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Abstract

Nitric oxide is a gaseous signaling molecule that is well-known for the Nobel prize-winning 

research that defined nitric oxide as a physiological regulator of blood pressure in the 

cardiovascular system. Nitric oxide can signal via the classical pathway involving activation of 

guanylyl cyclase or by a post-translational modification, referred to as S-nitrosylation (SNO) that 

can occur on cysteine residues of proteins. As proteins with cysteine residues are common, this 

allows for amplification of the nitric oxide signaling. This review will focus on the possible 

mechanisms through which SNO can alter protein function in cardiac cells, and the role of SNO 

occupancy in these mechanisms. The specific mechanisms that regulate protein SNO, including 

redox-dependent processes, will also be discussed.

1. Introduction

Until recently, the effects of nitric oxide (NO) were thought to result primarily from the 

activation of the soluble guanylyl cyclase/cGMP/protein kinase G pathway, but NO is also 

capable of signaling independent of cGMP, namely via post-translational modification 

(PTM) of protein thiol groups. This labile, redox-sensitive modification is generally referred 

to as protein S-nitrosylation (SNO). Similar to other post-translational modifications, SNO 

affects proteins and enzymes in all cellular compartments and in most signaling pathways. 

In cardiomyocytes, SNO can occur on a large number of mitochondrial proteins [1–4]. 

Figure 1 shows an analysis of the pathways that are regulated by SNO. As illustrated, SNO 

has been shown to regulate an increasing number of cellular pathways and signaling 

molecules (Figure 1A) in the cardiovascular system and SNO has been implicated as a 

critical regulator of many of the processes (Figure 1B) that govern normal cellular 

physiology. 2. Formation, regulation and localization of protein SNO:

SNO is an NO-dependent modification, and NO is usually generated by NO synthase (NOS) 

in the myocardium. There are two constitutive NOS isoforms, endothelial NOS (eNOS) and 
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neuronal NOS (nNOS), as well as an inducible isoform (iNOS). In the presence of the 

appropriate substrates and co-factors (i.e., tetrahydrobiopterin [BH4], L-arginine), eNOS and 

nNOS are activated by calcium-calmodulin and produce low levels of NO, while iNOS, 

which is typically only expressed in the myocardium during inflammatory responses, 

produces much higher amounts of NO independent of calcium. In the case of co-factor 

depletion, NOS can become uncoupled and this leads to the production of superoxide rather 

than NO. In addition, NOS activity can be regulated via PTMs. For example, 

phosphorylation of S1177 via AKT activates both coupled and uncoupled eNOS [5], while 

SNO of eNOS promotes the inactive monomeric state [6]. NO can also be generated by non-

enzymatic mechanisms (i.e., nitrite reduction), particularly under conditions of low pH as 

occur during ischemia [7].

NO can promote SNO of protein thiols through several different mechanisms, as illustrated 

in Figure 1. SNO can be generated through the addition of NO by nitrosylating species, such 

as dinitrogen trioxide (N2O3) or the nitrosonium ion (NO+). Trans-S-nitrosylation represents 

another major process that leads to protein SNO. In the case of trans-S-nitrosylation, the 

direct transfer of NO occurs between SNO proteins with the donor protein referred to as a 

nitrosylase. Nitrosylases serve to propagate protein SNO beyond local NO signaling 

domains and offer the potential for target specificity, as recent data suggests that specific 

protein-protein interactions can lead to specific trans-S-nitrosylation reactions [8, 9]. This 

could explain why there is currently no consensus SNO sequence. Conversely, SNO is 

removed from proteins by the action of denitrosylases (see figure 1). S-nitrosoglutathione 

(GSNO) reductase and thioredoxin are two well characterized denitrosylases [10], with 

NADH and NADPH serving as electron donors to regenerate glutathione and thioredoxin.

NO signaling is also spatially localized [11–13]. eNOS is targeted to caveolae in the 

sarcolemmal membrane, whereas nNOS is typically localized to the sarcoplasmic reticulum. 

NOS localization can also change with disease, as nNOS has been reported to translocate to 

the plasma membrane following ischemia and heart failure [14, 15]. Although NO is highly 

diffusible, it is also highly reactive and studies have shown that its bioavailability is spatially 

limited [12]. Thus, the NO generated by spatially localized NOS isoforms regulates distinct 

protein targets and trans-S-nitrosylation appears to be an important mechanism for 

amplification of the NO/SNO signal. For example, NOS does not appear to be present in the 

nucleus, but SNO signaling is transmitted to the nucleus via trans-S-nitrosylation from 

proteins such as GAPDH[16]. Several other protein trans-S-nitrosylases have also been 

described, including hemoglobin [17], caspase-3 [18], and thioredoxin [19, 20]. In addition, 

the existence of a mitochondrial isoform of NOS is controversial, and thus a role for 

nitrosylases in the transmission of the SNO signal into the mitochondria or other organelles 

should be considered.

3. Modification of protein function

SNO has been suggested to modify cellular function by regulating protein or enzyme 

activity, mediating protein localization, changing binding partners, competing with other 

PTMs, and shielding critical cysteine residue(s) from irreversible oxidation and altering 

protein stability. These mechanisms are not mutually exclusive and many act in concert. For 
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example, SNO can alter protein-protein interaction, which can in turn promote a shift in 

protein localization. Each of these scenarios will be discussed separately and examples will 

be provided.

a) SNO can alter protein or enzyme activity

Like most PTMs, SNO can alter protein conformation, thus altering activity [4]. The active 

sites of many enzymes contain cysteine residues, and modification of these residues can 

induce a change in enzyme activity [21]. SNO has been reported to increase or decrease 

protein activity, depending on the target. Because of the presence of cysteine residues in the 

active site of many enzymes there is a tendency for SNO to inhibit rather than activate 

enzyme activity, although SNO occurs on many regulatory sites leading to activation. In 

many cases the effect of SNO on activity were confirmed by demonstrating that the addition 

of an NO donor can alter both activity and protein SNO. For some of these proteins, the 

modified SNO cysteine residue has been identified, and when this cysteine was mutated, the 

activity of the protein was no longer altered by NO donors [22, 23]. Although mutagenesis is 

a common approach to demonstrate a role for PTMs in protein function, appropriate controls 

need to be performed in order to assure that the mutation (i.e., cysteine to serine or alanine 

conversion) per se, does not lead to altered conformation or the loss of activity.

For a list of enzyme activities that are increased or decreased by SNO please see our 

previous review [24]. We will only highlight a few recent examples. SNO of acyl CoA 

dehydrogenase has been shown recently to decrease the Km of the enzyme, thereby 

improving catalytic efficiency [25].

A large number of contractile proteins have also been found to be S-nitrosylated [1, 3], 

although the functional consequence of the modification is just beginning to be explored. 

Sips et al reported that SNO of myofilament proteins alters calcium sensitivity, thus 

resulting in an increase in contractility without a concomitant change in the level of calcium 

[26].

b) SNO can mediate protein localization

Recent data have suggested that PTMs can alter function by changing protein localization. 

One of the first examples showing that SNO can alter protein localization was from studies 

in neuronal cells. For example, SNO of GAPDH leads to an interaction with Siah1, thereby 

stabilizing Siah1 and inducing the nuclear translocation of both proteins[27]. While in the 

nucleus Siah1, an E3 ubiquitin ligase, selectively degrades nuclear proteins, such as the 

nuclear receptor co-repressor (N-CoR). GAPDH has also been shown to trans-S-nitrosylate 

many different proteins while in the nucleus, including SIRT1 and HDAC2, and is therefore 

referred to as a SIRT1 or HDAC2 trans-S-nitrosylase [8]. Additionally, SNO of β-arrestin 2 

has been shown to promote its localization with the clathrin heavy chain/β-adaptin complex, 

thus leading to internalization into endosomal vesicles [28]. Transglutaminase crosslinks 

extracellular matrix proteins promoting aortic stiffness; SNO of transglutaminase restricts its 

localization to the cytosol and reduces the crosslinking of matrix proteins [29]. SNO of 

apurinic-apyrimidinic endonuclease 1, a major DNA repair enzyme, triggers the export of 

the enzyme from the nucleus to the cytosol [30]. SNO has also been shown to play a role in 
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the activation and translocation of nuclear factor (erythroid-derived)-related factor 2, which 

is a transcription factor that plays a role in protecting the cell against oxidative stress [31, 

32].

c) SNO can change binding partners

Alterations in protein localization occurring as a result of SNO often act in concert with 

SNO-induced changes in binding partners. As discussed previously, SNO of β-arrestin 2 

promotes dissociation from eNOS in the caveolae and its association with the clathrin heavy 

chain/β-adaptin complex, thereby altering localization [28]. SNO of GOSPEL (GAPDH’s 

competitor of Siah1 Protein Enhances Life) leads to an interaction with GAPDH in the 

cytosol, and this inhibits the nuclear translocation of GAPDH by decreasing the interaction 

with Siah1 [33]. In addition, SNO of MLC1 increases the binding of matrix 

metalloproteinase-2, which increases the degradation of MLC1 [34].

d) SNO can compete with other post-translational modifications and shield cysteine 
residues from irreversible oxidation

In addition to oxidation, there are other modifications, including acylation, prenylation and 

palmitylation, which can occur on cysteine residues, and these modifications can compete 

with one another. For example, Snyder’s group has shown that palmitylation targets 

postsynaptic density protein 95 to the synaptosome and SNO can compete with 

palmitylation thereby altering the localization of the protein [35]. Furthermore, as discussed 

in detail in a previous review [36], SNO can also serve as an intermediate in the generation 

of other modifications such as glutathionylation, sulfinic acid and sulfonic acid.

SNO also can compete with higher order oxidative modifications. Van Eyk and coworkers 

[37] showed that C294 of the alpha subunit of the F1-F0-ATPase can form a disulfide bond, 

or undergo SNO or S-glutathionylation depending on the disease state of the heart. In hearts 

subjected to dyssynchronous heart failure, C294 forms a disulfide bond with another 

cysteine. With cardiac resynchronization therapy, however this disulfide bond is replaced 

with an SNO moiety. The disulfide bond was also shown to promote inhibition of the F1-F0-

ATPase compared to SNO, suggesting that this PTM change could have important 

functional implications for the heart. These data are consistent with studies by Sun et al who 

showed that SNO of the F1-F0-ATPase occurs during preconditioning and is associated with 

cardioprotection [4].

It has been suggested that SNO can shield critical cysteine residues from the damaging 

effects of irreversible oxidation [38]. If SNO occurs on critical cysteine residues prior to 

oxidative stress as occurs during ischemia and reperfusion, these residues can be protected 

from irreversible oxidation, and because SNO is a transient, reversible modification, normal 

protein function quickly resumes upon the reversal of SNO. With oxidative stress, proteins 

can become irreversibly oxidized and dysfunctional, and these proteins then need to be 

degraded and re-synthesized in order to regain normal function.

To determine if cardioprotection-induced SNO decreases irreversible cysteine oxidation at 

the same site following ischemia-reperfusion injury, Kohr et al examined a well-established 
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cardioprotective mechanism known as ischemic preconditioning (IPC), which increases 

protein SNO. Kohr et al reported that ~70% of the cysteine residues that were SNO with IPC 

showed a concomitant reduction in higher order oxidation at the same site following 5 min 

of reperfusion [38]. As a proof of concept, it was also shown that with ischemia followed by 

5 minutes of reperfusion, GAPDH activity was inhibited due to an increase in higher order 

oxidation, with no change in SNO. GAPDH is modified via SNO following IPC (prior to 

sustained ischemia), which also led to the inhibition of activity. However, if IPC hearts were 

then subjected to sustained ischemia followed by 5 minutes of reperfusion, GAPDH 

exhibited neither SNO nor oxidation, and GAPDH activity tended toward normal. The IPC-

induced SNO was quickly degraded upon reperfusion, but was present long enough to shield 

the critical cysteine residues of GAPDH from irreversible oxidation. Kohr also found that 

IPC increased SNO of C203 of cyclophilin D and that this cysteine was also found to exhibit 

an increase in irreversible oxidation during I/R in the absence of IPC. Nguyen examined the 

role of SNO of C203 of cyclophilin D and found that it was critical for cyclophilin D 

mediated activation of the mitochondrial permeability transition pore opening [23]. It is 

important to emphasize the transient nature of SNO, as it can be rapidly reversed. SNO can 

have a similar inhibitory effect on the enzyme activity compared to higher order oxidation, 

but because the modification is quickly lost on reperfusion, it does not have a lasting effect 

on cardiac function. Thus, cardioprotective mechanisms result in an increase in NO and 

NOS prior to ischemia and appear to be able to shield some critical cysteine residues from 

irreversible oxidation. Consistent with this concept, Yakushev et al showed that during 

hypoxia there is a decrease in SNO, which leads to an increase in glutathionylation of the 

Na,K-ATPase and this contributes to the inhibition of the Na,K-ATPase that is observed 

with hypoxia [39].

The studies by Kohr et al discussed above, suggest that the increase in SNO that occurs 

during IPC is needed for cardioprotection. This raises the question as to whether NO/SNO 

increases during ischemia in the absence of IPC. Kohr et al found that protein SNO at 5 

minutes of reperfusion following ischemia was lower than the level of SNO at baseline, 

prior to ischemia or the level at 5 min of reperfusion following IPC and ischemia [38]. Thus 

SNO levels are reduced following ischemia and 5 minutes of reperfusion. On one hand this 

might be expected since NOS requires oxygen which is limited during global ischemia. 

Furthermore NOS becomes uncoupled during ischemia due to oxidation of its cofactor BH4 

[40] and glutathionylation [41, 42] of eNOS. When NOS is uncoupled it generates 

superoxide rather than NO, and thus during ischemia and early reperfusion, one would 

expect NO production and basal SNO to decrease.. However, Zweier et al used electron 

paramagnetic resonance spectroscopy to measure NO during ischemia and reported a 10-

fold increase in NO after 30 minutes of ischemia [43]. Somewhat surprisingly, this 

generation of NO increased with longer durations of ischemia and a significant percentage 

of the NO generated during ischemia was blocked by addition of the NOS inhibitor L-

NAME. It is particularly surprising that L-NAME blocked the increase in NO during late 

ischemia, as Zweier and colleagues also reported that NOS is uncoupled during ischemia 

[40]. Thus, additional studies may be needed to address the relative role of NO/SNO during 

ischemia.
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e) SNO can alter protein stability

SNO appears to be capable of altering the half-life of target proteins. SNO of myosin light 

chain 1 (MLC1) increases tyrosine nitration, which increases matrix metalloproteinase-2 

(MMP2) binding and leads to the degradation of MLC1 [34]. However, the relative role of 

SNO versus tyrosine nitration in the enhancement of MMP2 binding is unclear.

The role of SNO in regulating protein stability has been studied more extensively in other 

tissues and several examples are worth considering, as they are likely to provide some future 

directions in cardiovascular studies. SNO of phosphatase and tensin homolog (PTEN) at 

C83 is reported to increase degradation through the ubiquitin-proteosomal pathway [44]. In 

contrast, SNO of Bcl-2 at C158 and C329 decreases degradation by the ubiquitin-

proteosomal pathway [45]. Additionally, SNO of HIF-1α has been reported to increase 

protein stability [46]. In fact, SNO and normoxic stabilization of HIF-1α was shown to 

occur in mice lacking the denitrosylase, GSNO reductase, and this increase in HIF-1α levels 

was shown to reduce myocardial infarct size [47]. SNO can also indirectly affect protein 

stability by modifying E3 ubiquitin ligases that target specific compartments. In 2004, two 

groups reported that SNO of E3 ubiquitin ligase parkin modulated its activity, although they 

differed somewhat in the details. Chung et al [48] reported that SNO inhibited parkin, 

whereas Yao et al [49] reported that SNO initially activated parkin followed by a gradual 

decrease in activity. In a follow-up report, Chung et al agreed that there was an initial 

activation of parkin with SNO. Recently Ozawa et al [50] reported that SNO of parkin at 

C323, results in its activation. These findings are interesting in light of the recent publication 

detailing the structure of parkin, which shows that the protein is auto-inhibited [51]. The 

authors mention that auto-inhibition is likely to be regulated by a cysteine modification. 

Taken together it appears that SNO can lead to activation of parkin, likely by relieving the 

auto-inhibition. However, SNO of the cysteines involved in zinc coordination would likely 

lead to inhibition of parkin. The mechanisms of SNO regulation of parkin can likely be 

applied to other proteins sharing similar structures or motifs.

We recently studied the ability of SNO to alter the stability of the membrane repair protein 

tripartite motif-containing protein (TRIM72) or mitsugumin-53 (MG53). Several groups 

have shown that oxidation of TRIM72 at C242 leads to oligomerization and translocation to 

the plasma membrane, where TRIM72 can participate in membrane repair [52, 53]. We 

found that C144 of TRIM 72 can undergo SNO [1], and examined the functional effects of 

this modification at C144. We found that under conditions of oxidative stress, TRIM72 

exhibits higher order oxidation and is degraded through a proteosomal-dependent 

mechanism. However, SNO of C144 or cysteine mutagenesis (cysteine to serine conversion) 

blocks the oxidative stress-mediated decrease in TRIM72 levels. Taken together these data 

support the concept that SNO of TRIM72 at C144 contributes to cytoprotection by blocking 

irreversible oxidation and subsequent degradation of TRIM72. These data further show that 

SNO can shield critical cysteines from irreversible oxidation and alter protein stability.

4. SNO occupancy

A large number of sites of SNO have been identified in previous studies [1]; these proteins 

showed SNO at baseline without any stimulus. Figure 1 shows the pathways that contain 
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SNO proteins, which are present at baseline. SNO has been suggested to modify cellular 

function by altering protein stability, regulating protein or enzyme activity, mediating 

protein localization, changing binding partners, competing with other PTMs, and shielding 

critical cysteine residues from irreversible oxidation. If hearts are perfused or homogenates 

are treated with an NO donor, such as GSNO, there is a large increase in the number of 

proteins that exhibit potential sites of SNO [1]. A limitation of some of the studies that 

sought to identify sites of SNO, is that a high dose of an NO donor was often used to induce 

protein SNO. This leads to the loss of any localized or compartmentalized signaling, and 

this, coupled with the high dose of an NO donor, can lead to SNO of protein sites that do not 

occur in physiological or pathophysiological conditions. It is therefore important to verify 

that these sites occur with physiologic or pathophysiologic stimuli.

In the phosphorylation literature there is an ongoing discussion as to whether all sites of 

phosphorylation result in functional consequences [54, 55]. It has been suggested that some 

of these PTMs may be neutral and have no functional consequence. The issue of functional 

consequences is often raised for PTMs that occur on only a small fraction of a protein. 

Occupancy is a term used to express the percentage of a protein that is modified at a specific 

residue. Clearly, a PTM on a small fraction of a protein can have large functional 

consequences when this PTM occurs on a signaling kinase or phosphatase leading to 

activation or inhibition of a signaling cascade. For example, a PTM that activates only a 

small percentage of a signaling molecule such as Akt can have a major impact on cellular 

function. PTM-mediated inhibition of a small percentage of the sarcolemmal NaK-ATPase 

at the start of reperfusion could drastically slow the recovery of ion gradients. Similarly, a 

PTM on a small fraction of a protein which alters the localization, binding partners or 

stability of the target protein can also have important functional consequences. However, 

occupancy becomes an important issue when considering the role of SNO in regulating the 

activity of an enzyme in a metabolic pathway or shielding cysteine residues from 

irreversible oxidation. For example if SNO leads to inhibition of a metabolic enzyme, such 

as GAPDH and if only 5% of the enzyme becomes SNO with a treatment, for most 

metabolic pathways, a transient inhibition of 5% is unlikely to have a major functional 

consequence. The case of a PTM activation of enzyme activity is more complicated. For 

example, if the PTM leads to an order of magnitude activation of enzyme activity, then a 

PTM on 5% of the protein could still have a major effect on the flux through the pathway. A 

PTM could change substrates or products of a reaction and this could have important 

functional effects. As discussed previously, S-glutathionylation of eNOS uncouples the 

enzyme so that it now produces superoxide rather than NO [41]. S-glutathionylation and 

uncoupling of a small percentage of eNOS could have important function consequences; it 

could increase reactive oxygen species (ROS) and lead to additional eNOS uncoupling. A 

PTM of a metabolic enzyme could also alter the localization of the enzyme which could in 

turn alter the local concentration of a metabolite and this may have functional consequences 

(e.g hexokinase targeting to the mitochondria). It is also possible that the re-targeted 

metabolic enzyme could take on a new function in the cell (e.g. moonlighting), as is the case 

for GAPDH serving as a nuclear trans-nitrosylase. GAPDH is a well-established protein in 

glycolysis, but GAPDH is also involved with many other cellular signaling pathways. 

Recently, GAPDH has been suggested to play a role in regulating heme insertion into 
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enzymes such as NOS, and SNO of GAPDH at C152 has been reported to inhibit heme 

insertion [56]. Therefore, it is possible that these moonlighting functions are also altered by 

SNO.

To better evaluate these issues, it was important to develop methods to measure SNO 

occupancy. Kohr et al developed a method using different isobaric tags to label free and 

SNO cysteine residues [57]. Other have developed similar methods for estimating SNO 

occupancy [58, 59]. Using these methods, basal SNO occupancy was determined to be low 

for most protein targets (usually less than 5–10%) as expected, but these occupancy levels 

can be enhanced by 3 to 4 fold or more with an increase in NOS activity. IPC-mediated 

cardioprotection results in an increase in SNO of several enzymes to occupancy levels in the 

range of 20 to 30%. These proteins include hexokinase-1, short-chain acyl CoA 

dehydrogenase and glycine cleavage system H protein. These data suggest that the SNO 

occupancies occurring in vivo are sufficient to regulate cellular function.

5. Redox regulation of NO signaling and dysregulation in cardiovascular 

disease

SNO is a redox-dependent PTM, and changes in cellular redox state can alter the generation 

of NO, the lifetime or bioavailability of NO, and the reactions that lead to protein SNO 

and/or denitrosylation. An increase in oxidative stress leads to a decrease in protein SNO, 

thereby altering the balance between NO/SNO and ROS. ROS leads to the consumption of 

NO, and thus cardiac specific overexpression of superoxide dismutase leads to an increase in 

NO bioavailability [60]. SNO can also alter ROS generation. For example the mitochondrial 

targeted NO donors lead to selective SNO of cysteine 39 on the subunit ND3 of the 

mitochondrial complex I [58]. NO donors added at the start of reperfusion slow the 

reactivation of complex I, and thereby reduce ROS production by complex I. Another 

mechanism by which an increase in oxidative stress reduces NO/SNO signaling is through 

the uncoupling of NOS. Normally, NOS converts L-arginine to L-citrulline, generating NO 

in the process. This reaction requires oxygen and the cofactor BH4, which can become 

oxidized during ischemia [40]. In the absence of BH4, NOS becomes uncoupled to NO 

generation and primarily produces superoxide, rather than NO. NOS can also become 

uncoupled if L-arginine levels become limiting. Alterations in NOS signaling have been 

proposed as a predisposition for cardiovascular disease [61]. Oxidation of BH4 and NOS 

uncoupling both occur in mouse models of transaortic constriction (TAC), and treatment 

with BH4 has been shown to improve cardiac function measured after 6 weeks of TAC [62]. 

Uncoupled NOS has also been reported to contribute to diastolic dysfunction [63], and 

recent studies have demonstrated that BH4 improves diastolic dysfunction by reversing 

changes in myofibrillar proteins [64]. This has led to the suggestion that BH4 administration 

could be beneficial in the treatment of heart failure [65]. However, the initial excitement was 

tempered by data showing that there was a very narrow beneficial range for dosing with BH4 

[66], and a recent randomized control trial of BH4 administration showed no beneficial 

effect, likely due to the lack of an improvement in the ratio of BH4/BH2 (BH2 represents the 

oxidized form of BH4) [67].
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In addition, recent studies report that glutathionylation of eNOS leads to NOS uncoupling 

[41]. Crabtree et al. also showed an interaction between eNOS uncoupling due to BH4 

oxidation and glutathionylation [42]. More specifically, they reported that a decrease in 

GSH/GSSG led to glutathionylation and uncoupling of eNOS, which in turn promoted the 

oxidation of BH4. Similarly, the loss or oxidation of BH4 enhances the glutathionylation of 

eNOS [42]. Interestingly, nNOS has been shown to regulate the activity of xanthine 

oxidoreductase, such that the loss of nNOS results in an increase in superoxide, which 

subsequently leads to an increase in the S-glutathionylation and uncoupling of eNOS [68]. 

The lack of benefit with BH4 administration may be due to the continued cycle of NOS 

uncoupling (due to glutathionylation) and ROS generation, leading to the oxidation of BH4. 

Thus, a more comprehensive approach is needed in which BH4, as well as other mechanisms 

(glutathionylation, L-arginine levels) of NOS uncoupling, are targeted.

Cardiovascular disease is associated with alterations in the genes that regulate many of the 

major NO signaling pathways. There are several single nucleotide polymorphisms in the 

eNOS gene that are associated with cardiomyopathy and heart failure [69–71]. In addition to 

alterations in NOS levels, alterations in NOS localization or targeting could have important 

effects on cardiovascular function and disease. As illustrated by the increase in ROS due to 

loss of nNOS, alterations in NO signaling could have profound effects on SNO and ROS 

signaling and could play an important role in cardiovascular disease.

6. Summary and Future Directions

SNO can alter protein and enzyme function by a variety of mechanisms as reviewed herein. 

For discussion, we have classified SNO action into categories such as altering binding 

partners, altering protein stability, competing with other cysteine PTMs etc. These are likely 

to be artificial distinctions. For example, the stability of a protein can be altered by changing 

its binding partners or by altering other PTMs. Thus these different mechanisms synergize to 

modulate protein function.

There has been a tendency to classify SNO as either beneficial or detrimental. It is likely that 

the effect of SNO depends on the context of the cell. Thus the level and duration of the 

NO/SNO signal, the localization of the NO/NOS signal, the redox state of the cell and 

activity of other signaling pathways, can all influence the role of SNO. In certain settings, 

such as acute I/R injury, low levels of SNO appear to be beneficial, likely by reducing [58] 

or ameliorating the increase in ROS associated with early reperfusion [38]. It is also clear 

that prolonged dysregulation of NO/SNO signaling can contribute to disease.

An important area for future studies is to understand how the cell integrates SNO signaling 

with other signaling pathways and PTMs [36]. It is also important to better characterize the 

role of compartmentalization in signaling. eNOS and nNOS are compartmentalized and their 

activation leads to localized signaling. SNO can also lead to translocation of proteins which 

can transmit the signal to a different, but still localized compartment. These challenges will 

likely require the development of novel methodology for studying compartmentalization and 

for understanding how multiple PTMs are integrated by the cell.
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HIGHLIGHTS

• S-nitrosylation can modify cellular function by regulating protein or enzyme 

activity

• S-nitrosylation can mediating protein localization or modulate binding partners

• S-nitrosylation can competing with other PTMs

• S-nitrosylation can shielding critical cysteine residue(s) from irreversible 

oxidation

• S-nitrosylation can altering protein stability
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Figure 1. 
Illustrates the chemistry of S-nitrosylation. Abbreviations: NOS, nitric oxide synthase; 

GSNOR, GSNO reductase; Trx, thioredoxin.
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Figure 2. 
Illustrations of pathways, biological processes, and protein classes that are targeted and/or 

regulated by SNO. The proteins exhibiting baseline SNO as measured with SNORAC in 

reference 1 were used for this analysis.
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