) (41). Although lysine acetylation is best
characterized in the context of nuclear histones, proteomic
analysis has revealed that the mammalian acetylome comprises
at least 1700 proteins involved in a broad range of cellular func-
tions, most of which are non-nuclear (42). The role of S-nitrosy-
lation in regulating extranuclear lysine acetylation remains
unexplored.

Long-chain Fatty Acid S-Acylation (S-Palmitoylation)

Cys residues within proteins may be subject to covalent lipid
modification by thioether-linked polyisoprenylation or thioes-
ter-linked S-palmitoylation. S-Palmitoylation is unique among
Cys-directed and other covalent lipid modifications of proteins
in that it is, at least in many cases, reversible and dynamic.
Members of the DHHC family (characterized by an aspartate-
lysine-lysine-cysteine active site) serve as S-palmitoylating
enzymes, and two classes of depalmitoylating enzymes have
been identified (43). S-Palmitoylation has been shown to influ-
ence a broad range of protein properties and functions, includ-
ing subcellular localization and stability, protein-protein inter-
action, and signal propagation (43). As in the case of
S-nitrosylation, only one or a few Cys residues are S-palmitoy-
lated within most modified proteins. To the extent that the
molecular determinants that target S-palmitoylation and S-ni-
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trosylation are shared, S-palmitoylation and S-nitrosylation
might operate antiphasically. A mutually competitive relation-
ship between S-palmitoylation and S-nitrosylation was sug-
gested initially on the basis of decreased palmitoylation of mul-
tiple neuronal proteins (including GAP-43 and SNAP-25) in
the presence of nitric oxide donors as assessed by metabolic
labeling (incorporation of [*H]palmitate) (44). Subsequent
studies, also employing metabolic labeling, reported inhibition
by S-nitrosylating agents of S-palmitoylation of the mammalian
B,-AR, transferrin receptor, and caveolin (45, 46) as well as the
coronavirus spike protein (47).

A direct demonstration of mutually competitive S-nitrosyla-
tion and S-palmitoylation in neurons under physiological con-
ditions was provided recently by Ho et al. (48). PSD-95 (post-
synaptic density protein of 95 kDa), which serves as the
principal scaffolding protein of the post-synaptic density, is
known to be dynamically S-palmitoylated at Cys-3 and Cys-5
(49). Ho et al. (48) showed that these residues are also subject to
endogenous S-nitrosylation and that stimulation of S-nitrosy-
lation decreased palmitoylation as assessed by metabolic label-
ing as well as by acyl-biotin exchange (which directly indicates
levels of S-palmitoylated substrate). Conversely, inhibition of
S-palmitoylation, either pharmacologically in cultured cells or
by genetic knock-out of the relevant DHHC in intact mice,
enhanced endogenous S-nitrosylation. The physiological rele-
vance of this dynamic reciprocity was demonstrated by the
finding that synaptic clustering of PSD-95, known to require
Cys-3/Cys-5 palmitoylation and to play an essential role in the
organization of glutamatergic receptors that are scaffolded by
PSD-95 (49), was decreased by nNOS activation consequent
upon stimulation of NMDA receptors. It is of note that,
although as yet unexplored, S-nitrosylation may potentially
inhibit protein S-palmitoylation by targeting the reactive Cys
residue in CoA and thereby suppressing formation of fatty acyl-
CoA, the precursor for S-acylation, or the reactive Cys residue
at the active site of the DHHC enzymes that is required for their
S-palmitoylating function. In view of the hundreds of proteins
(distributed across essentially all functional classes) that are
known to be modified endogenously by S-nitrosylation and/or
S-palmitoylation, the implications of their interaction are pro-
found (Table 1).

Ubiquitylation, SUMOylation, and ISGylation

Ubiquitylation is the ligation by the 8.5-kDa protein ubiqui-
tin of a target protein Lys residue (monoubiquitylation), which
may be followed by formation of ubiquitin chains through
attachment of additional ubiquitin moieties to one or more of
the seven Lys residues within conjugated ubiquitin (polyubiq-
uitylation). Activation of ubiquitin by an E1 ubiquitin-activat-
ing enzyme results in the thioester linkage of ubiquitin to the E1
active site Cys thiol, followed by transfer of ubiquitin via tran-
sthioesterification to the active site Cys thiol of an E2 ubiquitin-
conjugating enzyme and finally by formation of an isopeptide
bond between a target protein lysine and the C-terminal glycine
of ubiquitin catalyzed by an E3 ubiquitin ligase that can interact
with both E2 and substrate. Ubiquitylation was initially shown
to govern protein degradation through polyubiquitylation that
targets modified substrates to the proteasome. However, it is
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now well established that the form of ubiquitylation (mono-
ubiquitylation versus polyubiquitylation and the type of inter-
ubiquitin linkages in polyubiquitin chains) dictates disparate
fates that are associated with a broad range of cellular processes
and signaling events (including, for example, receptor and
membrane trafficking and gene transcription) (Table 1).

In eukaryotes, polyubiquitylation-mediated degradation of
some proteins is governed by the N-end rule, according to
which an N-terminal Asn, Gln, or Cys is converted to Arg to
allow recognition by an E3 ligase (50). Whereas Asn or Gln is
enzymatically deamidated to Asp or Glu prior to conjugation
with Arg, arginylation of N-terminal Cys is mediated through a
modification, assumed to be S-nitrosylation, followed by
O,-dependent oxidation to cysteine sulfonic acid, as exempli-
fied in the case of the RGS (regulator of G protein signaling)
proteins (50). Thus, S-nitrosylation presumably serves as a nec-
essary step in implementing the ubiquitin-dependent N-end
mechanism of protein degradation and thereby governs the
turnover of multiple substrates.

S-Nitrosylation has been shown to inhibit RING finger E3
ligase activity. S-Nitrosylation of the neuronal RING finger E3
ligase parkin, which targets Cys within BIR (baculoviral inhibi-
tor of apoptosis repeat motif) and RING domains, is enhanced
in rodent parkinsonian models and brains of human patients
with sporadic Parkinson disease, and the consequent inhibition
of parkin activity (which may be preceded by activation (50))
has been implicated in protein accumulation and aggregation
that characterizes Parkinson (and other neurodegenerative)
disease (51, 52). In the case of the RING finger E3 ligase XIAP
(X-linked inhibitor of apoptosis protein), S-nitrosylation that
targets Cys residues within RING and BIR domains, respec-
tively, inhibits ubiquitin-mediated degradation of pro-apopto-
tic caspase cysteine proteases (caspase-3) and releases and dis-
inhibits XIAP-bound caspase-3 and thereby promotes cell
death (53), and elevated levels of SNO-XIAP have been
detected in the brains of patients with any of a number of neu-
rodegenerative diseases (53, 54). As indicated above in the case
of the N-end rule pathway, S-nitrosylation of substrates may
regulate their propensity to undergo ubiquitylation. S-Nitrosy-
lation of a single Cys within the Fe**-dependent degradation
sequence of IRP2 (iron regulatory protein 2) was reported to
enhance its ubiquitylation and proteasomal degradation (55).
In contrast, endogenous S-nitrosylation of a pair of Cys residues
within the key apoptosis regulatory protein Bcl-2 inhibits its
ubiquitylation and proteasomal degradation and suppresses
apoptosis (56), and similarly, S-nitrosylation of a pair of
Cys residues within the anti-apoptotic FLICE inhibitory pro-
tein FLIP, which is down-regulated in association with apopto-
tic signaling, inhibits its ubiquitylation and exerts an anti-apo-
ptotic effect (57). In the case of the “tumor suppressor”
transcription factor p53, ubiquitylation by the RING finger E3
ligase HDM2 mediates rapid turnover by proteasomal degrada-
tion, and S-nitrosylation of a single Cys within HDM2 inhibits
p53 binding and thereby stabilizes p53 and activates p53-de-
pendent transcription (58, 59).

Additional examples illustrate control of ubiquitylation by
S-nitrosylation via regulation of alternative post-translational
modifications. The transcription factor NF-kB is complexed
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with and sequestered in the cytoplasm by IkB (inhibitor of
NE-kB) proteins, and phosphorylation of I«B by the I«B kinase
complex (which contains the catalytic I«B kinase (IKK) « and
IKKf subunits) induces I«B ubiquitylation and degradation to
allow translocation of NF-«B to the nucleus and DNA binding
(60). Reynaert et al. (61) showed that endogenous S-nitrosyla-
tion of Cys-179 within IKKf inhibits IkB phosphorylation,
thereby regulating the proteasomal targeting of IkB and
NEF-kB-dependent transcription. In the case of HIF-«, hydroxy-
lation of HIF-« proline residues facilitates binding of the von
Hippel-Lindau protein, pVHL, which functions as the substrate
recognition module of an E3 ubiquitin ligase. Because hydroxy-
lation is O,-dependent, HIF-« is stabilized by hypoxia. How-
ever, it was observed that exogenous S-nitrosylating agents as
well as endogenous NOS activity could stabilize HIF-1« at nor-
moxia (58, 62), and it was later demonstrated that S-nitrosyla-
tion of a single Cys within the oxygen-dependent degradation
domain of HIF-1a could inhibit normoxic pVHL binding and
thus HIF-1a ubiquitylation and degradation (63). Normoxic
S-nitrosylation of HIF-1a is enhanced in mice with a targeted
deletion of the denitrosylase S-nitrosoglutathione reductase,
and the effects of ischemic myocardial infarction are amelio-
rated in these animals in association with up-regulation by
HIF-1a of vascular endothelial growth factor and enhanced
angiogenesis (64). In addition, as described above, ubiquityla-
tion of nuclear proteins is subserved in part by binding and
co-translocation to the nucleus of GAPDH and the E3 ligase
Siah1, which are dependent upon GAPDH S-nitrosylation (40).
Binding of SNO-GAPDH stabilizes Siah1 and thereby enhances
degradation of nuclear proteins (40).

There exist a number of ubiquitin-like proteins, most prom-
inently the SUMO family of small ubiquitin-like modifiers and
ISG15, the product of interferon-stimulated gene 15, that mod-
ify protein Lys residues in a fashion similar to ubiquitylation to
regulate a wide range of protein functions (58, 59). S-Nitrosy-
lation of a single Cys within the SUMO E3 ligase Pias3 (protein
inhibitor of activated STAT3) promoted its interaction with
and ubiquitylation by the ubiquitin E3 ligase Trim32 (tripartite
motif-containing 32), resulting in enhanced degradation of
Pias3 and suppression of sumoylation (65). ISG15 is modified
directly by S-nitrosylation at a single Cys that participates in
homodimerization, and S-nitrosylation results in enhanced
ISGylation (66).

There are several hundred mammalian E3 ligases, which
are distributed among at least four mechanistically distinct
classes (67). Little is known about the susceptibility to and
potential functional influence of S-nitrosylation across E3
enzymes (or for that matter, E1 and E2 enzymes, which pos-
sess reactive, active site Cys thiols). The possible roles of
S-nitrosylation in regulating ubiquitylation-mediated sig-
naling that is at least partly independent of substrate turn-
over also remain unexplored.

Cys-based Redox Modifications (Glutathionylation,
Sulfhydration, and Alternative Cys Oxidations)

In addition to S-nitrosylation, Cys residues in proteins may
undergo a variety of redox-based modifications and electro-
philic substitutions (68, 69). There is strong evidence and a
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structural rationale to suggest that oxidative modifications of
thiol are not in general functionally interchangeable (8, 69), and
a molecular code for redox based-regulation has been enter-
tained (70). The extent to which particular modifications con-
vey physiological signals is an area of active investigation (69).
To date, physiological roles for the modification of Cys residues
by the formation of sulfinic acid and glutathione mixed disul-
fide are best established in the context of cellular proliferation
and differentiation, acting through inhibition of phosphatases
(69, 71), but recent examples of regulation of members of other
classes of proteins, as in activation of the ATM (ataxia telangi-
ectasia mutated) protein kinase by hydrogen peroxide-medi-
ated disulfide-linked dimerization (72), may portend a far wider
purview. Crosstalk among S-nitrosylation and alternative redox
modifications may be predicted because 1) in general, S-ni-
trosylation will prevent further oxidation of protein thiols (27,
73); 2) S-nitrosylation may catalyze disulfide formation
between vicinal thiols within or between proteins at active or
allosteric sites (74), although the physiological relevance of
accelerated disulfide formation is not well established; and 3)
S-nitrosylation may enhance glutathionylation (75, 76) or sulf-
hydration of the S-nitrosylated Cys in specific instances where
structural features orient the S-NO to favor attack on sulfur. In
addition, S-nitrosylation will predictably regulate the activity of
oxidases and reductases that employ active site or allosteric
thiols to control both the production of redox-active second
messengers and the redox modifications of proteins that may
subserve signaling. One notable example is the inhibitory S-ni-
trosylation of peroxiredoxin 2 (77); the peroxiredoxins have a
recognized role in PTK-mediated signaling through regulation
of PTP activity (71). Exploration of interplay and crosstalk
between S-nitrosylation and alternative redox-based and elec-
trophilic modifications of protein Cys residues will assume
increasing importance with the establishment of physiological
roles for alternative modifications in cell signaling (Table 1).
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