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Abstract

S-Nitrosothiols are made by nitric oxide synthases and other metalloproteins. Unlike nitric oxide,

S-nitrosothiols are involved in localized, covalent signaling reactions in specific cellular

compartments. These reactions are enzymatically regulated. They affect protein interactions

involved in virtually every aspect of normal cell biology.
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1. Introduction

Protein S-nitrosylation, the post-translational modification of a cysteine thiol by the

attachment of an NO group, is a regulated reaction that is responsible for a broad spectrum

of cell signaling effects [1–4]. S-Nitrosylation is analogous to phosphorylation,

glutathionylation, palmitoylation, acetylation and other physiological modifications of

proteins. In general, proteins and peptides that have been modified to form S-nitrosothiol

bonds are involved in soluble guanylate cyclase (sGC) -independent signaling by nitrogen

oxides; though S-nitrosylation also affects sGC-dependent processes [5; Figure 1]. S-

Nitrosylation can occur downstream of cellular NO synthase (NOS) activity, and can also be

caused by extracellular sources of nitrogen oxides. Disorders of protein S-nitrosylation are

relevant to the pathophysiology of many diseases [1–4, 6–12].

There is cross-talk between S-nitrosylation, phosphorylation and other post-translational

signaling mechanisms that affect protein interactions. This is relevant to a spectrum of

disease processes ranging from asthma to cancer. As an illustration, S-nitrosylation of wild-
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type (wt) Ras by endothelial NOS (eNOS) is required for tumor growth in a signaling

pathway that also involves phosphorylation [11]. Specifically, oncogenic K-Ras activates

proteins to initiate tumor growth. Of these proteins, only PI3 kinase, through activation of

Akt, must remain activated by oncogenic K-Ras to maintain tumor growth [11]. The

essential Akt phosphorylation substrate for this process is eNOS. Endothelial NOS

activation, in turn, S-nitrosylates and activates wt H-Ras and N-Ras proteins at cysteine 118.

Knockdown of eNOS or mutation of wt Ras cysteine 118 prevents tumor formation [11].

This signaling crosstalk appears to be relevant to the development of lung cancer [12].

S-Nitrosylation often acts through effects on protein-protein interactions. Of many

examples, three are provided in this introduction. First, S-nitrosylation of procaspase-3 by

NOS isoforms promotes procaspase-3 interaction with acid sphingomyelinase (ASM) and

with NOS itself [13]. The interaction with ASM prevents apoptosis. Second, S-nitrosylation

of apolipoprotein E (ApoE) isoforms at cysteine 112 (for ApoE3) by co-scaffolded nNOS

prevents its interaction with low-density hypoprotein (LDL) receptor in the brain. This effect

may contribute to the progression of Alzheimer’s disease (14; Figure 2). Third, S-

nitrosylation of G protein receptor kinase 2 (GRK2) prevents interaction of GRK2 with the

β2 adrenergic receptor (β2AR); this prevents β2AR phosphorylation and internalization in

myocytes [15], preventing tachyphylaxis to β2 adrenergic agonists. Additional examples of

regulation of protein-protein interactions by S-nitrosylation will be provided below.

As these observations imply, the products of NOS activation can be highly localized to

proteins co-scaffolded with NOS in specific cellular locations. These NOS products

participate in covalent chemistry. This model contrasts with one in which NO simply

diffuses randomly around the cell as a dissolved gas [Figure 1]. Though many observations

over the years have suggested this covalent chemistry paradigm, it has only recently begun

to be commonly recognized as an alternative view of NOS biochemistry [1–4,16]. S-

nitrosylation is now a growing field of substantial importance to mammalian biology, human

disease, antimicrobial therapy, plant biology, ecology and many other biological disciplines.

Here, however, we will focus on S-nitrosylation signaling as it affects protein signaling in

normal mammalian cell biology.

2. Biochemistry

a. General: Consensus motifs for NO addition to protein thiols

Consensus motifs have been identified for S-nitrosylation, including those in which the Cys

is adjacent to basic, acidic or aromatic residues in the primary sequence or tertiary protein

structure [4,17–19]. The chemistry is affected not only by the protein, but by the reactivity

of the relevant nitrogen oxide signaling molecules. Specifically, S-nitrosothiol species

(RS−−NO+), nitrous acid (HO−−NO+) and other NO+ donors can signal through NO+

(transnitrosylation) reactions [1,2,19–24] according to X− − NO+ + Y− − H+ ⇌ X− − H+ +

Y− − NO+. In the case of protein S-nitrosothiols, these transnitrosylation reactions are

favored or disfavored by changes in cellular location of the reactions and by specific protein

conformations [1–4,17–19,22,23]. Though cysteines that are targets for transnitrosylation

could theoretically be predicted to have relatively low pKa sulfhydryl groups, this is not a

consistent finding [18]. Note that acidic conditions—such as those in protein microdomains,
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in lysosomes or in the mitochondrial inner space—may also promote SNO formation from

nitrite protonation to form nitrous acid. Covalent chemistry is also relevant to reactions

between nitroxyl (NO−/HNO) and thiol sites [26].

An NO equivalent bound covalently to a thiol is typically the NOS product that initiates S-

nitrosylation cascades [7,15,27]. For example, following endothelial NOS (eNOS) activation

by calcium ionophore in endothelial cells, eNOS itself is S-nitrosylated (NO+ attachment to

an R-S thiol) followed by transnitrosylation (NO+ transfer) to downstream targets such as

NOSiP, tubulin and heat shock protein (Hsp) 90 (Figure 3). These targets interact with one

another: NO+ appears to be transferred to co-scaffolded interacting proteins.

Of note, however, NO radical can also be relevant to protein thiol modification in cells.

Oxidation of NO to an NO+ equivalent may be favored by transition metals, oxygen or other

oxidizing agents. For example, NO and O2 concentrate in hydrophobic compartments, which

facilitates S-nitrosylation by N2O3 and protects the SNO from degradation by cytosolic

reducing compounds [16,28]. Nitric oxide can also be oxidized by metalloproteins such as

ceruloplasmin and hemoglobin to result in NO+ equivalents; these, in turn, modify cysteine

thiolate sites [28,29]. In the case of ceruloplasmin, NO radical reacts with Cu2+ to form a

NO+−Cu+ complex; after which NO+ is transferred to GSH with loss of a proton. The

electron on Cu+ is transferred through the copper systems of the protein to oxygen, forming

water and regenerating Cu2+ [28].

Note that cysteine S-nitrosylation contrasts with nitration reactions in which tryosine is

modified by NO2
+ addition. Nitration reactions are involved in cytotoxicity and tissue

pathology. Unlike S-nitrosylation reactions, nitration reactions are not enzymatically

reversed in cell biology: they do not normally represent reversible, physiological cell

signaling reactions. Nitrosylation signaling is also contrasted with unregulated, inorganic

NO addition reactions, or nitrosation.

b. Formation of the S-NO bond. How are proteins S-nitrosylated in cells?

Various proteins have been identified that catalyze formation of S-nitrosothiol bonds in

cells. As noted above, these include all NOS isoforms, hemoglobin and ceruloplasmin.

Activation of iNOS, eNOS and nNOS result in localized S-nitrosylation and functional

cysteine modification in coscaffolded proteins, conventionally at cysteine S-nitrosylation

motifs. For example, activation of iNOS—co-scaffolded with cyclooxygenase (Cox)2—

activates Cox2 by S-nitrosylation where it is in macrophages [27]. Activation of eNOS leads

to S-nitrosylation of several downstream proteins, depending on cellular location [see, for

example, Figure 3], one of which is GRK2 [15]. In the heart, S-nitrosylation by nNOS can

activate colocalized ryanodine-receptor to increase Ca2+ flux, while S-nitrosylation of the

eNO-Scolocalized L-type Ca2+ channel, inhibits Ca2+ flux [7]. Biochemical evidence

suggests the existence of additional SNO-synthases [S.J. Lewis, personal communication].

Note that different mechanisms have been identified by which NOS’s can be S-nitrosothiol

synthases. In the case of iNOS, for example, the formation of one R-N-NO intermediate on

the pterin has been identified near a GSH binding site (30).
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Protein S-nitrosylation by nitrite can also be catalyzed. For example, cysteines in protein

tyrosine-Xn-cysteine (YXnC) motifs are S-nitrosylated by myeloperoxidase in the presence

of nitrite and hydrogen peroxide [31]; and hemoglobin can serve an S-nitrosothiol synthase

through formation of HbFe (III)-NO intermediates in equilibrium with Fe(II)-NO+ [29]. S-

nitrosylation can also result from nitrite protonation in relatively acidic cell compartments,

such as the mitochondrial intermembrane space [32]; and S-nitrosothiols can be formed

from inorganic reactions in acidic conditions in the lung and gut [Figure 1;20,33,34]. Indeed,

the regulated formation, storage and transport of S-nitrosylated proteins and peptides can

help to rationalize a wide range of paradoxical observations made in physiology, including

tachyphylaxis of the endothelium-derived relaxing factor (EDRF) response to repeated

endothelial stimulation with acetylcholine; nitrogen oxide bioactivity in the presence of mM

concentrations of hemoglobin in blood; and the relatively benign phenotypes of multiple

NOS knockout mice (see, for example, Figure 1).

c. Denitrosylation

The stability of cellular S-nitrosylated proteins varies substantially because of both

enzymatic and non-enzymatic denitrosylation. S-Nitrosylation is balanced by denitrosylation

much as phosphorylation is balanced by dephosphorylation [1]. Several enzymes and

enzyme systems have been identified that serve as denitrosylases or transnitrosylases,

including S-nitrosoglutathione (GSNO) reductase [36,37; Figure 4], thioredoxin reductase

(with thioredoxin) [38–41], xanthine/xanthine oxidase [42], Cu/Zn superoxide dismutase

(SOD) [43–45], carbonyl reductase [46] and protein disulphide isomerases [47,48]. Products

vary according to the enzyme; they include alternate S-nitrosothiols, NO, peroxynitrite,

hydroxylamine and ammonia. Thus, catabolism can result in inactivation or bioactivation,

depending on location and upstream/downstream biochemistry. Transnitrosylation is in

many cases permissive for enzymatic denitrosylation [36]. For example, transnitrosylation in

the S-nitrosylated proteins to GSH, forming GSNO, permits GSNO reductase to serve as a

protein denitrosylase (see, for example, 36). Note that the cellular location of these enzymes

is critical, as discussed below: specific proteins are denitrosylated in specific cellular

locations/organelles. Further, different denitrosylases serve in varying cell signaling

pathways. For example, thioredoxin/thioredoxin reductase is critical in denitrosylating

caspase 3 during cellular apoptosis [39]; while it is GSNO reductase that denitrosylates

GPCR GRK2 during cell-membrane trafficking [15]. Kinetic parameters are as important as

histologic localization. For example, denitrosylation downstream of GPCR or growth factor

receptor activation occurs rapidly after receptor activation, whereas other S-nitrosylated

proteins are more stable [4].

With regard to non-enzymatic decomposition of S-nitrosylated proteins, denitrosylation is

generally favored by free copper and iron ions, by light, by heat, and by reducing agents

such as ascorbate [35,49–52]. Copper and iron ions, however, are bound proteins; and most

cells in the body are dark. Thus, thermal decomposition and reduction reactions are central

to cellular inorganic S-nitrosothiol decomposition. Different S-nitrosothiols vary in stability

[4,49,51]; and transnitrosylation can convert stable S-nitrosothiol species—particularly

including stable S-nitrosoproteins—to less stable species—including S-nitrosocysteine

(CSNO) [4,49,53]. This promotes non-enzymatic decomposition to cysteine and NO radical
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[34,49,51]. In biological systems, reduced thiols such as glutathione are the most abundant

nucleophilic compounds that participate in both transnitrosylation reactions; but other

nucleophilic compounds interact with S-nitrosothiols, including ascorbate, bilirubin and

sulphite [35,54,55].

d. Transmembrane S-Nitrosothiol Trafficking

i. Extracellular NOS-independent sources—S-Nitrosothiols are present in the airway

lumen, the gut, and other extracellular spaces [1,20,56] (Figure 2). As noted above, they can

be formed in these spaces by protein-catalyzed reactions, such as hemoglobin-catalyzed S-

nitrosothiol formation in the lung and elsewhere [1,27–31], or by inorganic reactions such as

nitrite ingestion/inhalation in the context of the relatively low pH [20,56,57]. Relevant pH

values are observed in the gut and distal airway, locations where thiol concentrations are

also high. Note in this regard that both the gut and distal airway have high levels of GSNO

reductase and other S-nitrosothiol catabolic enzymes to regulate S-nitrosothiol

concentrations formed both organically and inorganically [57–60]; indeed, enzymes such as

GSNO reductase can be upregulated by S-nitrosylation in the context of increased GSNO

levels [60]. Transnitrosylation reactions can then form membrane-associated S-nitrosothiols

that can transfer in and to erythrocytes, endothelial cells and other cells [27,56,61,62]. These

cellular stores of S-nitrosothiols serve as NOS-independent sources of bioactive nitrogen

oxides, regulated both by cell-cell interactions [1,61–64] and by transmembrane transport

regulators (see below).

ii. Regulation of transmembrane S-nitrosothiol transport—S-nitrosoglutathione

does not readily cross from the outside to the inside of the plasma membrane. However, γ-

glutamyl transpeptidase (GGT) cleaves GSNO to form S-nitrosocysteinyl glycine which

[65,66], in turn, is cleaved by dipeptidases to form S-nitroso-L-cysteine (L-CSNO). In this

regard, the convergence between GSNO metabolism and cysteine leukotriene metabolism is

striking; and there may be other novel isoforms of GGT appear to have differential reactivity

towards GSNO and cysteinyl leukotrienes. L-CSNO transport across the plasma membrane,

in turn, is regulated by the LAT transporter [66].

Additional transmembrane S-nitrosothiol transport proteins have been demonstrated. Protein

disulfide isomerase isoforms are S-nitrosylated, serve as denitrosylases and can transfer NO

from the extracellular protein, albumin, to the intracellular protein metallothionein [47,67].

Erythrocytic anion exchange protein 1 (AE 1) also serves a transmembrane transport role,

providing a mechanism by which membrane-associated deoxyhemoglobin can signal from

inside out to present S-nitrosothiols to vascular structures that can respond, in turn, to

hemoglobin R:T conformation changes [61,62]. That said, the science of transmembrane

interactions signaling by and through S-nitrosylation is in its infancy.

e. Intracellular stabilization of S-nitrosothiol bonds

As noted above, low-mass S-nitrosothiols are labile in the reducing environment of the

cytosol. The intracellular S-nitrosothiol bond is stabilized by steric sequestration in S-

nitrosylated proteins [4,19,62,63] and by localization in membranes and vesicles. Evidence

from the Lewis group suggests that specific S-nitrosothiols are sequestered in cytosolic
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vesicles that have vesicular fusion and reuptake pathways reminiscent of other transporters

involved in cell-cell interactions [Figure 1; 68]. Recent data from Straub, et al. are consistent

with this paradigm [69]. Similarly, S-nitrosothiol bonds are stabilized in membranes and in

the mitochondrial inter-membrane space [32]. In a number of situations (hemoglobin to

AE1, for example [62]) this transfer of NO+ from one protein to a co-scaffolded protein both

protects the S- nitrosothiol bond from non-specific reduction and localizes its activity to the

target protein. Indeed, eNOS activation appears to transfer NO+ equivalents to downstream,

coscaffolded proteins in a time-dependent, bucket-brigade process [Figure 3]. It is

anticipated that proteins such as LAT in the plasma membrane (see above) will transfer L-

CSNO to specific vesicles or other carrier protein to cause and/or preserve bioactivity;

however, the nature of these stabilization transport systems require a substantial amount of

additional study.

A word about concentration is in order. As implied from the discussion above, S-

nitrosothiols do not conventionally serve simply as NO radical donors. Therefore, it is a

mistake to perform experiments using high µM or mM concentrations of S-nitrosothiol with

the idea that these will only generate nM concentrations of NO radical. The rate at which—

and extent to which—these compounds generate NO radical normally reflects their catabolic

inactivation: NO radical is often not the active moiety. Physiologically relevant cellular S-

nitrosothiol concentrations involved in covalent chemistry are typically in the mid-high nM

range [20,61]. They are somewhat higher in some tissues such as the brain [70], but, it is

also a bit of a misconception to consider the global tissue concentration of S-nitrosothiols

without considering the local cellular concentration of each specific low-mass S-nitrosothiol

or S-nitrosylated protein of interest.

3. Subcellular localization of S-nitrosylated proteins and their metabolic

enzymes

Specific S-nitrosylated proteins have been localized to the cell membrane [62], the

endoplasmic reticulum [71], the Golgi [51,71], the mitochondria [32] and the nucleus [73].

Transfer of proteins from one space to another following S-nitrosylation is an important cell

signaling mechanism. For example, Fas-/Fas-ligand binding at the cell membrane results in

release of S-nitrosylated caspase 3 and caspase 9 from the mitochondrial intermembrane

space [32]. When released from this sequestered location, these caspases are de-nitrosylated

by the thioredoxin/thioredoxin reductase system [39], interacting with cytochrome C in the

apoptosome and promoting cellular apoptosis. Many examples are now emerging regarding

the role of S-nitrosylation in regulating transport between organelles (as reviewed below

with regard to regulation of protein expression).

Note in this regard that S-nitrosothiol metabolic enzymes appear to traffic in the cell with

their S-nitrosothiol products/substrates to subserve specific cellular functions [12]. For

example, eNOS as an NO+ S-nitrosothiol synthase appears to localize in the base of cilia to

form airway epithelial S-nitrosothiols [unpublished observation]. GSNO reductase traffics

from cytosolic structures to the nucleus in anaphase and telaphase of mitosis following,

along with mitotic spindles, those processes inhibited by colchicine [12]. Thus, S-
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nitrosothiols and their metabolic enzymes traffic with specific organelles and other

structures in the cell in a regulated fashion to subserve specific functions.

4. S-Nitrosylation regulates protein interactions to affect a broad range of

cell signaling functions

a. Epigenetic regulation

Regulation of protein interactions with chromatin can involve S-nitrosylation. For example,

in neuronal development, brain-derived neurotrophic factor activates nNOS, which S-

nitrosylates histone deacetylase 2 (HDAC2; cysteines 262 and 274), causing HDAC2 to

dissociate from chromatin [74]. This increases histone acetylation, permitting transcription

of beneficial target genes regulating dendritic growth (74); but it can also have potentially

adverse effects, including increased expression of metastatic tumor antigen 1 [75].

Additionally, cell cycle regulation appears to involve S-nitrosylation and denitrosylation of

critical proteins such as nuclear Ran-binding protein 3 [76] and, through E-box enhancer

dependent effects, the clock protein, Period [77]. Localization of denitrosylating enzymes to

the mitotic spindle also appears to be important to mitosis [12]. As with other cellular

effects, however, the role of S-nitrosylation signaling in epigenetics and cell-cycle

regulation is only beginning to be understood.

b. Transcriptional regulation

A number of nuclear regulatory protein interactions are modified by S-nitrosylation. For

example, expression and DNA-binding of the nuclear regulatory specificity protein (Sp) 3 is

increased, and those effects of Sp1 are decreased, by low GSNO concentrations; whereas the

reverse is true at higher concentrations [78]. Supraphysiological (nitrosative stress) level

effects of SNO or Sp’s are relevant to downstream regulation of the expression eNOS and

cftr genes, as well as genes encoding 5-lipoxygenase and a variety of other critical cell

regulatory proteins [78–80]. Another example is the regulation of Hypoxia-inducible factor

1 α (Hif1-α) expression, which is stabilized by physiological S-nitrosothiol levels through

S-nitrosylation of protein von Hippel Lindau (C162). This prevents HIF1-α degradation

[62], permitting HIF1-α interaction with HIF1-β. The resultant HIF1 heterodimer, in turn,

binds to hypoxia-responsive elements in gene promotor regions to result in transcription of

genes such as vascular endothelial growth factor (VEGF). This appears to be one

mechanism by which oxyhemoglobin desaturation-derived S-nitrosothiols can signal gene

regulatory effects in hypoxemia in vivo [64]. Of note, S-nitrosylation has a variety of other

effects on HIF proteins, including direct effects on the protein itself [81,82]. S-Nitrosylation

also has a variety of effects to alter NFκB activity, including S-nitrosylation of both NFκB

subunits p50 (C 62) and p65 (C 38); as well as IκB kinase [82–88]. The net affect of these

S-nitrosylation reactions is generally to increase cytosolic NFκB-IκB interaction, and/or

preventing nuclear translocation of NFκB; these effects prevent interaction of NFκB with

inflammatory gene promoters, inhibiting inflammation. Through these mechanisms,

extracellular S-nitrosothiols (for example, in the context of oxyhemoglobin desaturation) or

intracellularly generated S-nitrosothiols (for example, in the context of NOS upregulation)

can signal in a targeted way to cause specific changes in gene expression.
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c. Regulation of the activity of proteins involved in cellular energy metabolism

Many metabolic enzymes are now appreciated to be regulated by S-nitrosylation and/or

interact with proteins that are affected by S-nitrosylation, including those in the

mitochondria. Processes ranging from the S-nitrosylation-induced activation of glucokinase

to S-nitrosylation-induced inactivation of the insulin receptor have been proposed to be

related to the pathophysiology of diabetes [86–87]. The common glycolytic enzyme,

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), provides an example of the

complexity of S-nitrosylation signaling as it relates to metabolism. While GAPDH S-

nitrosylation reversibly inhibits the enzyme's glycolytic activity, the same reaction also

protects it from irreversible inactivation by oxidation [88]. Strikingly, GAPDH S-

nitrosylation also leads to its binding to the E-3 ubiquitin ligase, Siah, which—bound to

GAPDH—is transported to the nucleus and is critically involved in apoptosis [89].

Surprisingly, GAPDH also stabilizes iron in cells, delivering it to the iNOS heme; this

reaction is inhibited by GAPDH S-nitrosylation at C152 [90].

d. Regulation of cellular metal transport and homeostasis

S-Nitrosylated proteins regulate cellular proteins to affect metal transport and homeostasis.

Several examples have been reported recently, including cellular regulation of zinc by

metallothionein [91] and, as noted above, iron by GAPDH [90].

e. Regulation of protein translation and post-translational modifications

S-Nitrosylation can regulate both the folding and trafficking of normal proteins and the

degradation of misfolded or unwanted proteins. It does this through modifying protein

expression and protein/protein interactions in the endoplasmic reticulum, Golgi,

submembrane vesicles and cytosol. An example is the regulation of cystic fibrosis

transmembrane regulatory protein (CFTR), an epithelial Cl− channel. Only 30% of normally

translated CFTR gene product is expressed and functional on the normal cell surface of

epithelial cells in the airways, gut and reproductive organs. Genetic mutations in the cftr

gene commonly result in misfolded proteins [92]. Nearly 100% of these misfolded proteins

are targeted for degradation. The most common mutation associated with misfolded CFTR is

delF508. This is a slightly abnormal gene product (missing a single amino acid) that, if

expressed on the cell surface, can function normally. However, delF508 CFTR is targeted

for degradation because of its misfolding: less than 1% is normally expressed on the cell

surface. We and others have shown that S-nitrosylating agents augment the expression and

cell-surface maturation of both wt and delF508 CFTR [51,71,93–95]. A variety of

chaperones and co-chaperones escort CFTR as it is being translated, folded in the ER,

glycosylated in the ER and Golgi, expressed on the cell surface and recycled in sub-plasma

membrane vesicles [96]. Recent siRNA screening experiments confirm that heat shock

protein (Hsp) 70 and Hsp90 are critical co-chaperones for successful CFTR maturation; and

that heat shock cognate (Hsc) 70 is involved in targeting CFTR for degradation through

CHIP and other cysteine-containing ubiquitin ligase systems [92]. There are several targets

for S-nitrosylation in this system. These S-nitrosylated proteins track through the ER and

Golgi at baseline (depending on NOS activity) and following S-nitrosothiol exposure. One

of these targets is Hsc 70, inhibition of which by S-nitrosylation permits CFTR maturation
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[51]. Another critical target is Hsp70/Hsp90 organizing protein (Hop; or Stip1). It is S-

nitrosylated on cysteine 403, targeting it for ubiquitination and degradation [71]. This loss of

Hop prevents CFTR/Hop interaction, permitting not only CFTR glycosylation and

maturation, but preventing loss of CFTR from the cell surface through recycling. The loss of

Hop/CFTR interaction can be tracked through the ER and Golgi as CFTR is glycosylated

and permitted to be expressed on the cell surface.

f. Regulation of protein degradation

As noted above, S-Nitrosylation affects the degradation of a number of proteins. The

principal mechanism appears to be S-nitrosylation of the active site cysteine on specific E3

ubiquitin ligases preventing enzyme-target protein interaction. An example is the inhibition

of Hif-1α degradation by S-nitrosylation of protein von Hippel Lindau (C162) mentioned in

the section on gene regulation [64].

g. Regulation of the activities of membrane-associated proteins

Expression of membrane-associated proteins can be regulated through effects on

transcription, translation, trafficking and degradation discussed above. Additionally,

however, the activity of membrane-associated proteins such as ion channels can be affected

directly by S-nitrosylation. S-Nitrosylation affects a broad spectrum of receptors including,

for example, NMDA receptors [97]. It also affects many different channel ions. These range

from the stereoselective effect of L-CSNO—but not D-CSNO—to inhibit the T-type Ca2+

channel in the thalamus [98] to the effect of NOS activation to modify K+ and Ca2+ channels

in the heart. In the cardiac myocyte, for example, eNOS regulates plasma membrane K+ and

Ca2+ through S-nitrosylation of other K+ channels and L-type Ca2+ channels; while nNOS

regulates Ca2+ release from the endoplasmic reticulum through S-nitrosylation of the

responsive receptors [1,7]. These effects often are initially dependent on protein-protein

interactions. For example, interaction of ryanodine receptor type 1 (RyR1) with nNOS

provides specificity for RyR1 S-nitrosylate during skeletal muscle disuse (99). Indeed, there

are now many examples of how S-nitrosylation affects membrane protein-protein

interactions. Several were discussed in previous sections of this paper, 1) including the

inhibition of GRK2-βr AR interaction at the plasma membrane by eNOS-induced S-

nitrosylation of GRK2; 2) augmentation of mitochondrial membrane procaspase-3-ASM

interaction by eNOS-induced S-nitrosylation of procaspase-3; and 3) inhibition of LDL

receptor binding of ApoE by nNOS-induced S-nitrosylation of ApoE.

Disorders of S-nitrosylation

Disorders of each of the cellular processes described above are observed in a variety of

pathophysiological processes. These range from asthma to Parkinson’s disease. They

include major causes of morbidity, mortality and increased health care costs world-wide [1–

3,7–12,14,43,50–52,55–58,61,63,67,71,95,100]. Our review, however, have focused on the

role of S-nitrosothiols in normal cell signaling. We anticipate that information regarding S-

nitrosylation in the normal cell will serve as a basis for studies regarding abnormal S-

nitrosylation signaling in a broad range of diseases. Some progress has already been made in
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the use of S-nitrosothiols for treating pulmonary diseases such as asthma, cystic fibrosis and

pulmonary arterial hypertension [2].

Summary

Nitric oxide radical signals in conventional pathways represented as random gas diffusion

through membranes to activate soluble guanylate cyclase. It also signals as a free radical

through interaction with superoxide to form antimicrobial intermediates. Additionally, it is

increasingly appreciated that cellular bioactivities caused by NOS activation and

environmental nitrogen oxides can be regulated by reactions that signal specific, localized

cellular effects through covalent transnitrosylation reactions that are independent of NO

radical. These reactions are conventionally viewed as NO+ transfer reactions between

proteins that affect—and are affected by—cellular protein interactions. They are observed in

every part of the eukaryotic cell and are involved in the regulation of nearly every aspect of

cell biology. Understanding the localized, covalent nature of this biochemistry represents a

paradigm shift in the study of nitrogen oxides in cell biology. This new perspective, in turn,

explains a number of paradoxes in cellular biochemistry of nitrogen oxides. It also opens

doors for innovation in many areas of biology and medicine.
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Research Highlights

• Nitric oxide synthase activation forms S-nitrosothiols

• S-nitrosylation signaling is regulated

• Virtually every aspect of cell biology is impacted S-nitrosylation signaling

Marozkina and Gaston Page 16

Biochim Biophys Acta. Author manuscript; available in PMC 2014 May 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Scientific overview: An emerging paradigm of nitrogen oxide signaling
Nitric oxide synthase (NOS) forms S-nitrosothiols (RS˙-˙NO, or, more commonly,

RS−−NO+). Note there is also regulated cellular import of extracellular S-nitrosothiols.

NOS-derived NO and NO reduced from S-nitrosothiols and NO2
− can exert classical

cytotoxic and cyclic GMP (cGMP)-dependent effects, the latter through activation of

guanylyl cyclase (GC). Intracellular S-nitrosothiols can include protein and low-mass

species, and are generally in sequestered locations in the cell, such as membranes and

vesicles. These S-nitrosothiols can transfer NO+ equivalents to target proteins through

transnitrosylation to cause cGMP-independent effects; this signaling can be regulated by

movement of the S-nitrosothiols in the cell to target locations, and by degradation. Dr.

Lewis’ recent data suggest that S-nitrosothiols can also be secreted into the extracellular

space to signal intercellular, cGMP-independent effects—particularly in the autonomic

nervous system—through extrusion from S-nitrosothiol-containing vesicles.
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Figure 2. Effect of S-nitrosylation on the 3D structure of human ApoE3
(A) Fully processed ApoE3, without the N-terminal signal peptide sequence (18 residues), is

comprised of an N-terminal LDL receptor binding (RB) domain and a C-terminal lipid

binding (LB) domain. Note that all the amino acid numbering used here is based on the

amino acid sequence of the fully processed ApoE (residues 1−299). (B) 3D atomic model of

the WT RB domain of ApoE. (C) 3D atomic model of the S-nitrosothiol derivative

(C112SNO) of the RB domain of ApoE. Note that in both panels B and C, the RB domains

are colored brown while the side chain moieties of R61, E109, and C112/C112SNO are

colored blue, red, and green, respectively. Insets show close-ups of intramolecular

interactions of C112/C112SNO with R61 and E109. (D) Schematic showing the S-

nitrosylation of C112 within the RB domain of ApoE. Note that the resulting C112SNO S-

nitrosothiol derivative may undergo resonance arrangement to form a zwitterion with an

internal dipole characterized by the separation of a positive charge and a negative charge on

sulfur and oxygen atoms, respectively. (E) Schematic showing a plausible hydrogen bonding

and/or ion pairing network of the polarized S-nitrosothiol moiety of C112SNO, the
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guanidino group of R61, and the side chain carboxylate of E109. The double-headed red

arrows indicate potential hydrogen bonding and/or ion pairing contacts. (from reference 14)
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Figure 3. eNOS as a Nitrosonium Synthase
A. Proteins were immunoprecipitated with anti-CSNO antibody before, and two and 10 min

after, cell treatment with calcium ionophore A23187; they were then immunoblotted with

anti-eNOS. B. Proposed general schematic of nitrosonium (NO+) transfer following eNOS

activation, based on our preliminary data. Arrows represent transnitrosylation (NO+ transfer

between cysteines). Protein-scaffolding scheme adapted from Su, Kondrikov, and Block

(ref. 25).
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