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Abstract

Significance: Protein S-nitrosylation, the oxidative modification of cysteine by nitric oxide (NO) to form protein
S-nitrosothiols (SNOs), mediates redox-based signaling that conveys, in large part, the ubiquitous influence of NO
on cellular function. S-nitrosylation regulates protein activity, stability, localization, and protein–protein
interactions across myriad physiological processes, and aberrant S-nitrosylation is associated with diverse
pathophysiologies.
Recent Advances: It is recently recognized that S-nitrosylation endows S-nitroso-protein (SNO-proteins) with
S-nitrosylase activity, that is, the potential to trans-S-nitrosylate additional proteins, thereby propagating SNO-
based signals, analogous to kinase-mediated signaling cascades. In addition, it is increasingly appreciated that
cellular S-nitrosylation is governed by dynamically coupled equilibria between SNO-proteins and low-molecular-
weight SNOs, which are controlled by a growing set of enzymatic denitrosylases comprising two main classes
(high and low molecular weight). S-nitrosylases and denitrosylases, which together control steady-state SNO
levels, may be identified with distinct physiology and pathophysiology ranging from cardiovascular and respi-
ratory disorders to neurodegeneration and cancer.
Critical Issues: The target specificity of protein S-nitrosylation and the stability and reactivity of protein SNOs
are determined substantially by enzymatic machinery comprising highly conserved transnitrosylases and deni-
trosylases. Understanding the differential functionality of SNO-regulatory enzymes is essential, and is amenable to
genetic and pharmacological analyses, read out as perturbation of specific equilibria within the SNO circuitry.
Future Directions: The emerging picture of NO biology entails equilibria among potentially thousands of
different SNOs, governed by denitrosylases and nitrosylases. Thus, to elucidate the operation and consequences
of S-nitrosylation in cellular contexts, studies should consider the roles of SNO-proteins as both targets and
transducers of S-nitrosylation, functioning according to enzymatically governed equilibria. Antioxid. Redox
Signal. 30, 1331–1351.
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Introduction

Reversible post-translational protein modifications
are essential regulators of cellular function. Oxidative

modifications of cysteine (Cys) thiols provide a mechanism
for redox-based control of protein activity. Generally, re-
versible Cys modifications subserve signaling functions
whereas irreversible modifications result in loss of regulatory

control (76, 173). Reversible Cys modifications include Cys
sulfenylation (S-OH), S-glutathionylation (S-SG), and S-
nitrosylation (S-NO). Chief among these modifications with
respect to prevalence and demonstrated physiological sig-
naling functions is S-nitrosylation, a covalent modification
in which a nitric oxide (NO)-derived group is attached to a
Cys thiol to generate an S-nitrosothiol (SNO), providing a
ubiquitous mechanism for cellular signaling. NO was first

1Institute for Transformative Molecular Medicine, Case Western Reserve University, Cleveland, Ohio.
Departments of 2Biochemistry and 3Medicine, Case Western Reserve University, Cleveland, Ohio.
4Harrington Discovery Institute, University Hospitals Cleveland Medical Center, Cleveland, Ohio.

ANTIOXIDANTS & REDOX SIGNALING
Volume 30, Number 10, 2019
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2017.7403

1331



identified as the endothelium-derived relaxing factor and was
demonstrated to vasodilate blood vessels through activation of
guanylyl cyclase to produce the second messenger cyclic GMP
(cGMP) (82, 126, 141). However, it is now understood that NO
exerts the majority of its biological influence through protein
S-nitrosylation, affecting myriad cellular processes in physi-
ology and pathophysiology, including the regulation of both
activation and deactivation of guanylyl cyclase (3, 53, 58, 76,
117, 161). Thus, NO may be viewed as the prototypic redox-
based signal.

NO is predominantly generated by nitrate reductases in
microbes and plants and by three isoforms of NO synthase
(NOS) in mammalian cells: neuronal NOS (nNOS; NOS1),
inducible NOS (iNOS; NOS2), and endothelial NOS (eNOS;
NOS3). In principle, SNOs can initially form via multiple
chemical routes that formally entail a one-electron oxidation,
including reaction of NO with thiyl radical, transfer of the NO
group from metal-NO complexes to Cys thiolate, or reaction
of Cys thiolate with nitrosating species generated by NO
auto-oxidation, exemplified by dinitrogen trioxide (N2O3)
(60). However, the emerging evidence favors a primary role
for metalloproteins in catalyzing de novo S-nitrosylation in
situ (5, 26, 61, 119, 165), including under both aerobic and
anaerobic conditions. The NO group can then transfer be-
tween donor and acceptor Cys thiols via trans-S-nitrosylation
(198), which likely acts as a primary mechanism for S-
nitrosylation in physiological settings. S-nitrosylation occurs
both in proteins, producing S-nitroso-proteins (SNO-proteins),
and in low-molecular-weight (LMW) thiols, including
glutathione (GSH) and coenzyme A (CoA), generating S-
nitrosoglutathione (GSNO) and S-nitroso-coenzyme A
(SNO-CoA), respectively (2, 21). Protein and LMW-SNOs
exist in thermodynamic equilibria, which are governed by
the removal of SNO-proteins by SNO-protein denitrosylases
(namely thioredoxin [Trx] 1/2 and thioredoxin-related protein
of 14 kDa [Trp14]) or of LMW-SNOs by GSNO and SNO-
CoA metabolizing activities (Fig. 1). In effect, NO-based
signal transduction is represented by equilibria between
LMW-SNOs and protein SNOs, and between SNO-proteins
linked by transnitrosylation. Enzymatic governance of these
equilibria, therefore, provides a basis for the regulation of
NO-based signal transduction.

SNO Specificity

It is well established that protein S-nitrosylation exhib-
its remarkable spatiotemporal specificity in the targeting of
protein Cys residues (44, 76, 97). Physiological amounts of
NO typically target one or few Cys within a protein and this is
sufficient to alter protein function and associated physiology
or pathophysiology (39, 77, 166). It has emerged as a general
rule that S-nitrosylation and alternative S-oxidative modi-
fications, in particular those mediated by reactive oxygen
species, most often target separate populations of Cys and,
whether the same or different Cys are targeted, exert disparate
functional effects (67, 165). Thus, proteomic analyses of Cys
modifications have revealed that, under physiological condi-
tions, there is little overlap between different redox-based Cys
modifications (45, 67). Functional specificity is well illustrated
in the case of the bacterial transcription factor OxyR, in which
S-nitrosylation versus oxygen-based oxidative modification of
a single, critical Cys activates distinct regulons (94, 165). Also,

in the case of mammalian hemoglobin (Hb), S-nitrosylation
versus oxidative modification of the same, single Cys mediate
vasodilation and vasoconstriction, respectively (142). How-
ever, S-nitrosylation and alternative oxidative modifications
may also target distinct Cys to exert coordinated effects as in

FIG. 1. Coupled, dynamic equilibria that govern protein
S-nitrosylation are regulated by enzymatic denitrosylases.
(A) SNO-proteins are in equilibrium with LMW-SNOs and can
further participate in protein-to-protein transfer of the NO group
(trans-S-nitrosylation) to subserve NO-based signaling. (B)
Transnitrosylation by both identified LMW-SNOs (G, gluta-
thione; CoA, coenzyme A; Cys, cysteine) and SNO-proteins
will result in distinct sets of SNO-proteins that mediate specific
SNO signaling cascades. (C) Distinct enzymatic denitrosylases
regulate the coupled equilibria that confer specificity to SNO-
based signaling. These include GSNORs and SNO-CoA re-
ductases, which regulate protein S-nitrosylation by GSNO and
SNO-CoA, respectively. These LMW-SNOs are in equilibrium
with cognate SNO-proteins. In contrast, Trxs directly deni-
trosylate SNO-proteins. The reaction schemes illustrated are
detailed in the Enzymatic Denitrosylation section. GSNO, S-
nitrosoglutathione; GSNORs, GSNO reductases; LMW-SNOs,
low-molecular-weight S-nitrosothiol; NO, nitric oxide; SNO,
S-nitrosothiol; SNO-CoA, S-nitroso-coenzyme A; SNO-protein,
S-nitroso-protein; Trx, thioredoxin.
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the case of the ryanodine receptor/Ca2+-release channel (RyR)
of mammalian skeletal muscle (RyR1), where S-nitrosylation
of a single critical Cys and O2-based oxidation of a distinct
set of Cys work in concert to activate Ca2+ release from the
sarcoplasmic reticulum (SR) (49, 50, 179, 180, 205). There are
a variety of mechanisms implicated in targeting S-nitrosylation
of specific protein substrates and Cys residues within target
proteins.

Acid-base and hydrophobic motifs

A role for an acid-base motif in determining the specificity
of protein S-nitrosylation was first suggested by the analysis
of S-nitrosylation of Cysb93 of Hb (176). In this model, a
histidine residue proximal to Cysb93 in the oxygenated, R-
state of Hb facilitates base-catalyzed S-nitrosylation whereas
a proximal aspartic acid residue in the deoxygenated T-state
facilitates acid-catalyzed denitrosylation, coupling oxygen-
ation status of Hb to SNO formation and release in the re-
spiratory cycle (72, 176). Thus, close proximity of charged
acidic and basic side chains would regulate S-nitrosylation by
influencing both thiol pKa (and, thus, reactivity) and SNO
stability. Subsequent analysis suggested a more general acid-
base motif, (K,R,H,D,E)C(D,E), where proximity of the acidic
residue (D,E) is crucial (176). Acid-base motifs may also
emerge from protein tertiary structure, as demonstrated for
methionine adenosyltransferase (MAT) (143). S-nitrosylation
of Cys121 of MAT is facilitated by distal primary sequence
residues that are brought into proximity of Cys121 by tertiary
protein structure: Arg357 and Arg363, which lower Cys121
pKa (143). Tertiary structure-derived acid-base motifs have
also been shown to direct S-nitrosylation in caspase-3 and
aquaporin-1 (77).

It is important to note that the mechanisms through which
acidic and basic side chains direct protein S-nitrosylation are
not restricted to control of target thiol pKa. In the case of
MAT, Asp355 is proximate in tertiary structure to the target
Cys121, and the acidic side chain of Asp355 promotes do-
nation of an NO group from GSNO (143). Similarly, Savidge
et al. (160) identified a conserved acid-base motif in the Cys
protease domain of Clostridium difficile exotoxins TcdA and
TcdB, in which tertiary structure brings Glu743 and His653
in proximity to catalytic Cys698 of TcdB. Mutation of Glu743
diminishes S-nitrosylation of Cys698, likely by altering the
ability of GSNO to bind in a transnitrosylating orientation. A
modified acid-base motif (that included hydrophobic ele-
ments) to predict GSNO-mediated protein S-nitrosylation was
proposed for the bacterial transcription factor OxyR, based on
oriented GSNO binding (76, 94). Docking analysis of multiple
proteins has confirmed GSNO binding sites that likely medi-
ate protein S-nitrosylation (76, 112). An expanded acid-base
motif, representing acids and bases within 8 Å of sites of S-
nitrosylation, has also been implicated in protein–protein
interactions that may subserve transnitrosylation, as described
later (112).

Hydrophobic environments, including membranes or those
generated by protein structure and/or protein–protein inter-
actions, can facilitate the formation of protein SNOs (77).
Regions of hydrophobicity within a protein can provide sites
of micellar catalysis by concentrating NO and O2, thereby
promoting formation of nitrosating species, as was demon-
strated for SNO-albumin, or may channel NO to target thiols,

as was hypothesized for the transfer of NO from heme iron
to Cys thiol in Hb (77, 107, 128, 151). Conceivably, in-
teractions with transition metal (iron) nitrosyls within (or
adjacent to) hydrophobic regions can also mediate protein
S-nitrosylation, as in the cases of non-heme dinitrosyl iron
complexes (26, 45, 76). Radical nitrosylating species may
also be stabilized in hydrophobic compartments, promoting
S-nitrosylation (60, 76). Hydrophobicity might play a role in
S-nitrosylation of cyclooxygenase 2 (COX-2), Src kinase, and
tubulin at solvent-inaccessible Cys (3, 4, 44, 73, 93, 130). The
importance of local hydrophobicity is exemplified by RyR1, in
which one of fifty free Cys is targeted for S-nitrosylation and
that Cys lies within a hydrophobic calmodulin-binding region
(50, 179).

Proteomic analyses of S-nitrosylation sites have ex-
panded our understanding of the role of motifs in targeting
S-nitrosylation, in particular by pointing to the potential
importance of residues that are more distal in primary se-
quence to the targeted SNO-Cys and therefore of trans-
S-nitrosylative interactions between target proteins and
both SNO-proteins and LMW-SNOs (Table 1). Probing of
dbSNO 2.0 identified enrichment of charged amino acids in
the primary sequence and tertiary structure near SNO-Cys
(35). Greco et al. (70) found evidence of a primary sequence
acid-base motif in SNO-proteins when the sequence was
expanded to include residues -6 and +6 from the target Cys,
and they identified SNO-Cys within hydrophobic regions
of proteins. Analysis of the endogenous mouse liver pro-
teome identified a linear acid-base motif around SNO-Cys
and showed preferential location at accessible surfaces
of a-helices and coils (45). The conformational flexibility
of these secondary structures coupled with the presence of
charged residues would aid in protein–protein interactions
or protein–LMW thiol interactions to facilitate trans-
nitrosylation. Marino and Gladyshev (112) analyzed 70
known SNO-Cys sites and provided a spatially expanded
acid-base motif within 8 Å of the target Cys that might
facilitate SNO-forming interactions. SNO site analysis of a
dataset derived from treatment with S-nitrosylating agents
(34) confirmed acid-base motifs while also emphasizing
the importance of local hydrophobicity, and it correlated
acid-base motifs with a-helices and hydrophobic motifs
with b-sheets. It also identified a role for the +2 position in
mediating protein–protein interactions, a position indepen-
dently shown to facilitate the interaction of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and sirtuin 1 (SIRT1)
for transnitrosylation (96). Lee et al. (99) identified a linear
hydrophobic motif and mutagenic analysis eliminated S-
nitrosylation in some motif-containing proteins, validating
its predictive power. Recently, Jia et al. (90) identified a
mixed acid/base and hydrophobic motif that is recognized
by the cognate transnitrosylase S100A9. Specifically, a com-
plex of iNOS and S100A8/A9 targets proteins with the motif
(I,L)XCXX(D,E) for transnitrosylation by S100A9. Introduc-
tion of the SNO motif into naive proteins conferred targeting
by S100A8/9 (90).

In sum, work identifying protein S-nitrosylation motifs
demonstrates multiplex determination of the basis of speci-
ficity: Charged residues or local hydrophobicity may influence
Cys reactivity or may facilitate protein–protein and protein–
LMW thiol interactions to target Cys for S-nitrosylation/trans-
S-nitrosylation, and these determinants can arise from primary,
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tertiary, or quaternary structure; whereas thiol pKa is not
necessarily predictive of S-nitrosylation (45, 112). It is
important to note that, in general, the emerging centrality
of transnitrosylation implies an important role for protein
tertiary structure that determines solvent accessibility/
surface exposure of target thiols, which will not be captured by
motifs based on primary sequence or secondary structure per
se. The multiplex determination of S-nitrosylation, thus, un-
derlies the specificity of SNO formation that allows it to act as
a broad signaling mechanism. Indeed, computational analysis
of the annotated protein data-bases using predicted SNO mo-
tifs indicates that *70% of the proteome may be targeted by
S-nitrosylation, mainly at conserved Cys residues (1). How-
ever, proteomic analysis of endogenous SNO sites, rather than
those from samples treated with RSNO donors (as has gener-
ally been the case) may provide a more physiological picture
of predictive motifs, inasmuch as supra-physiological amounts
of RSNO donors may S-nitrosylate Cys that would not be
targeted physiologically or may catalyze higher oxidation
states that would not occur in vivo.

Interaction with NOSs

Compartmentalization of substrates for S-nitrosylation
with an NOS, which may entail their interaction with NOS
either directly or through scaffolding proteins, provides a
mechanism for specific targeting. High local concentrations
of NO may promote the formation of nitrosating species
(such as N2O3) (69). Intriguingly, each isoform of NOS is
S-nitrosylated, potentially through metal auto-catalysis,
and may therefore act as a transnitrosylating partner for
scaffolded proteins, either directly or via formation of
LMW-SNOs (47, 48, 120, 147, 153, 174). NOS expression is
specific at the level of organs, cells, and subcellular com-
partments (191). In the heart, nNOS is localized to the SR
whereas eNOS is localized to caveolae; consequently, nNOS
regulates RyR2 S-nitrosylation, and eNOS regulates L-type
Ca2+ channel S-nitrosylation to affect protein activity and
myocyte contractility (9, 102). Localization of eNOS to the
Golgi generates a local NO pool that is capable of targeting
S-nitrosylation to compartmentalized proteins, and addition

Table 1. S-Nitrosylation Motif Elements from S-Nitrosothiol-Proteome Analysis

Source
Motif SNO

sites/total SNO sites Motif element
Proposed

motif function Identified linear motifa Refs.

Curated list of
NO-regulated proteins

18/27 Charged residues Alter thiol reactivity (K,R,H,D,E)C(D,E) (176)

Curated list
of SNO-proteins

69/72 Charged residues
(at 8 Å)

Facilitate interactions — (112)

45/72 Solvent exposure —
Endogenous mouse liver *216/309 Acidic residues Facilitate interactions DC

CXXE
(45)

*57/142 a-Helices Facilitate interactions
37/309 GC couplet — GC

Solvent exposure —
Cys-SNO- or

PAPANO-treated
HASMCs

16/18 Charged residues Alter thiol reactivity (E,D)XXXC
(E,D)XXC
CX(K,H,R)

(70)
3/18 Hydrophobicity —

SNO-Cys in peripheral
blood monocytes

5/19 Charged residues Transnitrosylation
(by S100A8/A9)

(I,L)XCXX(D,E) (90)
Hydrophobicity

SNAP-treated MS-1 cells 200/586 Charged residues — (D,E)XXXC
CX(K,R,H) (a-helix)
CX(E) (a-helix)

(34)

261/586 Hydrophobicity Facilitate interactions CX(V,I,L) (b-sheet)
CXXXI
IXXXC
VXXC
CXA

Alter thiol reactivity

20/586 CXG
60/586 CXT

GSNO-treated proteins 80/138 Hydrophobicity — (A,V,L,I)(A,V,L,I)XXXC (99)
Cys-SNO or LPS

treatment of BV-2 cells
Charged residues — KXXXXXC

CXXXXXD
KXC

(146)

Hydrophobicity — AXC
CXXXXXI
MXXC

dbSNO 2.0 1079/1250 (Human) Charged residues — Numerous motifs (35)
2315/2647 (Mouse)

aIdentified linear motifs do not necessarily account for all SNO sites identified as exemplifying a motif element. Cys residues (C) that are
the sites of S-nitrosylation are bolded for emphasis.

Cys-SNO, S-nitroso-cysteine; GSNO, S-nitrosoglutathione; HASMC, human aortic smooth muscle cells; LPS, bacterial lipopolysac-
charide; NO, nitric oxide; PAPANO, propylamine propylamine NONOate; SNAP, S-nitroso-N-acetyl-penicillamine; SNO, S-nitrosothiol;
SNO-protein, S-nitroso-protein.
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of a nuclear localization signal to eNOS increases nuclear
S-nitrosylation (86). The finest grain of compartmentation is
represented by the binding to separate regions of an indi-
vidual target protein by different NOSs that results in the S-
nitrosylation of different Cys (unpublished observations).

Numerous NOS–protein interactions have been demon-
strated to target protein S-nitrosylation, either through direct
interaction with the target protein or through a protein scaf-
fold. nNOS scaffolds with the N-methyl-d-aspartate receptor
(NMDAR) through postsynaptic density protein 95 (PSD-
95); calcium flux through the NMDAR activates nNOS to
target both NMDAR and PSD-95 for S-nitrosylation (27, 38,
78, 95). The scaffold protein carboxyl-terminal PDZ ligand
of neuronal nitric oxide synthase protein (CAPON) mediates
the interaction of nNOS and the G-protein Dexras1 to tar-
get Dexras1 S-nitrosylation (51). nNOS can bind directly
and S-nitrosylate glucokinase in pancreatic b-cells, coupling
insulin-stimulated NO production to glucokinase activity
(155). After stimulation of the b2-adrenergic receptor, eNOS
interacts with and S-nitrosylates b-arrestin 2 (b-arr2), G-
protein-coupled receptor kinase 2 (GRK2), and dynamin
to regulate b2-adrenergic receptor trafficking (72, 136, 193,
197). iNOS directly binds and activates COX-2 via S-
nitrosylation of a single Cys residue (93). Jia et al. (90)
merged the concepts of NOS scaffolding and NO targeting. A
complex including iNOS and S100A8/A9 provides both a
source of NO and a mechanism for targeted transnitrosylation
by S100A9 of multiple proteins with the motif I/L-X-C-X2-
D/E. Interestingly, S100A9 expression is increased in mouse
liver lacking a key denitrosylase, potentially identifying
crosstalk between transnitrosylating and denitrosylating
pathways (135). The co-localization of NOSs with target
proteins, through either subcellular compartmentalization or
protein–protein interactions, is thus an important mecha-
nism in achieving S-nitrosylation specificity and, in some
cases, may initiate transnitrosylation cascades to subserve
NO signaling.

SNO Stability and Reactivity

Cellular SNO-protein levels are governed by rates of both
S-nitrosylation and denitrosylation. SNOs are readily de-
tected in situ under basal conditions, and some protein SNOs
are stable in the presence of NOS inhibitors; further, protein
S-nitrosylation increases on inhibition of denitrosylases, in-
dicating that steady-state S-nitrosylation is a function of de-
nitrosylase activity (i.e., enzymatic breakdown) (2, 22, 56,
57, 68, 79, 87, 109, 111) (Fig. 2). Formally, RSNO decom-
position may occur through a variety of mechanisms. Redu-
cing agents, metal ions, heat, ultraviolet light, reactive
oxygen species, and nucleophiles can mediate SNO decom-
position through homolytic and heterolytic cleavage of the
SNO bond to radical or ionic species (6, 175). Homolytic
bond dissociation energies of RSNOs have been estimated
between 20 and 32 kcal/mol, corresponding to spontaneous
decomposition rates of seconds to years; since endogenous
SNO probably trend toward the upper end of this range, ho-
molysis is unlikely to be physiologically relevant (14, 175,
194). Although free metals, in particular Cu2+, can rapidly
decompose RSNOs in vitro, metals are often sequestered
in vivo and probably do not contribute appreciably to phys-
iological denitrosylation (198). Thiols are abundant in cells

and can react with SNOs to initiate NO transfer between
thiols (primary reaction channel) or facilitate NO release and
disulfide formation (in some cases). Both mechanisms are
utilized by enzymatic denitrosylases to reduce SNO-proteins
(Fig. 1 and vide infra), providing the principal physiological
means of denitrosylation. This section discusses control of
SNO stability and reactivity before considering enzymatic
mechanisms for protein denitrosylation, which predominate
in situ and are required for physiological signaling.

RSNO bond chemistry

Initial studies on the stability of LMW RSNOs highlighted
the importance of the R-group in RSNO stability. Electron-
withdrawing R-groups (SNO-destabilizing) inhibited Bacillus
cereus spore outgrowth compared with electron-donating R-
groups (SNO-stabilizing) (125, 173). Primary and secondary
RSNOs decomposed rapidly whereas tertiary RSNOs, such as
S-nitroso-N-acetyl-penacillamine (SNAP), were stable almost
indefinitely and could be isolated for storage (175). Roy et al.
(159) proposed a model in which tertiary RSNOs prefer
a resonance structure with S = N double-bond character,
increasing the strength of the S-N bond and reducing NO
lability. However, a kinetic (rather than thermodynamic)
basis for ‘‘stability’’ of tertiary RSNOs is likely: The bulky
R-group of tertiary RSNOs sterically hinders reactivity (7,
13, 14, 132). Indeed, primary and tertiary SNOs adopt planar
cis or trans conformations, respectively, with the cis confor-
mation slightly favored thermodynamically over trans (13). A
large energy barrier to interconversion between conformers is

FIG. 2. Steady-state protein S-nitrosylation reflects
denitrosylase activity. (A) In cultured human embryonic
kidney cells, suppression of Trx-mediated denitrosylation
with the TrxR inhibitor auranofin results in greatly en-
hanced steady-state levels of SNO-proteins (as detected by
the SNO-RAC method) (57). (B) After induction of iNOS
by systemic administration of bacterial lipopolysaccharide
(LPS), steady-state levels of hepatic SNO-protein are
greatly increased in the genetic absence of GSNOR [as
assessed by photolysis-chemiluminescence; modified from
Liu et al. (106)]. iNOS, inducible nitric oxide synthase;
TrxR, thioredoxin reductase.

SNO SPECIFICITY AND REGULATION 1335



consistent with the S = N double bond character (7), but
such conformational restraints, which limit bond flexibility
(to increase stability), may apply to either primary or ter-
tiary RSNOs. By contrast, non-planar orientations of
RSNO are intrinsically less stable. Hydrogen bonding and
other interactions, as may occur in proteins, may also in-
fluence SNO stability. Thus, the protein R-group might
affect protein SNO stability and reactivity through a variety
of mechanisms.

Recently, Paige et al. (138) demonstrated that a subset of
proteins S-nitrosylated by GSNO in cell lysates were rela-
tively resistant to denitrosylation by GSH, pointing to chan-
ges in protein conformation that altered target Cys-SNO
accessibility or SNO bond chemistry. Similarly, treatment
of spinal cord explants with GSNO resulted in the formation
of SNO-proteins and individual SNO-proteins were deni-
trosylated at substantially different rates after subsequent
addition of GSH (158). The crystal structure of S-nitroso-
hemoglobin (SNO-Hb) (32) has provided important struc-
tural insights into SNO stability. Within the R-state of Hb,
Cysb93-SNO is buried in a hydrophobic pocket that is in-
accessible to solvent, thereby promoting stability; subsequent
de-oxygenation of Hb and transition to the T-state expose
SNO to the aqueous environment, facilitating liberation of
the NO group for vascular bioactivity (91, 118). More gener-
ally, S-nitrosylation of proteins may alter charge distribution
surrounding the target Cys, which may modulate protein–
protein or protein–LMW thiol interactions to affect SNO
stability and reactivity (112, 152).

SNOs may accept electrons and participate in various in-
teractions with the protein backbone (32, 76). The protein R-
group may thus influence the nature of the SNO moiety, in-
cluding the S-N bond itself. Despite demonstrated planarity
of the SNO group in crystal structures of small-molecule
RSNOs (which suggests S-N double bond character), the S-N
bond in most RSNOs (1.75–1.80 Å) is longer than usual
(7, 43, 63), consistent with the propensity for transni-
trosylative reactions (Fig. 3). Various interactions with atoms
of the SNO group may alter transnitrosylation kinetics. Metal
or Lewis acid coordination with sulfur destabilizes RSNOs
and promotes decomposition; coordination with nitrogen or
oxygen stabilizes RSNOs (8, 144). Timerghazin et al. (188)
proposed a resonance model of the RSNO bond that predicts
three structures: the putative RSNO resonance structure with
an S-N single-bond, a zwitterionic structure with an S = N
double-bond, and a novel ionic structure in which the RSNO
is represented as a non-bonded ion pair. This model provides a
framework for understanding SNO-thiol reactions, chiefly
the propensity for trans-S-nitrosylating or S-thiolating re-
actions to occur: Interactions favoring electrophilicity at the
nitrogen atom would promote transnitrosylation reactions,
likely through nitroxyl disulfide (SNO2) formation (80);
conversely, interactions favoring sulfur atom electrophi-
licity would preference S-thiolation (disulfide forming) re-
actions (Fig. 3). Proteins, therefore, could exert a high
degree of control over SNO-thiol reactions through the in-
teraction of charged residues with the SNO bond or by
modulating the local chemical environment (183). In this
sense, the reactive fate of the SNO-Cys is dictated by the local
environment, with protein structure and characteristics of the
aqueous milieu determining whether the SNO-protein–thiol
reaction will be trans-S-nitrosylative or S-thiolative. Em-

pirically and thermodynamically, the general case strongly
favors trans-S-nitrosylation, as discussed in the following
section.

Protein SNO–thiol reaction bias

The identification of an increasing number of Cys-to-Cys
transnitrosylases has established a critical role for transni-
trosylation in NO-based signaling (3, 37, 90, 96, 142). En-
zymatically targeted S-nitrosylation may rationalize empirical
evidence that transnitrosylation reactions of RSNO pre-
dominate under physiological conditions. Mechanistically,
activation barriers for thiolate attack at the N atom (in SNO)
are reportedly lower than barriers for attack at the S atom,
and transnitrosylation products are predicted to be more
thermodynamically favorable (55). Reaction of thiolate
with the S atom of RSNO generates the nitroxyl anion (NO-)
leaving group, which is a spin-forbidden reaction; condi-
tions conducive to nitroxyl (HNO) generation, which would
be required to make this energetically favorable (12, 85, 181,
186), may be disfavored by physiologically relevant proteins.
By contrast, the model reaction of GSNO with GSH in vitro
supposes both N- and S-directed thiolate attack to rationalize
myriad observed products; however, the control exerted by
protein R-groups on SNO-generating thiol reactions is absent
in this model, and low-yield S-directed reactions are observed
because of high reactant concentrations (167, 200). Reaction
of GSNO with an engineered protein nanopore primarily re-
sulted in transnitrosylation reactions at physiological pH (36).
In addition, SNAP does not participate in S-thiolation reac-
tions, likely due to R-group steric hindrance (36).

FIG. 3. Differential RSNO reactivity. By default (middle
scheme), a partial negative charge exists on the S atom of
the SNO bond; a partial positive charge exists on the N atom.
This intrinsically favors transnitrosylative reactions. Positive
charge coordination with the S atom or negative charge co-
ordination with the N or O atom would further increase
electrophilicity of the N atom, enhancing the propensity for
transnitrosylation (top). In contrast, negative charge coordi-
nation with the S atom or positive charge coordination with
the N or O atom would increase electrophilicity of the S
atom, preferencing S-thiolation reactions (bottom).
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SNO sites do not overlap S-oxidation sites

Examination of the endogenous SNO-proteome has
provided information regarding the overlap between S-
nitrosylation and other S-oxidative modifications at a given
Cys. Doulias et al. (45) identified 328 SNO-Cys, none of
which overlapped with Cys that participate in disulfide-bond
formation or were S-glutathionylated. Gould et al. (67) also
found minimal overlap between SNO-Cys and annotated
disulfide bonds, consistent with predictions based on struc-
tural analysis that SNO-Cys were highly unlikely to undergo
disulfide formation. Although S-nitrosylation might, in
principle, promote S-glutathionylation, eNOS-deficient mice
exhibited little change in the S-glutathionylation proteome
(67, 116). The case of RyR1 is illustrative. It possesses *100
Cys residues, many of which are subject to oxidation in vivo.
However, only one is modified by S-nitrosylation and that
Cys is not included among those oxidized to either disulfide
or sulfenic acid (180). Vicinality may provide a unique context
in which S-thiolation reactions are preferred due to high lo-
calized thiol molarity (6), and, indeed, disulfide bond forma-
tion within some proteins can be catalyzed by S-nitrosylation
(6, 62, 110). Nonetheless, it should be noted that examples of
NO-catalyzed disulfide formation by endogenous NO (i.e.,
physiological amounts as opposed to high concentrations
of NO donors) have, to the best of our knowledge, not been
reported. Moreover, current methods of detection are un-
able to distinguish between disulfide bonds and SNO2, and,
thus, some putative S-nitrosylation-catalyzed disulfides
could instead represent SNO2s. Taken together, current data
suggest that physiological SNOs exist primarily as a distinct

population, and a confluence of protein-mediated interactions
and protein-driven influence on SNO (versus thiol) reactivity,
exemplified in protein transnitrosylation reactions, achieves
specificity for SNO-based modifications (among the different
oxidative Cys modifications) and determines SNO reactivity.
As an illustrative example of multiple determination, the in-
teraction between the anion exchange protein 1 (AE1) and
SNO-Hb, which results usually in transnitrosylation of AE1
(N-directed attack), leads instead to disulfide formation (S-
directed attack) after disruption of the native orientation
between SNO in Hb and thiol in AE1 (142).

Enzymatic Denitrosylation

Because protein S-nitrosylation is a ubiquitous post-
translational modification that operates across cell types and
phylogeny to convey the influence of NO, the requirement for
enzymatic machinery governing SNO-protein denitrosylation
is evident. Presently, two major classes of denitrosylating
enzymes comprising seven proteins have been identified:
SNO-protein denitrosylases, typified by the Trx system, and
LMW-SNO denitrosylases, including the GSNO reductase
(GSNOR) and SNO-CoA reductase (SNO-CoAR) systems
(Table 2). Additional denitrosylase activities have been
reported (21), which remain to be validated under physio-
logical conditions.

The Trx system

The Trx system was initially identified as a major com-
ponent of cellular redox homeostasis through its role as a

Table 2. Targets of Enzymatic Denitrosylation

Denitrosylase Target

High-molecular-weight denitrosylases
Trx1 Caspase-3 (20), Caspase-8 (163), Caspase-9 (20), PTP1B (20), NF-jB (92), NSF (84), iNOS (17),

nNOS (147), MEK1 (17), STAT3 (17), PRMT1 (17), PA28b (17) GAPDH (31), Actin (187),
Annexin-1 (22), 14-3-3h (22), *50 proteins (22), >400 proteins (17), >500 proteins (18)

Trx2 Caspase-3 (20)
Trp14 Caspase-3 (137), Cathepsin B (137)

Low-molecular-weight denitrosylases
GSNO reductases
GSNOR GRK2 (197), b-arrestin 2 (136), RyR1 (123), RyR2 (16), PLN (83), NCX (83), Actin (83), TPM (144),

cTnC (144), cTnI (144), LTCC (144), SERCA2a (144), MYBPC3 (144), HIF-1a (103), PPARc (30),
Cx43 (178), AGT (195), Apaf-1 (29), c-Jun (29), HSF1 (29), CNA (29), CUGBP1 (29), NF-M (29),
Ras (115), TRAP1 (154), Stip1 (207), GAPDH (206), Caspase-6 (206), VDAC1 (206), *85 unique
proteins (206), *76 unique proteins (39)

CBR1 No identified targets
SNO-CoA reductases
SNO-CoAR GAPDH (2)
Adh6 Erg10 (2), *15 proteins (2)

Headings are bolded for emphasis.
Adh6, alcohol dehydrogenase 6; AGT, O6-alkylguanine-DNA alkyl transferase; Apaf-1, apoptotic protease-activating factor 1; CBR1,

carbonyl reductase 1; c-Jun, transcription factor AP-1; CNA, a subunit of calcineurin; cTnC, cardiac troponin C; cTnI, cardiac troponin I;
CUGBP1, CUG triplet repeat, RNA binding protein 1; Cx43, connexin-43; Erg10, ergosterol biosynthesis protein 10; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; GRK2, G-protein-coupled receptor kinase 2; GSNOR, S-nitrosoglutathione reductase; HIF-1a,
hypoxia-inducible factor 1-alpha; HSF1, heat shock factor 1; iNOS, inducible nitric oxide synthase; LTCC, L-type calcium channel; MEK1,
mitogen-activated protein kinase kinase 1; MYBPC3, cardiac myosin binding protein C; NCX, sodium-calcium exchanger; NF-jB, nuclear
factor-jB; NF-M, neurofilament 160; nNOS, neuronal nitric oxide synthase; NSF, N-ethylmaleimide-sensitive factor; PA28b, proteasome
activator complex subunit 2; PLN, phospholamban; PPARc, peroxisome proliferator-activated receptor gamma; PRMT1, protein arginine
N-methyltransferase 1; PTP1B, protein tyrosine phosphatase 1B; RyR1, ryanodine receptor 1; SERCA2a, sarcoplasmic/endoplasmic
reticulum calcium ATPase 2; SNO-CoA, S-nitroso-coenzyme A; SNO-CoAR, S-nitroso-coenzyme A reductase; STAT3, signal transducer
and activator of transcription 3; TPM, tropomyosin; TRAP1, tumor necrosis factor type 1 receptor-associated protein; Trp14, thioredoxin-
related protein of 14 kDa; Trx1, thioredoxin 1; Trx2, thioredoxin 2; VDAC1, voltage-dependent anion-selective channel protein.
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disulfide reductase (40). The Trx system consists of Trx-1/2,
thioredoxin reductase (TrxR), and NADPH. Using a dithiol
active site (C-X-X-C), Trx1 reduces target protein disulfide
bonds with concomitant oxidation of Cys32 and Cys35 of
Trx1. Subsequent reduction of Trx1 by TrxR is coupled to
NADPH consumption, regenerating reduced Trx1. In addi-
tion to its role in disulfide reduction, the Trx system plays
a major role in SNO-protein denitrosylation (20, 164, 177).
Trx-dependent denitrosylation likely proceeds through:
(i) mixed disulfide formation via attack of the more nucle-
ophilic active site Cys (Cys32 in Trx1) on the sulfur of
the SNO bond, with release of nitroxyl anion (as HNO); (ii)
resolution of the mixed disulfide by the second active site Cys
to form oxidized Trx, and iii. reduction of Trx disulfide by
TrxR (20) (Fig. 4A). Support for this mechanism was found
in studies where Trx modified by mutation of the resolving
Cys was employed to ‘‘trap’’ target SNO-proteins (17, 19).
This analysis showed enhanced interaction of Trx with target
proteins under conditions of elevated NO or SNO, whereas
treatment with H2O2 (meant to oxidize proteins and form
disulfide bonds) resulted in comparatively little protein
trapping (17). These results indicate that SNO-proteins are a
critical cellular substrate for Trx. A proposed, alternative
initial step in Trx-mediated denitrosylation is transni-
trosylation from the target protein to the active site Cys of
Trx and subsequent release of nitroxyl anion (or HNO) (164,
177). Trx primarily exists in its reduced form due to TrxR
activity, which may facilitate its role as a denitrosylase. Trx
has also been reported to metabolize GSNO, but ineffi-
ciently, and a physiological role for this activity has not
been demonstrated (129, 177). The thioredoxin-interacting
protein (TXNIP) inhibits Trx denitrosylating activity; en-

dogenous NO relieves this inhibition by repressing TXNIP,
providing a mechanism to dynamically regulate Trx-
mediated protein denitrosylation in response to NO (56).

Numerous substrates for Trx-mediated denitrosylation
have been identified (Table 2). Constitutive and Fas-induced
SNO-caspase-3 denitrosylation in the cytosol and mito-
chondria was ascribed to cytosolic Trx1 and mitochondrial
Trx2, respectively (20, 111, 177). Trx also denitrosylates
nuclear factor-jB (NF-jB) after cytokine stimulation, further
illustrating the importance of stimulus-coupled denitrosyla-
tion in activation of immune signaling (92). Trx likely me-
diates denitrosylation of insulin signaling components in
adipocytes, a finding of particular importance since iNOS is
induced in obesity (134, 145). Proteomic analyses have
identified numerous proteins with a wide variety of cellular
functions as targets of Trx-mediated denitrosylation, aiding
in the elucidation of new roles for endogenous Trx-mediated
denitrosylation (17, 18, 22, 185, 203). Further, analysis of
targets of denitrosylation by Trx identified the motifs C-X5-K
and C-X6-K within targeted SNO-proteins (202).

In addition to its role as a denitrosylase, Trx1 has been
identified as a trans-S-nitrosylase (121). Trx1 in the oxidized
state is S-nitrosylated at Cys73, which mediates the S-
nitrosylation of caspase-3 and other targets, and uncouples
Trx1 transnitrosylase and denitrosylase activities (120, 122,
201). The stability of SNO-Trx is regulated by both Trx- and
GSH-mediated denitrosylation (164). Interestingly, charged
residues proximal to Cys73 are required for Trx transni-
trosylase activity, consistent with identified motif elements
facilitating transnitrosylation reactions (122). Additional
Trx1 transnitrosylation motifs have been proposed that in-
volve proximal alanine residues (201). Of note, quantitative

FIG. 4. Enzymatic mechanisms of protein denitrosylation. (A) Denitrosylation by Trx requires a direct interaction with
target SNO-proteins. Nucleophilic attack by an active Cys leads to mixed disulfide formation between Trx and target
proteins with liberation of NO as a nitroxyl anion (likely as HNO). The mixed disulfide is resolved by the second active site
Cys of Trx, generating oxidized Trx and reduced target protein thiol. Trx is subsequently reduced by TrxR and NADPH to
regenerate denitrosylating activity. (B) A common reaction scheme exists for the reduction of GSNO and SNO-CoA by their
cognate denitrosylases (GSNOR and SNO-CoA reductase). Hydride transfer from NAD(P)H to the N atom and protonation
of the O atom lead to an S-(N-hydroxy) intermediate that rearranges to sulfinamide. HNO, nitroxyl.
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mass spectrometry allows for the distinction between targets
of Trx-mediated S-nitrosylation and denitrosylation, and it
may aid in delineating their roles (203).

Trp14 was recently identified as having denitrosylating
activity toward GSNO and SNO-proteins, including caspase-3
and cathespsin B, and this activity was dependent on both
TrxR1 and NADPH (137). Future work will be necessary to
identify a role for Trp14 denitrosylating activity in vivo.
Similarly, protein disulfide isomerase (PDI) has been reported
to catalyze the denitrosylation of GSNO and SNO-PDI (169),
though an in vivo role for this activity has not been established.

LMW-SNO denitrosylases

Two of the most abundant LMW cellular thiols are GSH
and CoA. GSH is present in cells up to 10 mM and is con-
centrated in airway lining fluid, where endogenous GSNO
was first discovered (65); CoA levels significantly vary by
cellular compartment, with concentrations near 2.5 mM in
mitochondria and 0.05 mM in the cytosol (199). Both GSH
and CoA can interact with and denitrosylate target proteins
via transnitrosylation, generating GSNO and SNO-CoA, re-
spectively (Fig. 1). Metabolism of GSNO and SNO-CoA by
cognate denitrosylases (GSNOR; SNOCoAR) prevents fur-
ther transnitrosylating activity of these RSNOs, which are in
equilibrium with SNO-proteins. To date, GSNOR and car-
bonyl reductase 1 (CBR1) have been identified as mamma-
lian GSNORs (15, 89, 105), and GSNOR is conserved from
bacteria to humans; alcohol dehydrogenase 6 (Adh6) and
aldo-keto reductase 1A1 (AKR1A1) have been identified as
SNOCoARs in yeast and mammals, respectively (2). SNO-
Cys (162) and S-nitroso-homocysteine (33, 88) have also
been described as LMW-SNOs that may exist in equilibrium
with SNO-proteins to regulate protein S-nitrosylation, al-
though dedicated enzymatic mechanisms addressing these
LMW-SNOs have yet to be identified and their physiological
roles remain to be established.

The GSNOR system

Purification of NADH-dependent GSNO-metabolizing
activity identified alcohol dehydrogenase class III (ADH5 in
humans) as a phylogenetically conserved GSNOR (89, 105).
ADH5 is found in most tissues, with highest activity in the
liver (106). GSNO, the only SNO substrate for ADH5, rep-
resents the most efficient substrate for ADH5, and the en-
zyme was re-designated as GSNOR (89, 105, 106). GSNO
has been detected in human airways, but not in cells (65,
105), pointing to efficient metabolism by GSNOR. Reduction
of GSNO proceeds via hydride transfer from the NADH
cofactor to the nitrogen of the SNO bond with subsequent
solvent-derived protonation of the SNO oxygen atom to
generate an S-(N-hydroxy) intermediate that resolves to GSH
sulfinamide (89, 171) (Fig. 4B). Further, in the presence of
GSNOR, treatment of SNO-proteins with GSH in vitro di-
minishes SNO levels, and addition of NADH causes a sharp
decline in the levels of both SNO-proteins and LMW-SNOs
(GSNO) (22). Genetic deficiency of GSNOR increased
GSNO and SNO-protein levels in situ, indicating GSNO as a
physiological target of GSNOR in vivo. These findings
demonstrate that LMW-SNOs and SNO-proteins are in a
cellular equilibrium that is governed by GSNOR (39, 59,
105, 106, 206).

Regulation of GSNOR expression and activity is multi-
faceted and likely context dependent. Vascular endothelial
growth factor (VEGF) induces GSNOR messenger RNA
(mRNA) expression in lungs, which is reversed by NOS
inhibition (23). Treatment of hepatocytes with Cys-SNO
increased GSNOR activity by induction of GSNOR mRNA,
which might be transcriptionally mediated by Sp1 (108,
109). Interleukin-13 (IL-13) increased GSNOR expression
in bronchoalveolar lavage cells from asthmatic patients and
in A549 human lung carcinoma cells (114). GSNOR is also
regulated by miR-342-3p, which downregulates GSNOR
expression (150). S-nitrosylation of GSNOR might regulate
enzymatic activity allosterically: Increased S-nitrosylation
of GSNOR has been observed in mouse lungs and brain,
corresponding with an increase in GSNOR activity (28,
140). In contrast, treatment of purified Arabidopsis, human,
and yeast GSNOR with Cys-SNO inhibited GSNOR activity
through S-nitrosylation of an allosteric Cys, and this inhi-
bition was reversed by mutating Cys to alanine (71). The
site(s) of endogenous GSNOR S-nitrosylation have yet to
be identified, and the effect of in situ S-nitrosylation on
GSNOR enzymatic activity remains uncertain.

CBR1 is a member of a class of NADPH-dependent en-
zymes that mediate carbonyl reduction of both physiological
substrates and xenobiotics (133). CBR1 is a cytosolic protein
that metabolizes endogenous substrates, including prosta-
glandins, steroids, and lipid aldehydes, and plays a role in
detoxification of aldehydes during oxidative stress (15, 133).
The crystal structure of CBR1 confirmed the existence of
a GSH binding site, and CBR1 mediated as much as 30%
of NADPH-dependent GSNO reduction in lung cells (15).
Importantly, the NADPH:NADP+ ratio is usually >1,
whereas the ratio of NADH:NAD+ is <1 (15). Thus,
NADPH-dependent GSNO reduction by CBR1 and the re-
maining NADPH-dependent GSNOR(s) should play an im-
portant role in steady-state denitrosylation. Further, GSNO
might regulate the activity of CBR1 (74, 172). GSNO was
shown to reduce CBR1 activity, possibly by catalyzing S-
glutathionylation at C227 (172). Treatment with GSNO also
promoted formation of a disulfide between vicinal thiols C226
and C227 in CBR1, which altered substrate efficiency (74).
Whether these modifications occur in vivo with physiological
levels of GSNO remains to be seen.

GSNOR in physiology and pathophysiology

The physiological role of GSNOR-dependent S-ni-
trosylation/denitrosylation is best characterized in the car-
diovascular system. GSNOR-deficient (GSNOR knock-out
[GSNOR-KO]) mice have low systemic vascular resistance,
consistent with systemic vasodilation (16). Although blood
pressure may be maintained by increased cardiac output
under some conditions, GSNOR-KO mice are highly sus-
ceptible to hypotension, including that induced by anesthesia
(16, 106). Thus, GSNO is an endothelium-derived relaxation
factor (EDRF) in the classic use of the term.

Part of the cardiovascular influence of GSNOR is exerted
through the control by GSNOR of SNO-Hb levels within red
blood cells (RBCs). GSNOR-KO mice have elevated levels
of SNO-Hb within RBCs, which may contribute to cardio-
protection (104, 142). These findings are consistent with the
demonstration by Zhang et al. (208) of an essential role for
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SNO-Hb (SNO-bCys93) in hypoxic vasodilation, a critically
important mechanism to couple oxygen delivery to local
tissue oxygen demand. Mutant bCys93Ala mice are ischemic
at baseline and highly susceptible to cardiac injury and
mortality (209). In addition to enhanced levels of SNO-Hb,
GSNOR-KO mice are protected from cardiac injury by
virtue of increased capillary density (103). Increased S-
nitrosylation of hypoxia-inducible factor 1-alpha (HIF-1a)
in GSNOR-KO mice stabilizes HIF-1a under normoxia
by preventing its degradation by von-Hippel Lindau tumor
suppressor (pVHL); this drives cardiac angiogenesis through
VEGF induction (103). Thus, GSNOR may protect from
myocardial ischemia through a variety of mechanisms.

GSNOR also influences cardiac (and pulmonary) function
by regulating S-nitrosylation of multiple elements contrib-
uting to trafficking of the beta-2 adrenergic receptor (b2-AR)
(72). GSNOR-KO mice demonstrate increased b2-AR ex-
pression in heart and lungs, and enhanced S-nitrosylation of
two key proteins involved in receptor desensitization, inter-
nalization, and degradation: GRK2 and b-arr2 (136, 197).
GRK2 phosphorylates the b2-AR on receptor activation,
leading to receptor desensitization by recruitment of b-arr2.
Stimulus-coupled, eNOS-mediated S-nitrosylation of GRK2
inhibits receptor phosphorylation, preventing receptor inter-
nalization and desensitization (197). b-arr2 also undergoes a
cycle of S-nitrosylation and denitrosylation dependent on
eNOS, which promotes receptor internalization and recycling
(136). eNOS-derived S-nitrosylation of dynamin, a protein
involved in regulation of endocytic budding for b2-AR in-
ternalization, is also coupled to b2-AR activation; however, it
is unclear whether GSNOR mediates its denitrosylation (193).

The role of GSNOR in the heart includes regulation of
calcium-handling machinery. GSNOR-KO mice exhibit an
impaired inotropic response to isoproterenol that is due, in
part, to impaired stimulus-coupled denitrosylation of RyR2,
leading to pathological calcium leak (16). By contrast, car-
diomyocytes from GSNOR-transgenic (GSNOR-TG) mice
increase contractility in response to isoproterenol without
increasing calcium flux (and accordingly, GSNOR-TG mice
are resistant to pathological hypertrophy) (83). S-nitrosylation
was shown to affect the activity of multiple calcium-handling
proteins, including phospholamban and cardiac troponin C
(83). Stimulus-coupled S-nitrosylation was required for
phospholamban multimerization to relieve inhibition of
sarcoplasmic/endoplasmic reticulum calcium ATPase 2
(SERCA2a), whereas S-nitrosylation of cardiac troponin C
reduced its sensitivity to calcium. In addition, diminished
cardiac contractility in sepsis is worsened in GSNOR-KO
mice and improved in GSNOR-TG mice (168). Improve-
ments in GSNOR-TG mice versus GSNOR-KO mice were
attributed to restoration of calcium sensitivity of calcium-
handling proteins. Taken together, these data indicate that
GSNOR regulates cardiac b2-AR function, calcium flux, and
myofilament calcium sensitivity (Fig. 5).

Accumulating evidence suggests that aberrant GSNOR-
dependent denitrosylation may be relevant to human disease.
GSNOR-KO mice display multi-organ dysfunction and
mortality in models of sepsis, with particularly notable his-
tological derangement in the liver and thymus (106). These
effects as well as enhanced SNO-protein levels, as seen in
humans, were reversed by iNOS inhibition (106). Deletion of
GSNOR also leads to spontaneous hepatocellular carcinoma

(HCC) and carcinogen-induced HCC by downregulation of
O6-alkylguanine-DNA alkyl transferase (AGT), a DNA re-
pair enzyme (195). Carcinogen challenge by diethylni-
trosamine stimulates iNOS-dependent S-nitrosylation and
degradation of AGT, causing increased mutagenesis (101,
184, 195, 196). A further role for GSNOR in HCC was
demonstrated by Rizza et al. (154), who reported that down-
regulation of GSNOR increases S-nitrosylation and degrada-
tion of mitochondrial chaperone tumor necrosis factor type 1
receptor-associated protein (TRAP1), leading to an increase
in succinate dehydrogenase (complex II) activity. Inhibition
of succinate dehydrogenase in this setting caused necrosis
and apoptosis of tumor cells. Interestingly, GSNOR is down-
regulated in HCC patients and is located in a chromosomal
region that is frequently deleted in patients with HCC, strongly
implicating loss of GSNOR in human HCC (154, 195).
GSNOR is also downregulated in breast cancers (29) and
lung cancer, the latter associated with activating Ras S-
nitrosylation (115).

GSNOR activity may also play a significant role in airway
disease. In a murine model of asthma, wild-type mice treated
with ovalbumin displayed increased airway GSNOR, reduced
SNO levels, and increased airway hyper-responsiveness
compared with GSNOR-KO mice (148). Inhibition of iNOS
restored airway sensitivity to methacholine, confirming the
role of SNO in mediating asthma protection. Inhibitors of
GSNOR recapitulate the protective phenotype demonstrated
in GSNOR-KO mice (24, 54). Increased GSNOR activity and
diminished SNO levels are observed in bronchoalveolar la-
vage samples from human asthma patients, strongly linking
GSNOR to asthma in humans (114, 149). Single-nucleotide
polymorphisms in GSNOR predict asthmatic phenotype in
patients as well as response to b2-AR agonists (124, 204).
Mechanistically, GSNO may prevent tachyphylaxis to b2-AR
agonists by preventing receptor desensitization (148, 197).

In addition, GSNOR plays a role in the maturation of CF
transmembrane conductance regulator protein (CFTR) (207).
GSNOR regulates S-nitrosylation of Stip1, a co-chaperone in
CFTR folding and maturation, leading to Stip1 stabilization
and reduced CFTR maturation. Bronchial epithelial cells
displaying a cystic fibrosis phenotype as a result of the common
F508del-CFTR mutant display increased GSNOR activity and
reduced CFTR maturation, and genetic or pharmacological
inhibition of GSNOR rescues CFTR maturation by increasing
Stip1 S-nitrosylation and degradation (207). Further, restora-
tion of GSNO by inhibition of GSNOR may alleviate cigarette
smoke-induced dysfunction of CFTR (25).

GSNOR has also been implicated broadly in cell matura-
tion and fate. GSNOR-KO mice display lymphopenia, with
reduced peripheral T cell and B cell counts (206). Inhibition
of iNOS reverses the lymphopenia by reducing apoptosis in
the thymus. GSNOR has also been shown to play a role in
stem cell maturation. Lima et al. (103) observed increased
numbers of bone marrow-derived hematopoietic stem cells
in GSNOR-KO mice, indicating a potential role for S-
nitrosylation in stem cell biology (103). Mesenchymal stem
cells (MSCs) derived from GSNOR-KO mice showed re-
duced capacity for vasculogenesis associated with down-
regulation of the VEGF receptor platelet-derived growth
factor receptor alpha (PDGFRa) (66). NOS inhibitors re-
stored vasculogenesis in GSNOR-KO MSCs, whereas NO
donors reduced vasculogenesis in wild-type or human MSCs.
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In addition, MSCs from GSNOR-KO mice have reduced
adipogenesis with a coordinate increase in osteoblastogenesis
(30). In this model, increased S-nitrosylation of peroxisome
proliferator-activated receptor gamma (PPARc) prevents
transcriptional activation of PPARc target genes. This bia-
ses MSC differentiation and may help explain the observed
reduction in body fat mass in GSNOR-KO mice.

GSNOR has been implicated in tissue recovery from di-
verse insults. GSNOR inhibition protected zebrafish from
acetaminophen-induced liver toxicity through activation of
Nrf2, a key stress response protein (41). Protection against
liver injury was also observed in GSNOR-KO mice, whereas
pharmacological inhibition of GSNOR aided in liver recov-
ery. Notably, cardiac regeneration after myocardial infarc-
tion is enhanced in GSNOR-KO mice (75). Cardiac injury in
GSNOR-KO mice was associated with increased prolifera-
tion of differentiated cardiomyocytes, expansion of cardiac
stem cells, and neovascularization by endothelial cells (75).
GSNOR may, therefore, provide a novel target for regener-
ative therapy.

Thus, in sum, genetic or pharmacological suppression of
GSNOR (and other denitrosylases) provides a means to study

the specific roles of endogenous SNO-proteins, and it has
provided important insights into the role of GSNO and SNO-
proteins in both physiology and pathophysiology across
multiple tissue types and diseases. Inhibition of endogenous
denitrosylation supports physiologically relevant conclusions
that are not accessible by other, for example, pharmacolog-
ical, means of SNO enhancement.

The SNO-CoAR system

CoA, one of the most abundant LMW cellular thiols, plays
a central role in cellular metabolism as a carrier molecule
for myriad metabolic intermediates in catabolic energy pro-
duction and anabolic biosynthesis of lipids, sterols, ketone
bodies, neurotransmitters, and amino acids (42, 100). SNO-
CoA had been synthesized in vitro, and it was hypothesized
that S-nitrosylation of CoA might adversely affect cellular
function by limiting the availability of CoA (156, 157, 189).
However, NO is not available physiologically in sufficient
amounts to modify the CoA pool by mass action. The exis-
tence of endogenous SNO-CoA and the establishment of its
role in regulating protein S-nitrosylation was provided by the

FIG. 5. Stimulus-coupled S-nitrosylation and denitrosylation: cardiomyocytes as an exemplary case. (A) Ligand-
induced activation of the b2-AR in cardiomyocytes stimulates eNOS activity. eNOS-dependent S-nitrosylation of GRK2
suppresses GRK2 activity, whereas S-nitrosylation of b-arr2 facilitates b-arr2 activity, thereby regulating receptor desensiti-
zation and internalization. GSNOR negatively regulates the S-nitrosylation status of both GRK2 and b-arr2. (B) nNOS and
GSNOR interact directly at the SR in cardiomyocytes. b2-AR activation stimulates nNOS-dependent S-nitrosylation of
components of calcium handling (PLN, SERCA2a, RyR2) and of cardiac myofilaments, which is regulated by GSNOR-
dependent denitrosylation. (A, B) SNO depicted in red indicates inhibition of normal function by S-nitrosylation; SNO depicted
in green indicates activation of normal function by S-nitrosylation. Additional details are provided in the subsection ‘‘GSNOR
in physiology and pathophysiology.’’ b-arr2, b-arrestin 2; b2-AR, beta-2 adrenergic receptor; eNOS, endothelial nitric oxide
synthase; GRK2, G-protein-coupled receptor kinase 2; nNOS, neuronal nitric oxide synthase; PLN, phospholamban; RyR2,
ryanodine receptor 2; SERCA2a, sarcoplasmic/endoplasmic reticulum calcium ATPase 2; SR, sarcoplasmic reticulum.

SNO SPECIFICITY AND REGULATION 1341



identification of yeast Adh6 and mammalian AKR1A1 as
dedicated SNO-CoARs (2).

Yeast Adh6 is a zinc-containing enzyme with obligate
specificity for NADPH as a cofactor (190), originally iden-
tified as an NADPH-dependent, medium-chain cinnamyl al-
cohol dehydrogenase with broad activity against alcohol
substrates (98, 170). Crystallization of Adh6 revealed an active
site structure that is capable of accepting a wide variety of
large or hydrophobic substrates (170, 190), but its physiolog-
ical substrate(s) and function remained unclear. More recently,
Adh6 was shown to account for *80% of NADPH-dependent
SNO-CoAR activity in yeast lysates (2). Adh6 likely catalyzes
SNO-CoA reduction via hydride transfer from NADPH and
protonation from the aqueous environment to produce
CoA-sulfinamide, similar to GSNOR (Fig. 4B). Enzymatic
efficiency (Km *180 lM) toward SNO-CoA is roughly
equivalent to efficiency for other known substrates (2, 98).

Knock-out of Adh6 in yeast led to an SNO-CoA-dependent
increase in both endogenous protein S-nitrosylation and
S-nitrosylation induced by treatment with exogenous S-
nitrosylating agents (2). Cytosolic thiolase (yeast: ergosterol
biosynthesis protein 10 [Erg10]; mammal: ACAT2) showed
increased S-nitrosylation in Adh6-mutant yeast, and Erg10
was S-nitrosylated by SNO-CoA but not other LMW-SNOs,
which inhibited thiolase activity, leading to a decrease in the
downstream metabolite mevalonate, a key intermediate in
sterol biosynthesis. Interestingly, both CoA and acetyl-CoA
levels were altered in Adh6-mutant yeast, implicating SNO-
CoA in control of additional metabolic processes.

In mammalian tissues, AKR1A1 (henceforth SNO-CoAR)
was shown to mediate NADPH-dependent SNO-CoA re-
duction (2). SNO-CoAR is a member of the aldo-keto re-
ductase (AKR) superfamily of enzymes that catalyze a
variety of oxidative or reductive reactions (11). AKRs are
characterized by a conserved (b/a)8 barrel and exist as
monomers, dimers, or tetramers (11). SNO-CoAR is cyto-
solic and monomeric, and has a role in the reduction of a
variety of endogenous and exogenous substrates, including
dl-glyceraldehyde and d-glucuronate as well as SNO-CoA
(11, 133). However, SNO-CoA is the preferred endogenous
substrate for SNO-CoAR (with a Km of *20 lM, compared
with 1.7 and 4.2 mM for dl-glyceraldehyde and d-
glucuronate, respectively) and the only known substrate for
human SNO-CoAR (see the following paragraph). AKRs are
characterized by an active site tetrad consisting of tyrosine,
aspartate, histidine, and lysine, and catalytic tyrosine residues
are conserved throughout AKRs (10, 11). Reduction of SNO-
CoA (as for aldehydes) proceeds via hydride transfer with
subsequent protonation of the oxygen atom by the active site
tyrosine; aspartate and lysine might lower tyrosine pKa
through a hydrogen bonding network, whereas histidine
serves to orient the substrate (10). Reduction of SNO-CoA by
SNO-CoAR produces CoA-sulfinamide, similar to yeast Adh6
(2) (Fig. 4B).

SNO-CoAR is expressed in most or all mammalian tissues
with the highest activity in kidney and liver, and SNO-CoAR
is responsible for the majority of NADPH-dependent SNO-
CoA reduction (2, 131, 139). Before its identification as
a SNO-CoAR, the only physiological role described for
AKR1A1 involved the reduction of d-glucuronic acid in
ascorbate synthesis (64, 182). However, for humans and many
other mammals, ascorbate intake is required due to genetic

mutations preventing endogenous ascorbate synthesis (46).
Thus, SNO-CoA reduction is likely the predominant endoge-
nous role of SNO-CoAR in humans and mammals generally.
Although SNO-CoAR-deficient mice display increased S-
nitrosylation of SNO-proteins, the physiological roles of SNO-
CoA-dependent S-nitrosylation remain largely unexplored.

Specificity in Denitrosylation

The steady-state level of protein S-nitrosylation is gov-
erned by multiple factors: (i) production of NO and cellular
nitrosating equivalents, (ii) transnitrosylating reactions
with LMW-SNOs and other SNO-proteins, and (iii) SNO
removal by denitrosylases. An illustrative example of the
multi-factorial governance of protein S-nitrosylation is pro-
vided by GAPDH. The function of GAPDH is regulated by
S-nitrosylation, but GAPDH is also a prototypical transni-
trosylase, and the denitrosylation of GAPDH is subserved by
Trx, GSNOR, and SNO-CoAR (2, 31, 96, 206). Our emphasis
on enzymatic denitrosylation highlights its critical role in
modulating the dynamic equilibria that govern transni-
trosylation of target proteins by LMW-SNOs and by SNO-
proteins, thereby regulating SNO-based signaling under basal
conditions and in response to altered levels of NO production.

Subcellular localization

Subcellular compartmentalization of denitrosylases was
first demonstrated for the Trx system. Trx1/TrxR1 and Trx2/
TrxR2 localize to the cytosol and mitochondria, respectively,
and thus regulate denitrosylation within these compartments
(20). Fas-induced denitrosylation of mitochondrial caspase-3
is mediated by mitochondrial-specific Trx2, and specific
inhibition of Trx2 diminishes Fas-dependent signaling in
lymphocytes (20).

Early analyses of GSNOR demonstrated localization in both
the cytosol and the nucleus, and subcellular localization has
been shown to play a role in directing GSNOR activity (52,
81). Localization of GSNOR to myoendothelial junctions (gap
junctions between smooth muscle cells and endothelial cells)
facilitates stimulus-coupled denitrosylation of connexin-43
(178). S-nitrosylation of connexin-43 is mediated by co-
localized eNOS, and stimulation with phenylephrine activates
GSNOR-dependent denitrosylation of connexin-43 (178).
GSNOR was also shown to localize to the SR in the heart
where it interacted directly with nNOS and acted to facilitate
stimulus-coupled denitrosylation of RyR2 (9, 16). These ex-
amples illustrate co-localization of the enzymatic machinery
for stimulus-coupled S-nitrosylation/denitrosylation, also
likely the case for b-arr2, which interacts with eNOS and
undergoes a cycle of dynamic S-nitrosylation and GSNOR-
dependent denitrosylation after b2-AR activation (136).
GSNOR localization may also be regulated in physiological
contexts and dysregulated in pathology. GSNOR is typically
localized in puncta distributed throughout the cytosol, but it
associates with mitotic spindles during cell division in
normal lung cells; in contrast, GSNOR redistributes in a
perinuclear fashion in lung carcinoma cells (113).

Interaction of denitrosylases with substrates

In addition to subcellular localization of denitrosylases,
specificity in denitrosylation can result from protein–protein
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or protein–LMW thiol interactions of denitrosylases. The
requirement for protein–protein interaction is inherent for
Trx because the catalytic mechanism of Trx most likely in-
volves formation of a mixed disulfide between Trx and target
substrate (19). Thus, structural motifs predicting protein–
protein interactions with Trx that mediate denitrosylation
may correspond with motifs that predict S-nitrosylation (17,
18, 22).

Protein denitrosylation by transnitrosylation of GSH or
CoA requires binding of SNO-protein and LMW partner in a
reactive orientation. As described earlier, thiolase S-
nitrosylation is mediated selectively by SNO-CoA; SNO-
CoA inhibits thiolase activity, whereas GSNO does not (2).
Thus, it is likely that SNO-CoA has preferential access to the
regulatory Cys in Erg10 (thiolase). In addition, direct inter-
action of GSNO or SNO-CoARs with target proteins may aid
in denitrosylation by rapidly metabolizing newly formed
GSNO or SNO-CoA. To date, limited examples of direct
interaction of LMW denitrosylases with target proteins exist.
GSNOR was demonstrated to directly bind Stip1, leading to
denitrosylation and stabilization of this co-chaperone in-
volved in CFTR maturation (207). GAPDH is a target of
SNO-CoAR-mediated denitrosylation and is also predicted to
exist in a macromolecular protein complex with SNO-CoAR
(2, 192). Such protein complexes, and other proteins that co-
immunoprecipitate with GSNOR and SNO-CoAR, may
represent facile targets of denitrosylation by these enzymes.

To highlight the role of protein–protein interactions, we
examined the overlap for Trx1 between the set of all inter-
acting proteins (identified in BioGRID), targets of deni-
trosylation by Trx1 (identified in trapping studies), and targets
of trans-S-nitrosylation by Trx1 (Fig. 6A). Strikingly, we ob-
served *55% overlap between targets of transnitrosylation by
Trx1 and of denitrosylation by Trx1 (17, 18, 201). These likely
represent proteins whose S-nitrosylation status is regulated by
both functions of Trx1, dependent on cellular redox status. It is
also of note that 22% of all Trx1-interacting proteins (via
BioGRID) were identified SNO-proteins whose denitrosyla-
tion was regulated by Trx1. However, the set of substrates
of Trx1-mediated denitrosylation as assessed by functional
‘‘trapping’’ greatly exceeds the set of interactors identified in
the BioGRID data set, emphasizing the importance of stabi-
lization of transient interactions between SNO-proteins and
Trx1 in assessing protein–protein interactions mediating reg-
ulation of protein S-nitrosylation.

At present, relatively few interacting proteins are known
for GSNOR and SNO-CoAR, although overlap between sets
of proteins interacting with GSNOR and known to be deni-
trosylated by GSNOR is evident (Fig. 6B, C). Note that
the influence of protein–protein interactions of GSNOR
(or SNO-CoAR) with SNO-proteins that would subserve
regulation of protein denitrosylation would be based on
the indirect effect of GSNOR/SNO-CoAR on protein S-
nitrosylation via regulation of LMW-SNOs. This regulatory
mechanism may be facilitated by the interaction of SNO-
proteins with GSNOR/SNO-CoARs that would control
local concentrations of LMW-SNOs. In the absence of a
‘‘trapping’’ strategy, as applied for Trx1, substrates whose
denitrosylation is regulated by GSNOR (or SNO-CoAR)
dependent on transient protein–protein interaction will be
underestimated. Also, in the case of SNO-CoA-mediated S-
nitrosylation and denitrosylation in mammalian systems,

the set of targets remains largely unexplored, and the im-
portance of protein–protein interactions cannot yet be as-
sessed (Fig. 6C). Future examinations of targets of
denitrosylation regulated by both GSNOR and SNO-CoARs
should strive to include interaction data.

It is also worth considering that, in general, localization of
targets of denitrosylation to particular signaling pathways or

FIG. 6. Protein–protein interactions mediate enzymatic
S-nitrosylation/denitrosylation. (A) For the Trx1 system,
a Venn diagram shows overlap between the sets of interact-
ing proteins, targets of denitrosylation, and targets of trans-
S-nitrosylation. Interacting proteins were retrieved from
BioGRID. Targets of Trx1 denitrosylation were obtained from
Ben-Lulu et al. (17, 18). Targets of transnitrosylation by SNO-
Trx1 are from Wu et al. (201). (B) A similar analysis for GSNOR
also reveals overlap between interactors and targets of GSNOR-
regulated denitrosylation, although the data sets are substantially
smaller than in the case of Trx1. Targets of GSNOR-regulated
denitrosylation are unique proteins from references in Table 2.
Targets of GSNO-mediated S-nitrosylation are from Murray
et al. (127) and Paige et al. (138). (C) Relatively few mammalian
substrates of S-nitrosylation by SNO-CoA or of denitrosylation
by SNO-CoAR have been identified to date, as indicated by
question marks. SNO-CoAR, S-nitroso-coenzyme A reductase.
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functional mechanisms may be identified with specific de-
nitrosylases. Gene ontology analysis of Trx1 targets from
substrate trapping experiments in monocytes (THP-1 or
RAW264.7 cells) identified targets across multiple cellular
processes, including translation, cell cycle and division, stress
response, and apoptosis (17). Similar analysis of Trx1 targets
in A549 lung carcinoma cells identified targets that are im-
portant for cell cycle, inflammatory signaling, transcriptional
regulation, and RNA processing (18). Analysis of sites of
protein S-nitrosylation in hearts from GSNOR-deficient mice
found clustering within oxidoreductases, kinase binding
proteins, and transferases (39). Further, the majority of
SNO-CoA-dependent targets of S-nitrosylation identified in
Adh6-null yeast were clustered among metabolic enzymes (2).

Concluding Remarks

Precisely targeted protein S-nitrosylation has emerged as
a key mediator of NO-based redox signaling across classes
of protein, cell type, and phylogeny. The emerging perspec-
tive presented here incorporates a central role for nitrosylases
and denitrosylases in conferring specificity on S-nitrosylation-
based cellular signaling. From this perspective, denitrosylases
govern the dynamic equilibria among SNOs, created by S-
nitrosylases, which mediate the cellular functions of NO. Thus,
the identification of protein denitrosylases and the genetic
manipulation of these enzymes has greatly facilitated our un-
derstanding of the in situ role of protein S-nitrosylation in both
physiology and pathophysiology. Further study of dysregu-
lated S-nitrosylation/denitrosylation that is associated with the
many pathophysiologies in which S-nitrosylation goes awry
should provide a promising focus of efforts to devise novel
therapeutic approaches.
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C loss in vertebrates. Curr Genomics 12: 371–378, 2011.

47. Erwin PA, Lin AJ, Golan DE, and Michel T. Receptor-
regulated dynamic S-nitrosylation of endothelial nitric-
oxide synthase in vascular endothelial cells. J Biol Chem
280: 19888–19894, 2005.

48. Erwin PA, Mitchell DA, Sartoretto J, Marletta MA, and
Michel T. Subcellular targeting and differential S-
nitrosylation of endothelial nitric-oxide synthase. J Biol
Chem 281: 151–157, 2006.

49. Eu JP, Hare JM, Hess DT, Skaf M, Sun J, Cardenas-
Navina I, Sun QA, Dewhirst M, Meissner G, and Stamler
JS. Concerted regulation of skeletal muscle contractility
by oxygen tension and endogenous nitric oxide. Proc Natl
Acad Sci U S A 100: 15229–15234, 2003.

50. Eu JP, Sun J, Xu L, Stamler JS, and Meissner G. The
skeletal muscle calcium release channel: coupled O2

sensor and NO signaling functions. Cell 102: 499–509,
2000.

51. Fang M, Jaffrey SR, Sawa A, Ye K, Luo X, and Snyder
SH. Dexras1: a G protein specifically coupled to neuro-
nal nitric oxide synthase via CAPON. Neuron 28: 183–
193, 2000.

SNO SPECIFICITY AND REGULATION 1345



52. Fernández MR, Biosca JA, and Parés X. S-
nitrosoglutathione reductase activity of human and yeast
glutathione-dependent formaldehyde dehydrogenase and
its nuclear and cytoplasmic localisation. Cell Mol Life Sci
60: 1013–1018, 2003.

53. Fernhoff NB, Derbyshire ER, and Marletta MA. A nitric
oxide/cysteine interaction mediates the activation of sol-
uble guanylate cyclase. Proc Natl Acad Sci U S A 106:
21602–21607, 2009.

54. Ferrini ME, Simons BJ, Bassett DJP, Bradley MO,
Roberts K, and Jaffar Z. S-nitrosoglutathione reductase
inhibition regulates allergen-induced lung inflammation
and airway hyperreactivity. PLoS One 8: e70351, 2013.

55. Filipovic MR, Miljkovic JL, Nauser T, Royzen M, Klos
K, Shubina T, Koppenol WH, Lippard SJ, and Ivanović-
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Muñoz-Castañeda JR, Ranchal I, Hidalgo AB, Briceño J,
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nda E, and Rodrı́guez-Ariza A. Pharmacological impair-
ment of s-nitrosoglutathione or thioredoxin reductases
augments protein S-nitrosation in human hepatocarcinoma
cells. Anticancer Res 30: 415–421, 2010.

110. Mahoney CW, Pak JH, and Huang KP. Nitric oxide
modification of rat brain neurogranin. Identification of the
cysteine residues involved in intramolecular disulfide
bridge formation using site-directed mutagenesis. J Biol
Chem 271: 28798–28804, 1996.

111. Mannick JB, Hausladen A, Liu L, Hess DT, Zeng M,
Miao QX, Kane LS, Gow AJ, and Stamler JS. Fas-induced
caspase denitrosylation. Science 284: 651–654, 1999.

112. Marino SM and Gladyshev VN. Structural analysis of
cysteine S-nitrosylation: a modified acid-based motif and
the emerging role of trans-nitrosylation. J Mol Biol 395:
844–859, 2010.

113. Marozkina NV and Gaston B. S-nitrosylation signaling
regulates cellular protein interactions. Biochim Biophys
Acta 1820: 722–729, 2012.

114. Marozkina NV, Wang XQ, Stsiapura V, Fitzpatrick A,
Carraro S, Hawkins GA, Bleecker E, Meyers D, Jarjour N,
Fain SB, Wenzel S, Busse W, Castro M, Panettieri RA,
Moore W, Lewis SJ, Palmer LA, Altes T, de Lange EE,
Erzurum S, Teague WG, and Gaston B. Phenotype of
asthmatics with increased airway S-nitrosoglutathione
reductase activity. Eur Respir J 45: 87–97, 2015.

SNO SPECIFICITY AND REGULATION 1347



115. Marozkina NV, Wei C, Yemen S, Wallrabe H, Nagji AS,
Liu L, Morozkina T, Jones DR, and Gaston B. S-
nitrosoglutathione reductase in human lung cancer. Am J
Respir Cell Mol Biol 46: 63–70, 2012.

116. Martı́nez-Ruiz A and Lamas S. Signalling by NO-induced
protein S-nitrosylation and S-glutathionylation: conver-
gences and divergences. Cardiovasc Res 75: 220–228,
2007.

117. Mayer B, Kleschyov AL, Stessel H, Russwurm M, Mun-
zel T, Koesling D, and Schmidt K. Inactivation of soluble
guanylate cyclase by stoichiometric S-nitrosation. Mol
Pharmacol 75: 886–891, 2009.

118. McMahon TJ, Exton Stone A, Bonaventura J, Singel DJ,
and Stamler JS. Functional coupling of oxygen binding
and vasoactivity in S-nitrosohemoglobin. J Biol Chem
275: 16738–16745, 2000.

119. Minning DM, Gow AJ, Bonaventura J, Braun R, Dewhirst
M, Goldberg DE, and Stamler JS. Ascaris haemoglobin is
a nitric oxide-activated ‘‘deoxygenase.’’ Nature 401: 497–
502, 1999.

120. Mitchell DA, Erwin PA, Michel T, and Marletta MA. S-
nitrosation and regulation of inducible nitric oxide syn-
thase. Biochemistry 44: 4636–4647, 2005.

121. Mitchell DA and Marletta MA. Thioredoxin catalyzes the
S-nitrosation of the caspase-3 active site cysteine. Nat
Chem Biol 1: 154–158, 2005.

122. Mitchell DA, Morton SU, Fernhoff NB, and Marletta MA.
Thioredoxin is required for S-nitrosation of procaspase-3
and the inhibition of apoptosis in Jurkat cells. Proc Natl
Acad Sci U S A 104: 11609–11614, 2007.

123. Moon Y, Cao Y, Zhu J, Xu Y, Balkan W, Buys ES, Diaz
F, Kerrick WG, Hare JM, and Percival JM. GSNOR de-
ficiency enhances in situ skeletal muscle strength, fatigue
resistance, and RyR1 S-nitrosylation without impacting
mitochondrial content and activity. Antioxid Redox Signal
26: 165–181, 2017.

124. Moore PE, Ryckman KK, Williams SM, Patel N, Summar
ML, and Sheller JR. Genetic variants of GSNOR and
ADRB2 influence response to albuterol in African-
American children with severe asthma. Pediatr Pulmonol
44: 649–654, 2009.

125. Morris S and Hansen JN. Inhibition of Bacillus cereus
spore outgrowth by covalent modification of a sulfhydryl
group by nitrosothiol and iodoacetate. J Bacteriol 148:
465–471, 1981.

126. Murad F. Cyclic guanosine monophosphate as a mediator
of vasodilation. J Clin Invest 78: 1–5, 1986.

127. Murray CI, Uhrigshardt H, O’Meally RN, Cole RN, and
Van Eyk JE. Identification and quantification of S-
nitrosylation by cysteine reactive tandem mass tag switch
assay. Mol Cell Proteomics 11: M111.013441, 2012.

128. Nedospasov A, Rafikov R, Beda N, and Nudler E. An
autocatalytic mechanism of protein nitrosylation. Proc
Natl Acad Sci U S A 97: 13543–13548, 2000.

129. Nikitovic D and Holmgren A. S-nitrosoglutathione is
cleaved by the thioredoxin system with liberation of glu-
tathione and redox regulating nitric oxide. J Biol Chem
271: 19180–19185, 1996.

130. Nogales E, Whittaker M, Milligan RA, and Downing KH.
High-resolution model of the microtubule. Cell 96: 79–88,
1999.

131. O’Connor T, Ireland LS, Harrison DJ, and Hayes JD.
Major differences exist in the function and tissue-specific
expression of human aflatoxin B1 aldehyde reductase and

the principal human aldo-keto reductase AKR1 family
members. Biochem J 343: 487–504, 1999.

132. de Oliveira MG, Shishido SM, Seabra AB, and Morgon
NH. Thermal stability of primary S-nitrosothiols: roles of
autocatalysis and structural effects on the rate of nitric
oxide release. J Phys Chem A 106: 8963–8970, 2002.

133. Oppermann U. Carbonyl reductases: the complex rela-
tionships of mammalian carbonyl- and quinone-reducing
enzymes and their role in physiology. Annu Rev Phar-
macol Toxicol 47: 293–322, 2007.

134. Ovadia H, Haim Y, Nov O, Almog O, Kovsan J, Bashan
N, Benhar M, and Rudich A. Increased adipocyte S-
nitrosylation targets anti-lipolytic action of insulin: rele-
vance to adipose tissue dysfunction in obesity. J Biol
Chem 286: 30433–30443, 2011.

135. Ozawa K, Tsumoto H, Wei W, Tang C-H, Komatsubara
AT, Kawafune H, Shimizu K, Liu L, and Tsujimoto G.
Proteomic analysis of the role of S-nitrosoglutathione re-
ductase in lipopolysaccharide-challenged mice. Pro-
teomics 12: 2024–2035, 2012.

136. Ozawa K, Whalen EJ, Nelson CD, Mu Y, Hess DT,
Lefkowitz RJ, and Stamler JS. S-nitrosylation of beta-
arrestin regulates beta-adrenergic receptor trafficking. Mol
Cell 31: 395–405, 2008.

137. Pader I, Sengupta R, Cebula M, Xu J, Lundberg JO,
Holmgren A, Johansson K, and Arnér ESJ. Thioredoxin-
related protein of 14 kDa is an efficient l-cystine reduc-
tase and S-denitrosylase. Proc Natl Acad Sci U S A 111:
6964–6969, 2014.

138. Paige JS, Xu G, Stancevic B, and Jaffrey SR. Nitrosothiol
reactivity profiling identifies S-nitrosylated proteins with
unexpected stability. Chem Biol 15: 1307–1316, 2008.

139. Palackal NT, Burczynski ME, Harvey RG, and Penning
TM. The ubiquitous aldehyde reductase (AKR1A1) oxi-
dizes proximate carcinogen trans-dihydrodiols to o-qui-
nones: potential role in polycyclic aromatic hydrocarbon
activation. Biochemistry 40: 10901–10910, 2001.

140. Palmer LA, Kimberly deRonde, Brown-Steinke K, Gunter
S, Jyothikumar V, Forbes MS, and Lewis SJ. Hypoxia-
induced changes in protein S-nitrosylation in female mouse
brainstem. Am J Respir Cell Mol Biol 52: 37–45, 2015.

141. Palmer RM, Ferrige AG, and Moncada S. Nitric oxide re-
lease accounts for the biological activity of endothelium-
derived relaxing factor. Nature 327: 524–526, 1987.

142. Pawloski JR, Hess DT, and Stamler JS. Export by red
blood cells of nitric oxide bioactivity. Nature 409: 622–
626, 2001.

143. Perez-Mato I, Castro C, Ruiz FA, Corrales FJ, and Mato
JM. Methionine adenosyltransferase S-nitrosylation is
regulated by the basic and acidic amino acids surrounding
the target thiol. J Biol Chem 274: 17075–17079, 1999.

144. Perissinotti LL, Leitus G, Shimon L, Estrin D, and
Doctorovich F. A unique family of stable and water-
soluble S-nitrosothiol complexes. Inorg Chem 47: 4723–
4733, 2008.

145. Perreault M and Marette A. Targeted disruption of
inducible nitric oxide synthase protects against obesity-
linked insulin resistance in muscle. Nat Med 7: 1138–
1143, 2001.

146. Qu Z, Meng F, Bomgarden RD, Viner RI, Li J, Rogers
JC, Cheng J, Greenlief CM, Cui J, Lubahn DB, Sun GY,
and Gu Z. Proteomic quantification and site-mapping of
S-nitrosylated proteins using isobaric iodoTMT reagents.
J Proteome Res 13: 3200–3211, 2014.

1348 STOMBERSKI ET AL.



147. Qu ZW, Miao WY, Hu SQ, Li C, Zhuo XL, Zong YY,
Wu YP, and Zhang G-Y. N-methyl-d-aspartate receptor-
dependent denitrosylation of neuronal nitric oxide syn-
thase increase the enzyme activity. PLoS One 7: e52788,
2012.

148. Que LG, Liu L, Yan Y, Whitehead GS, Gavett SH,
Schwartz DA, and Stamler JS. Protection from experi-
mental asthma by an endogenous bronchodilator. Science
308: 1618–1621, 2005.

149. Que LG, Yang Z, Stamler JS, Lugogo NL, and Kraft M.
S-nitrosoglutathione reductase: an important regulator in
human asthma. Am J Respir Crit Care Med 180: 226–
231, 2009.

150. Raffay TM, Dylag AM, Di Fiore JM, Smith LA, Einisman
HJ, Li Y, Lakner MM, Khalil AM, MacFarlane PM,
Martin RJ, and Gaston B. S-nitrosoglutathione attenuates
airway hyperresponsiveness in murine bronchopulmonary
dysplasia. Mol Pharmacol 90: 418–426, 2016.

151. Rafikova O, Rafikov R, and Nudler E. Catalysis of S-
nitrosothiols formation by serum albumin: the mechanism
and implication in vascular control. Proc Natl Acad Sci
U S A 99: 5913–5918, 2002.

152. Raju K, Doulias PT, Evans P, Krizman EN, Jackson
JG, Horyn O, Daikhin Y, Nissim I, Yudkoff M, Nissim I,
Sharp KA, Robinson MB, and Ischiropoulos H. Regula-
tion of brain glutamate metabolism by nitric oxide and S-
nitrosylation. Sci Signal 8: ra68, 2015.

153. Ravi K, Brennan LA, Levic S, Ross PA, and Black SM.
S-nitrosylation of endothelial nitric oxide synthase is
associated with monomerization and decreased enzyme
activity. Proc Natl Acad Sci U S A 101: 2619–2624, 2004.

154. Rizza S, Montagna C, Cardaci S, Maiani E, Di Giacomo
G, Sanchez-Quiles V, Blagoev B, Rasola A, De Zio D,
Stamler JS, Cecconi F, and Filomeni G. S-nitrosylation of
the mitochondrial chaperone TRAP1 sensitizes hepato-
cellular carcinoma cells to inhibitors of succinate dehy-
drogenase. Cancer Res 76: 4170–4182, 2016.

155. Rizzo MA and Piston DW. Regulation of beta cell glu-
cokinase by S-nitrosylation and association with nitric
oxide synthase. J Cell Biol 161: 243–248, 2003.

156. Roediger WE. Nitric oxide-dependent nitrosation of cel-
lular CoA: a proposal for tissue responses. Nitric Oxide 5:
83–87, 2001.

157. Roediger WE, Hems R, Wiggins D, and Gibbons GF.
Inhibition of hepatocyte lipogenesis by nitric oxide donor:
could nitric oxide regulate lipid synthesis? IUBMB Life
56: 35–40, 2004.

158. Romero JM and Bizzozero OA. Intracellular glutathione
mediates the denitrosylation of protein nitrosothiols in the
rat spinal cord. J Neurosci Res 87: 701–709, 2009.

159. Roy B, du Moulinet d’Hardemare A, and Fontecave M.
New thionitrites: synthesis, stability, and nitric oxide
generation. J Org Chem 59: 7019–7026, 1994.

160. Savidge TC, Urvil P, Oezguen N, Ali K, Choudhury A,
Acharya V, Pinchuk I, Torres AG, English RD, Wiktor-
owicz JE, Loeffelholz M, Kumar R, Shi L, Nie W, Braun
W, Herman B, Hausladen A, Feng H, Stamler JS, and
Pothoulakis C. Host S-nitrosylation inhibits clostridial
small molecule-activated glucosylating toxins. Nat Med
17: 1136–1141, 2011.

161. Sayed N, Baskaran P, Ma X, van den Akker F, and Beuve
A. Desensitization of soluble guanylyl cyclase, the NO
receptor, by S-nitrosylation. Proc Natl Acad Sci U S A
104: 12312–12317, 2007.

162. Scharfstein JS, Keaney JF, Slivka A, Welch GN, Vita
JA, Stamler JS, and Loscalzo J. In vivo transfer of nitric
oxide between a plasma protein-bound reservoir and low
molecular weight thiols. J Clin Invest 94: 1432–1439, 1994.

163. Sengupta R, Billiar TR, Kagan VE, and Stoyanovsky DA.
Nitric oxide and thioredoxin type 1 modulate the activity of
caspase 8 in HepG2 cells. Biochem Biophys Res Commun
391: 1127–1130, 2010.

164. Sengupta R, Ryter SW, Zuckerbraun BS, Tzeng E, Billiar
TR, and Stoyanovsky DA. Thioredoxin catalyzes the deni-
trosation of low-molecular mass and protein S-nitrosothiols.
Biochemistry 46: 8472–8483, 2007.

165. Seth D, Hausladen A, Wang YJ, and Stamler JS. En-
dogenous protein S-nitrosylation in E. coli: regulation by
OxyR. Science 336: 470–473, 2012.

166. Seth D and Stamler JS. The SNO-proteome: causation and
classifications. Curr Opin Chem Biol 15: 129–136, 2011.

167. Singh SP, Wishnok JS, Keshive M, Deen WM, and Tan-
nenbaum SR. The chemistry of the S-nitrosoglutathione/
glutathione system. Proc Natl Acad Sci U S A 93: 14428–
14433, 1996.

168. Sips PY, Irie T, Zou L, Shinozaki S, Sakai M, Shimizu
N, Nguyen R, Stamler JS, Chao W, Kaneki M, and Ichi-
nose F. Reduction of cardiomyocyte S-nitrosylation by S-
nitrosoglutathione reductase protects against sepsis-induced
myocardial depression. Am J Physiol Heart Circ Physiol
304: H1134–H1146, 2013.

169. Sliskovic I, Raturi A, and Mutus B. Characterization of
the S-denitrosation activity of protein disulfide isomerase.
J Biol Chem 280: 8733–8741, 2005.

170. de Smidt O, du Preez JC, and Albertyn J. The alcohol
dehydrogenases of Saccharomyces cerevisiae: a compre-
hensive review. FEMS Yeast Res 8: 967–978, 2008.

171. Staab CA, Alander J, Brandt M, Lengqvist J, Morgenstern
R, Grafström RC, and Höög J-O. Reduction of S-
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Abbreviations Used

b2-AR¼ beta-2 adrenergic receptor
b-arr2¼ b-arrestin 2
Adh6¼ alcohol dehydrogenase 6
AE1¼ anion exchange protein 1
AGT¼O6-alkylguanine-DNA alkyl transferase
AKR¼ aldo-keto reductase

AKR1A1¼ aldo-keto reductase 1A1
CBR1¼ carbonyl reductase 1
CFTR¼CF transmembrane conductance regulator

protein
CoA¼ coenzyme A

COX-2¼ cyclooxygenase 2
Cys¼ cysteine

eNOS¼ endothelial nitric oxide synthase
Erg10¼ ergosterol biosynthesis protein 10

GAPDH¼ glyceraldehyde 3-phosphate dehydrogenase
GRK2¼G-protein-coupled receptor kinase 2

GSH¼ glutathione
GSNO¼ S-nitrosoglutathione

GSNOR¼ S-nitrosoglutathione reductase
GSNOR-KO¼GSNOR knock-out
GSNOR-TG¼GSNOR transgenic

Hb¼ hemoglobin
HCC¼ hepatocellular carcinoma

HIF-1a¼ hypoxia-inducible factor 1-alpha
HNO¼ nitroxyl
iNOS¼ inducible nitric oxide synthase
LMW¼ low molecular weight
MAT¼methionine adenosyltransferase

mRNA¼messenger RNA
MSC¼mesenchymal stem cell
N2O3¼ dinitrogen trioxide

NMDAR¼N-methyl-d-aspartate receptor
NO¼ nitric oxide

NOS¼ nitric oxide synthase
nNOS¼ neuronal nitric oxide synthase

PDI¼ protein disulfide isomerase
PPARc¼ peroxisome proliferator-activated

receptor gamma
PSD-95¼ postsynaptic density protein 95

RBCs¼ red blood cells
RyR¼ ryanodine receptor/Ca2+-release channel

SERCA2a¼ sarcoplasmic/endoplasmic reticulum
calcium ATPase 2

SNAP¼ S-nitroso-N-acetyl-penacillamine
SNO¼ S-nitrosothiol

SNO2¼ nitroxyl disulfide
SNO-CoA¼ S-nitroso-coenzyme A

SNO-CoAR¼ SNO-CoA reductase
SNO-Hb¼ S-nitroso-hemoglobin

SNO-protein¼ S-nitroso-protein
SR¼ sarcoplasmic reticulum
Trx¼ thioredoxin

TrxR¼ thioredoxin reductase
TXNIP¼ thioredoxin-interacting protein
VEGF¼ vascular endothelial growth factor
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