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Abstract

Over the last 25 years protein S-nitrosylation, also known more correctly as S-nitrosation, has been
progressively implicated in virtually every nitric oxide-regulated process within the cardiovascular
system. The current, widely-held paradigm is that S-nitrosylation plays an equivalent role as
phosphorylation, providing a stable and controllable post-translational modification that directly
regulates end-effector target proteins to elicit biological responses. However, this concept largely
ignores the intrinsic instability of the nitrosothiol bond, which rapidly reacts with typically abundant
thiol-containing molecules to generate more stable disulfide bonds. These protein disulfides, formed
via a nitrosothiol intermediate redox state, are rationally anticipated to be the predominant end-
effector modification that mediates functional alterations when cells encounter nitrosative stimuli.
In this review we present evidence and explain our reasoning for arriving at this conclusion that may
be controversial to some researchers in the field.
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Introduction

Nitric oxide (NO) is perhaps best known as the endothelium-derived relaxation factor responsible for
vasodilation, but it also plays fundamental roles in a diverse array of disparate biological processes
[1]. Much of the biology associated with NO production is via it binding and altering the function of
heme proteins [2]. For example NO activates soluble guanylyl cyclase in this way, stimulating
synthesis of the second messenger cyclic guanosine monophosphate which binds and activates
protein kinase G to induce phosphorylation-dependent signaling [3]. NO and a number of related NO
chemical variants can also react with cellular molecules to yield nitroso (i.e. R-NO) derivatives [4],
which may alter their physiochemical properties and so perhaps also their biological activities. Thiol
(R-SH) containing molecules are especially susceptible to such nitrosation reactions, and the
formation of these species in proteins is considered to occur widely. Formation of S-nitrosothiols (P-
S-N=0), a process commonly referred to as S-nitrosylation, is widely held to be a pervasive post-
translational modification that serves as a regulatory mechanism by altering protein function.
Indeed, protein S-nitrosylation is often presented as an evolutionary-conserved signalling
mechanism that affects most, if not all, classes of proteins. The putative roles for protein S-
nitrosothiols within the cardiovascular systems is vast with over 1000 proposed targets in the heart
alone [5]. Many reviews ascribe S-nitrosothiols as end-effectors of NO signalling that contribute to
homeostasis during health [6-8], with dysregulation of these processes contributing to disease
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pathogenesis. For example, hyper- or hypo-S-nitrosylation contributes to a range cardiovascular
disease including type 1 and 2 diabetes [9], atherosclerosis [10], cardiac ischemic injury [11],
hypertrophy [12] and sepsis [13].

The current consensus is that S-nitrosylation, much like phosphorylation, is a stable post-
translational modification that directly mediates signaling by altering the function of end-effector
proteins. However, such a widespread role would appear incompatible with the inherent lability of
the nitroso bond [14], especially in vivo where thiol-containing molecules are abundant and react
rapidly with S-nitrosothiols to generate disulfide bonds [15, 16]. These transient S-nitrosothiol
intermediates can yield intramolecular or intermolecular protein disulfides, as well as disulfides with
small molecular weight thiols such as glutathione (GSH) or cysteine. These disulfide post-
translational modifications, which are fully anticipated to occur widely when S-nitrosylation
reactions occur in cells, have been known for many decades to regulate protein function [17].
Disulfide formation is also known to play a crucial role in redox signalling within the cardiovascular
system, however it is less well studied in the setting of nitrosative stress [18].

Although transient S-nitrosothiols are already acknowledged to be one mechanism by which
disulfides form [19, 20], it is important to reconsider and highlight such studies. This is because the
vast majority of work relating to protein S-nitrosylation fails to recognise that in many cases, if not
most, a disulfide is likely the predominant post-translational modification that mediates NO-
dependent alterations in function. This does not mean that protein S-nitrosylation does not occur or
play crucial roles in biological systems, but instead that the current vision of many that it is a
ubiquitous end-effector of protein function is likely to be significantly incorrect. It is notable that the
term nitrosylation chemically refers to NO bound to a transition metal, whereas a more correct
chemical term for NO bound to a thiol is S-nitrosation. The inclusion of the ‘yI’ may be used to infer
that it reflects an enzyme-mediated process, perhaps instead of passive chemistry. S-nitrosylation is
not only an inappropriate term that can facilitate confusion, but is perhaps deliberately used in an
attempt to conflate and assist with establishing parallels with other post-translation regulatory
mechanisms such as phosphorylation. For this reason, the chemically correct term S-nitrosation is
predominantly used in this review. Our aim is to critically evaluate the evidence for S-nitrosation as
the stable post-translational and universal end-effector modification that it is so widely perceived or
advocated to be.

Stable protein S-nitrosation as a regulatory end-effector mechanism

Strong parallels have been drawn between protein S-nitrosation and other well-established post-
translational modifications, especially phosphorylation [21, 22]. Kinases are often co-localised with
their substrates, with additional selectivity achieved by consensus motifs in the primary sequence of
a target protein that is phosphorylated. Similarly, targets of S-nitrosation can localise with NO
synthase (NOS) enzymes [8], and may contain linear amino acid consensus motifs [23], thus
mirroring key features of kinase-mediated phosphorylation. Furthermore, denitrosylase enzymes
that remove NO from proteins are described to play the corresponding role of phosphatases in
phospho-regulated proteins [22]. Protein S-nitrosation as a post-translational regulatory mechanism



is additionally supported by the fact that it can occur stoichiometrically [24], and that
pharmacological inhibition of the enzyme that mediates denitrosation leads to elevated S-
nitrosation [25]. Moreover genetic ablation of a target cysteine not only prevents formation of the S-
nitroso modification, but also abrogates the functional alteration that otherwise occurs in the wild
type protein [26]. It would therefore seem irrefutable that stable protein S-nitrosation is a
ubiquitous end-effector regulatory mechanism. However, when the primary evidence for each of the
individual facets that support a role for regulation by stable S-nitrosation is considered in depth, we
contend that significant discrepancies become apparent. Indeed, as considered below, we suggest
that protein S-nitrosation per se is unlikely to directly underlie functional alterations to the extent it
is commonly described to.

Enzymatic regulation of protein S-nitrosation

A keystone in the conceptual foundations of regulatory S-nitrosation was the identification of so-
called ‘nitrosylases’ and ‘denitrosylase’ that enzymatically regulate protein nitrosothiol levels by
adding or removing the modification respectively. Genetic knock out of neuronal NOS in vivo
resulted in decreased S-nitrosation of several proteins, illustrating that S-nitrosation is ultimately
NOS dependent [27]. NOS enzymes have therefore been described as nitrosylases, playing an
analogous role to kinase-mediated phosphorylation, by co-localising with target proteins susceptible
to S-nitrosation [28]. NOS-derived reactive nitrogen species can directly transfer to target proteins
directly or alternately this can occur indirectly, via a cascade of trans-nitrosation transfer reactions.
Direct binding of NOS to a target has been shown experimentally for inducible NOS and
cycloxygenase-2 [29]. Indirect trans-nitrosation by NOS via intermediate scaffold and adaptor
proteins was summarized by Hess et al. [8]. They described how the N-methyl-D-aspartate (NMDA)
receptor is S-nitrosated by neuronal NOS [30] via postsynaptic density protein 95 (PSD95), which
serves as a scaffold. PSD95 is known to interaction with both the neuronal NOS [31] as well as the
NMDA receptor [32], supporting its role as a scaffold. However, whether disrupting PSD95
interactions alters S-nitrosation of NMDA receptor remains unclear. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) can also transfer NO from itself to another target protein thiol, therefore
acting as a trans-nitrosylase [33]. These examples of localized direct or trans-nitrosation-mediated
modification of proteins involving organized multicomponent signaling complex are often assumed
to reflect a generic, widespread situation. Whilst there are multitudes of studies describing co-
localized, multicomponent signalosomes in the context of phospho-regulation, we note that studies
providing primary experimental evidence for protein S-nitrosation to be generically organized in this
way are relatively rare.

A significant argument against the existence of regulatory nitrosylases is that S-nitrosothiol
formation is principally a chemical reaction between sulfur and various derivatives of NO that occurs
rapidly and without enzyme catalysis [34]. As NO is unable to directly oxidise thiols at a meaningful
biological rate, S-nitrosothiol formation is dependent on oxidation of NO to a reactive forms in the
presence of a one-electron acceptor, such as oxygen [35]. Several mechanisms for attack by NOS-
derived reactive nitrogen species have been proposed, which are summarised in Figure 1 [36].
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Figure 1. Proposed mechanisms of S-nitrosation. Formation of S-nitrosothiols (RSNO) is predicted to occur
through multiple distinct pathways. Nitric oxide (NO) can react with transition metals to form an intermediate
followed by direct transfer of NO to target thiols. NO will also react with superoxide to form peroxynitrite
(ONOO) followed by loss of *OH to form NO,, although perhaps this is unlikely to occur under physiological
conditions. It is perhaps more likely that NO, is formed by NO reacting with oxygen. NO, then forms nitrosating
species, such as N,0; and N,O,, that directly S-nitrosate target thiols. Intermediates in the NO/NO, pathway
can convert a thiol to a thiyl radical (RS®) which then directly react with NO®* forming RSNO. Finally thiols can
be trans-nitrosated whereby one S-nitrosothiol transfers its NO group directly to another thiol.

In the presence of oxygen one prominent theory is S-nitrosation via the formation of N,0;
('ON...NO,) (eq. 1-2).

(eq. 1) 2NO+0,-> 2 NO,
(eq. 2) N02 + NO 9 N203 = +ON...N02-

S-nitrosothiols are formed by the electrophilic attack of a deprotonated thiol (PS’), known as a
thiolate, by NO*. Here formation of N,O; is the rate-limiting step in S-nitrosation as it occurs
relatively slowly in aqueous solutions (6.6 x 10° M%.s™); although this increases to 8.8 x 10’ Ms' in
the lipid phase or within hydrophobic protein pockets [36]. Kinetic modelling has predicted that
physiologically NO concentrations, likely <1 uM, would result in femtomolar concentrations of N,03;
[37]. Therefore, when taking diffusion into account, S-nitrosation is likely to primarily occur when a
NOS enzyme is proximal to a target protein thiol, especially those in a hydrophobic environment.
The efficiency of this third-order reaction is highly dependent on the concentration of oxygen. If
oxygen is depleted, such as during hypoxia, S-nitrosation is unlikely to occur via this NO,/N,0;
pathway. At a low oxygen concentration S-nitrosation may instead occur though the recombination
of NO with a thiyl radical (1-3 x 10° M™.s™) [38]. The amount and complexity of nitrosating species
produced in vivo is further complicated by the ability of NO to rapidly react with superoxide to form
peroxynitrite (7 x 10° M™.s™) [39]. Peroxynitrite can protonate and then liberate *“NO, which can
combine with NO to generate nitrosating N,0; [40]. However, peroxynitrite can also induce disulfide
formation in proteins independently of S-nitrosothiol intermediates [41]. The propensity of NO to
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form peroxynitrite in environments where superoxide or hydrogen peroxide is elevated, such as the
mitochondria, adds complexity when considering the extent to which disulfides form via S-
nitrosothiols during nitrosative stress.

Mechanisms of protein denitrosation

Several enzyme systems are thought to specifically catalyse the denitrosation of S-nitrosothiols. This
includes the thioredoxin (Trx) system, comprising Trx and Trx reductase (TrxR) [22, 42]. Denitrosation
and subsequent activation of caspase-3 was shown by Benhar et al. to be regulated by the Trx-TrxR
system in vivo [43]. The ability of Trx to remove S-nitrosothiols is dependent on its active site Cys-X-
X-Cys motif, which accepts the NO from the target by a trans-nitrosation reaction. Glutaredoxin (Grx)
and GSH reductase (GR) may also remove protein S-nitrosothiols in a similar thiol-dependent
manner [44]. Thus, at face value it seems clear that the cell is equipped with several denitrosylase
enzymes. However, this somewhat simplistic view needs further consideration. Each of these
enzymes is thiol-dependent and given S-nitrosothiols react rapidly with thiols, one wonders if any
protein with a reactive thiolate could serve this denitrosation role. Indeed, even less reactive
protonated thiols such as in GSH, as discussed below, react rapidly to catalyze protein denitrosation.
When we also consider that a disulfide is the product of this passive chemical reaction of a
nitrosothiol with a resolving thiol, we then have to consider the extent to which the abundant Tr,
Grx or GR enzymes are likely to selectively denitrosylate proteins in cells. Is it possible that that
these enzymes simply play their well-established roles as disulfide reductase enzymes after an S-
nitrosothiol transitions to the disulfide state [45]? Pharmacological inhibition of Trx with auranofin
leads to the accumulation of S-nitrosated proteins, supposedly providing evidence of this enzyme as
a denitrosylase [43]. However, blockade of this well-established, classical disulfide reductase activity
is anticipated to generate the same result by limiting the resolution of S-nitrosothiols via disulfide
formation. Similarly, recombinant Trx was used to reduce cellular proteins induced to the S-
nitrosated state by treatment with S-nitrosocysteine [46], which were then alkylated and identified
by mass spectrometry — to supposedly identify targets of S-nitrosation. A potential caveat is that that
S-nitrosocysteine also induces widespread protein disulfides [47], which Trx disulfide reductase is
fully capable of reducing and so many disulfide-modified proteins are likely to have been
misidentified as S-nitrosated. To be clear, we fully anticipate Trx to be capable of reducing S-
nitrosated proteins, as thiol-containing molecules will generically do this, but whether it does so
directly in cells, or whether they first transition to a disulfide is difficult to establish (Figure 2).
Discriminating between protein S-nitrosation and disulfide formation, as discussed more below, can
be problematic and the possibility that the latter may form is often not considered.
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Figure 2. Are the end-effectors in NO-dependent signal transduction S-nitrosothiols or disulfide bonds? Nitric
oxide synthase (NOS)-derived nitric oxide (NO) forms reactive nitrogen species including NO*/NO/NO®/S-
nitrosogultathione (GSNO) which may in turn react with protein thiolates (S°) to generate protein S-
nitrosothiols (S-NO). S-nitrosothiols are widely thought to directly alter the function of a protein, serving as the
end-effector modification in NO-mediated signalling pathways @ However, the nitroso bond is inherently
labile and has the propensity to rapidly react with free thiols (X-SH) resulting in disulfide bond (S-S-X)
formation @ Disulfide bonds are also known to change the function of proteins. Due to the high
concentration of free thiols as well as the inherent lability of S-nitrosothiols, it is likely that the majority of S-
nitrosothiols act as transient intermediates in the formation of regulatory disulfide bonds. Both nitro-oxidative
modifications are reduced by thioredoxin (Trx) making it difficult to discriminate which modification was in
place.

Cells also contain an S-nitrosoglutathione (GSNO) reductase (GSNOR) system comprising of GSH,
GSNOR and GR [13, 48]. GSNOR is thought to be the key enzyme in the regulation of plant S-
nitrosothiols, with some evidence that it plays the same role in mammals. Much of the evidence
comes from GSNOR” mice where protein S-nitrosation in the heart and lung increased during
disease. It should be noted however, at base line their global protein S-nitrosative state was
indistinguishable between genotypes, apart from elevated S-nitrosated haemoglobin in the
transgenic [49]. GSNOR does not directly catalyse the removal of NO from protein thiols but rather
reduces the trans-nitrosation ‘NO pool’ by removing GSNO. GSNO is converted to GSNHOH using
NADH as a cofactor. GSNHOH can either react with GSH to produce glutathione disulfide (GSSG) and
hydroxylamine (NH,0H) (eq. 3-6), which is rapidly reduced by thiolate anions to ammonia [50], or
rearranges and then spontaneously hydrolyses to produce GSO,H and ammonia [51]. GSSG is then
reduced back to GSH by GR using NADPH as a cofactor.

(eq.3) RSNO + GSH > GSNO + PSH

(eq.4) GSNO -> GSNHOH catalysed by GSNOR/NADH



(eq.5) GSNHOH + GSH = GSSG + HN,0H
(eq. 6) GSSG = GSH catalysed by GR/NADPH

However, S-nitrosothiols also react with GSH non-enzymatically to generate S-glutathiolated protein
(RSSG) in a reaction that also generates nitroxyl (HNO). Formation of HNO adds additional
complexity, as it also reacts with GSH (6 x 10° M s™[52]) to produce the same products without the
need for catalysis by GSNOR (eq. 7-9).

(eg. 7) RSNO + GSH > RSSG + HNO
(eg. 8) GSH+ HNO - GSNHOH
(eg.9) GSNHOH + GSH - GSSG + HN,OH

S-glutathiolated proteins can then be reduced by another GSH molecule, resulting in a free protein
thiol and GSSG [53]. This process highlights how, when viewed from an alternate perspective, S-
nitrosation is fundamentally regulated by non-enzymatic chemistry. Above we highlighted that the
reputed protein denitrosylase enzymes Trx, Grx or GR are perhaps simply abundant proteins known
to resolve disulfides, but because of their reactive thiols they are capable of resolving S-nitrosothiols.
Similarly GSNOR also has well-established aldehyde and formaldehyde dehydrogenase activities,
which again are dependent on catalytic thiols [54]. That perturbations in a major thiol-containing
proteins impacts on GSNO levels and perhaps also protein S-nitrosation, may not be definitive
evidence that it formally serves as an endogenous cellular denitrosylase.

A consensus motif for selective and targeted protein S-nitrosation

An important aspect of a post-translational regulatory control system is selectivity in terms of
targeting proteins for modification. In the case of kinase-dependent phosphorylation this is in part
mediated by linear consensus motifs within the substrate. Perhaps based on an inclination to draw
or anticipate parallels between protein S-nitrosation and phosphorylation, it was rational to assess
whether there was also a linear consensus motif that provides selectivity in target S-nitrosation.
Indeed, a consensus motif for S-nitrosation was proposed in 1994 when it was found that many
protein S-nitrosothiols have basic or acidic amino acid preceding the cysteine followed by an acidic
amino acid [55]. From this a consensus motif consisting of a core of three residues (K/R/H/D/E)-C—
(D/E) was proposed to predict S-nitrosation in hydrophobic protein domains [23]. The computational
prediction software GPS-SNO (http://sno.biocuckoo.org/) was used to analyze 467 experimentally
verified S-nitrosothiol sites in 302 proteins, to develop algorithms that computationally ‘predict’ S-
nitrosation from a primary sequence alone. Experimentally these algorism were found to be 75%
accurate at predicting sites of S-nitrosation [56]. However, these motifs have been criticised due to
the high concentrations of NO donor used in the founding experiments to map S-nitrosation sites
[57, 58], and so provide a platform for the prediction algorithm. Supra-physiological concentrations
of NO may have resulted in the identification of motifs that lack biological significance. As
considered below all molecules (including reactive NO species) will progressively interact with more
targets, i.e. become less selective, as they are used at higher concentrations — binding and modifying
proteins it would not at lower, physiological levels.



Instead of a simple linear motif, the residues surrounding a thiol in its tertiary structure are perhaps
more likely to control its reactivity with S-nitrosating species. The impact of the residues surrounding
a thiol was studied using GAPDH as a model. GAPDH Cys-149 was shown to be activated by an
adjacent histidine, which deprotonates it to render it a stronger nucleophile, enabling cleavage of
the S-N bond within GSNO resulting in either S-glutathiolation or S-nitrosation [19]. Pérez-Mato et al.
described the crystal structure of methionine adenosyl transferase and found Arg-357 and Asp-363
are in proximity to the active site Cys-131. These residues facilitate S-nitrosation by acting as partial
electron acceptors for NO, enhancing its electrophilicity to increase its reactivity with the target thiol
[59]. These observations indicate that S-nitrosation is significantly determined by protein topology,
perhaps more so than a linear consensus motif, by influencing the chemical reactivity between a
specific derivative of NO and the target thiol. Furthermore, topology may also determine whether
target S-nitrosation occurs via trans-nitrosation by a protein or non-protein S-nitrosothiol, or directly
by NO-derived species. Finally, even if there is some form of linear or 3D motif for S-nitrosation, it
does not mean the resulting S-nitrosothiol is the end effector that alters function. The formation of
an S-nitrosothiol may target a protein to undergo further redox modification, including disulfide
formation, as part of a redox signalling cycle.

Considerations on the stoichiometry of protein S-nitrosation

For a post-translational alteration to impact on the function of a protein and so modulate cellular
signalling, the modification should occur to a significant proportion of the protein pool, i.e. occur
with significant stoichiometry. It is difficult to reconcile a low stoichiometry with a regulatory role for
a modification as most of the protein would remain unaffected, unless the post-translational
modification induced a new activity which could provide a useful means of regulation. If S-
nitrosation was to serve as a simple activity switch, it becomes more difficult to conceive it as an
efficient control mechanism without significant target occupancy. The stoichiometry of modification
occupancy is especially important when considering the potential for regulatory protein S-
nitrosation, as its inherent chemical lability at least conceptually limits it in this role. As discussed
above, S-nitrosothiols readily transition to disulfide species by reaction with thiols, which are
abundantly present in proteins, as well as many small ‘antioxidant’ biomolecules such as cysteine,
lipoic acid or GSH. GSH alone is typically present at millimolar concentrations therefore, unless a S-
nitrosothiol is shielded, it is likely to rapidly react to form an S-glutathiolated protein, a modification
that widely regulates protein function [35].

Though the stoichiometry of S-nitrosation is rarely investigated there are a few studies that address
this. Perhaps the most frequently cited example is Mannick et al., who found ~85% of mitochondrial
capase-3 is basally S-nitrosated at its Cys-136 active site [24]. They suggested this prevents
inappropriate caspase auto-activation, but failed to consider that this may be disulfide mediated.
Indeed, S-glutathiolation of caspase-3 at Cys-136 also induces inhibition [60]. Complex | was shown
to be stoichiometrically S-nitrosated in vitro by GSNO, with 7 mol of S-nitrosothiols per mol of
complex |. But unexpectedly this only corresponded to a 20% reduction in activity, casting doubt on
the functionality of this modification [61]. Soluble guanylyl cyclase was inhibited by S-nitrosation
which occurred with a stoichiometry of 2:1 mol S-nitrosothiol per mol protein [62]. This inhibition
was readily reversed in the presence of GSH, perhaps indicating that in the reducing environment of
the cell the S-nitrosated state would not accumulate unless GSH was also depleted. Finally, Wang et



al. used mass spectrometry to compare the relative stoichiometry of S-nitrosation and disulfides
formation on several cysteines within glutathione-S-transferase Pi after exposure to S-
nitrosocysteine. S-nitrosation was accompanied by disulfide formation, but is was notable that
disulfides formed at low concentrations of S-nitrosocysteine (5 uM), preceding measurable increases
in S-nitrosation [47]. Only after excess S-nitrosocysteine (>400 uM) was utilised did the proportion of
S-nitrosated protein surpass that of disulfide. This is consistent with S-nitrosothiols rapidly
transitioning to disulfides, with stable S-nitrosothiols only accumulating when supra-physiologic S-
nitrosating variants of NO are present. Such conditions likely compromise the many cysteine-
dependent cellular reducing enzymes via S-nitrosation-mediated inactivation of their catalytic thiols.

Further considerations of the stability of protein S-nitrosothiols

For a post-translational modification to participate in signalling it must occur in biologically-relevant
time scales. The reaction of NO with iron present in heme centers is a rapid, second-order reaction
with a rate in the order of 10’ M™.s™ [63, 64]. It is postulated that under aerobic conditions the most
likely mechanism of protein S-nitrosation is via formation of N,O3; which is third-order with a rate of
6.6 x 10° M™s™ [36]. For this slower, oxygen-dependent reaction to compete with higher-order
reactions for biological significance the products must be very stable. The bond energy of an S-N
bond has been found to vary from 22 to 32 kcal/mol, meaning the lifetime of the bond could
theoretically span from seconds to years [8]. However, the stability of S-nitrosothiols is unclear as
published half-lives vary dramatically and are clearly condition-dependent [65-68]. Non-protein S-
nitrosothiols studied in vitro in the presence of metal chelators are relatively stable with a half-life of
S-nitrosocysteine reported at 11 hours [69], although this is decreased to less than 2 minutes when
metal ions are present [70], or to less than 20 seconds in the case of cysteine ethyl ester cysteine
[16]. The rate of S-nitrosothiols decomposition via transnitrosation is second-order, although rates
vary depending on the chemical properties of the thiols involved [66]. Transnitrosation between S-
nitroso-N-acetylpenicillamine and GSH was observed to be 5.4 M™.s™* whereas transfer of NO from
GSNO to cysteine was 675.8 M™".s™" [71]. Decomposition of non-protein S-nitrosothiols in the
presence of free thiols is also predicted to generate disulfides, as discussed in more detail below,
although the rate of disulfide formation varies greatly. For example, rapid disulfide formation in
dihydrolipoic acid though an S-nitrosothiol intermediate occurred too rapidly for the S-nitrosothiol
intermediate to be detected by standard techniques [16], whereas the rate of disulfide formation is
GSSG generated by GSH reacting with GSNO is predicted to be relatively slow in vitro with a rate of
8.3 x 102 M™s" [72]. How these in vitro kinetic experiments on low-molecular-weight S-
nitrosothiols relate to the stability of protein S-nitrosothiol, which is more relevant to this review, is
less clear. Given that proteins are well established targets of S-nitrosation, the rate at which they
individually react with thiols they encounter is perhaps more important, although less studied. Paige
et al. exposed cell lysates to GSNO and used the biotin-switch method to identify ten proteins
resistant to reduction by GSH, and thus considered them stably S-nitrosated under basal conditions
[73]. However, as they examined over one hundred proteins and only found ten to be stable over a
half hour period, another interpretation of this study is that the majority of protein S-nitrosothiols
are not stable in the presence of GSH.

The lability of S-nitrosothiols may mean they are in most cases too unstable to provide a widespread
means of post-translational regulation. Alternatively, it is perhaps conceivable that rapid S-



nitrosation and denitrosation reactions allow regulation on a shorter time scale than other more
stable post-translational modifications. For example, the co-localisation of ion channels with NOS
enables NO synthesis to parallel calcium concentrations. lon channels regulate cardiac excitability
and contractility with millisecond timescales, raising the possibility that thiol-reactive NO species
modulate heart function via protein S-nitrosation on a beat-to beat basis [74]. Recently we reported
that disulfide formation in myocardial protein kinase G la, rapidly regulates diastolic relaxation [75],
consistent with this oxidative modification also being capable of regulation with a millisecond
timescale. Whilst both these are possibilities are interesting, the half-life of these modifications has
yet to be determined.

Reversible protein S-nitrosothiol formation is thought to contribute to cardioprotection afforded by
ischemic preconditioning [76]. One concept is that S-nitrosylation prevents over-oxidation of
important cysteinyl residues during ischemia and reperfusion. This protective S-nitrosylation comes
at the expense of inhibiting these thiol-dependent enzymes, but this is reversible and eventually the
activity can recover, whereas over-oxidation causes permanent inactivation [6]. But to reiterate the
considerations above, S-nitrosylation is anticipated to yield disulfides, which have been observed in
isolated hearts after nitrosative stress [77]. Of course protein disulfide formation would also offer
cardioprotection from cysteine over-oxidation reactions, and indeed preconditioning also induces
widespread disulfide bond formation [78], perhaps via S-nitrosothiol intermediates.

Is NO-dependent signal transduction mediated by stable S-nitrosothiols or disulfide bonds?

Whether S-nitrosothiols or disulfides formed though S-nitrosothiol intermediates are the
predominant functional end-effectors in the majority of NO-mediated signalling pathways has yet to
be determined. Many proteins that have long been known to be regulated by disulfide formation are
now being ‘rediscovered’ as targets for S-nitrosation, as discussed below. There are potential
advantages to disulfide formation over S-nitrosothiols in terms of mediating post-translational
regulation. For example, disulfides are more stable with a bond energy of 60 kcal/mol and do not
undergo spontaneous degradation [79]. As a result functional changes to the protein are anticipated
to be more long-lived, potentially enhancing their ability to control cell signalling by providing a
more stably robust regulatory mechanism [80].

S-thiolation has been shown to be directly regulated by NO levels in vivo, with mice overexpressing
cardiac-specific inducible NOS showing elevated protein S-glutathiolation [81]. This is likely explained
by the elevated NO inducing S-nitrosated protein, which as explained above, then react with thiols,
especially with abundant GSH, to form disulfides. Additionally, acetylcholine increased cellular
protein S-glutathiolation which was attenuated by inhibition of endothelial NOS [81]. As well as
directly regulating protein function, S-thiolation is also thought to protect proteins from oxidative
stress, possibly by abrogating cysteine hyperoxidation to the sulfinic or sulfonic acid states [82, 83].
Mechanistic studies suggest that during nitrosative stress protein S-glutathiolation is kinetically more
likely via a protein S-nitrosothiol intermediate than an exchange reaction of the protein thiol with
GSSG [84]. Despite protein S-thiolation having been recognised early on as a cellular response to
nitrosative stress [85], the rates at specific protein S-nitrosothiols react with small thiols to promote
S-thiolation have yet to be comprehensively determined.
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Protein sulfenic acids (P-SOH) are well-established redox state-intermediates that lead to formation
of disulfide bonds in proteins after exposure to oxidants such as hydrogen peroxide and
peroxynitrite [86, 87]. The sulfenic acid reacts with a second thiol that it comes in contact with to
liberate water and form the disulfide. Studies by Arnelle and Stamler found that the rate of
intramolecular disulfide formation is associated with hydroxylamine formation and in vitro when DTT
was added to GSNO or S-nitrosocysteine hydroxylamine was detected. Additionally, 1,3-dithiols have
a faster rate of formation than 1,4-dithiols, which indicates that the spatial distances between thiols
critically influences the rate of S-nitrosothiol-induced disulfide formation. They postulated that S-
nitrosation of a neighbouring thiol via trans-nitrosation can lead to the formation of nitroxyl anion
by oxidation of thiol to disulfide [16]. S-nitrosation of Cys-296 in Aktl/protein kinase Ba was
observed to accelerate its interaction with Cys-310 to form Cys-296/Cys-310 intramolecular disulfide
[88]. These data provide evidence that S-nitrosothiols not only act as an intermediate in the
formation of disulfides but actively accelerated their formation.

Proteomic screens have reputedly identified thousands of proteins in the heart that are susceptible
to S-nitrosation [89-91], however the corresponding functional effects of S-nitrosation have only
been determines for a handful of these targets. Many proteins that are reported to be regulated by
S-nitrosothiol formation in the cardiovascular system have also been shown, most often previously,
to be regulated by disulfides, often at the same cysteine residue. For example, S-nitrosation and
disulfide formation has been shown to induce the same functional change in hypoxia-inducible
factor la-subunit [92, 93], caspase-3 [60, 94], Na'/K" ATPase [95, 96] and actin [84, 97]. A summary
of proteins that form S-nitrosothiols as well as disulfides is provided in Table 1, some of which are
discussed in more detail below. For proteins that form both S-nitrosothiols and disulfide bonds after
nitrosative stress it is important to determine which modification is stoichiometrically dominant and
therefore likely underpins the functional change.

Table 1. Selected examples of cardiovascular proteins that are regulated by both S-nitrosation and
disulfide bond formation.
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Glyceraldehyde-3-phosphate dehydrogenase

Several studies have shown that S-nitrosation of GAPDH at Cys-150 modulates its function. S-
nitrosation of GAPDH in neurones is associated with its translocation to the nucleus and initiation of
apoptosis by stabilising the E3 ubiquitin ligase Siahl [107]. More recently GAPDH has also been
described as a cardiac trans-nitrosylase in the heart, transferring NO between proteins [33].
However GAPDH is also regulated by disulfide formation at the very same Cys-150 site, for example
undergoing both S-glutathiolation and S-nitrosation in response to GSNO [19]. Each of these
modifications inhibited the dehydrogenase activity of GAPDH in vitro, but when only S-nitrosation
was induced activity returned within 30 minutes - whereas inhibition by S-glutathiolation did not
[108]. This shows that GAPDH S-nitrosation can occur but is unstable and the inhibition it mediates is
quickly reversed, and this occurs independently of denitrosylase enzymes. Moreover, it
demonstrates the increased stability and functionality of disulfides. GAPDH is also activated by
persulfidation of Cys-150 [109], highlighting that different oxidative modifications on the same
cysteine may have the same or differing functional effects.

Aldose reductase

Another example of the divergent function of redox modification on protein function is aldose
reductase. Analysis of purified aldose reductase by mass spectrometry indicated S-nitrosation of Cys-
298 activated the protein [100]. However, in the heart, ischemia and reperfusion resulted in S-
glutathiolation of aldose reductase and this was inhibitory [101]. S-glutathiolation, which was
determined to have occurred though the S-nitrosothiol intermediate, operated as an ‘off’ switch that
limits NO-dependent nitrosative activation.

RAS p21 protein activator 1

S-nitrosation of Cys-118 was originally thought to enhance guanine nucleotide exchange on Ras
[119]. Recently a combination of MS and NMR techniques were used to show that stable S-
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nitrosation of Ras does not alter its structure, but instead changes its interaction with its down-
stream signalling partner Raf or, perhaps more importantly, alters its guanine nucleotide exchange
rate. However, the formation of a thiol radical intermediate during S-nitrosation interfered with
guanine nucleotide substrate binding which mediated enhanced guanine nucleotide dissociation
[112]. Although S-nitrosation of Ras occurs, this is followed by a rapid exchange reaction and Cys-118
S-glutathiolation [120], which is associated with increased activation of downstream partners.

Ryanodine receptor type 1

Large proteins such as ryanodine receptor type 1 (RyR1) that contain multiple cysteines susceptible
to modifications add significant complexity, with the theoretical possibility that different
combinations of S-oxidation or S-nitrosation may create subtle differences in function. Several
reviews have attempted to ‘pull apart’ the complex oxidative regulation of RyR1. Out of 101
cysteines RyR1 contains at least 12 known to be either S-nitrosated, S-glutathiolated or involved in
the formation of inter- or intramolecular disulfides [121]. Though all forms of oxidative modification
were associated with channel opening, S-nitrosation is thought to enhance Ca*" activation, whereas
S-glutathiolation decreased the inhibitory effect of Mg®* without altering Ca>" activation [116]. To
date Cys-3635 remains the only cysteine residue shown to be functionally relevant in the redox
sensing properties of the channel. Cys-3635 was shown to modulate calmodulin-dependent NO
modulation of channel activity, as HEK293 cells expressing C3635A RyR1 were resistant to activity
modulation by NO [122]. However, prior to this, experiments in sarcoplasmic reticulum membranes
from rabbit showed Cys-3635 formed a disulfide bond with a cysteine in a neighbouring subunit
upon calmodulin binding. The formation of this inter-subunit disulfide bond resulted in structural
changes to the tetrameric from of RyR1 and was thought to protect RyR1 from further oxidation
[123].

Sarco/endoplasmic reticulum Ca2+-ATPase

NO stimulates the sarco/endoplasmic reticulum Ca*-ATPase (SERCA) to relax muscles by decreasing
the intracellular Ca** concentration. There are 7 proposed sites of S-nitrosation within SERCA [40].
Selective inhibition of neuronal NOS in rat hearts resulted in a significant decrease in the contractile
response to isoproterenol, with a corresponding 50% decrease in S-nitrosation of SERCA [124]. This
highlighted how basal cardiac contractility is dependent on the rapid and reversible S-nitrosation of
SERCA and other Ca*-handling proteins. A decrease in cardiac NO resulting from decreased
expression and activity of eNOS and increased superoxide dismutase activity in rat hearts lead to a
reduction in S-nitrosation of SERCA. This was associated with increased left ventricular end-diastolic
pressure and impaired myocardial relaxation [117]. However, although these studies suggested
peroxynitrite was responsible for the S-nitrosation of SERCA they did not measure disulfide
formation [41]. Prior to these S-nitrosation-focused studies, peroxynitrite was shown to directly
increase SERCA-dependent Ca®* uptake activity due to a disulfide, namely S-glutathiolation of Cys-
674 [118]. During atherosclerosis Cys-674 was oxidised to a sulfonic acid, preventing S-
glutathiolation and limiting SERCA activity, illustrating the functional importance of disulfide in the
control of SERCA activity.

Endothelial NOS
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In 2004 Ravi et al. attributed a loss of endothelial NOS enzymatic function to S-nitrosation of Cys-99
[125]. Further to this, in 2011 it was revealed that Cys-99 is located in a zinc-thiolate cluster that is
essential to the heme binding site [126]. Treatment with peroxynitrite resulted in loss of zinc from
the zinc-thiolate cluster and formation of disulfide bonds between the monomers. This resulted in
decreased synthesis of NO and potentiated superoxide production [127]. Additional regulation of
endothelial NOS activity by disulfides was found when mass spectrometry analysis of aortas, which
indicated that S-glutathiolation of Cys-689 and Cys-908 uncoupled endothelial NOS so that it
generated superoxide instead of NO [106]. Thus NOS, like so many other enzymes reported to be S-
nitrosated, are also observed to form disulfides.

Potential pitfalls and considerations when studying S-nitrosation

Whilst the evidence suggests that many of the signalling events attributed to protein S-nitrosation
are instead functionally mediated protein by disulfide formation, this likely and rational conclusion is
mostly ignored or remains elusive to many in the NO community. A significant reason for this may
relate to fashion, together with methodological developments such as the biotin-switch protocol
which made the study of protein S-nitrosation amenable without the need for complex equipment
or extensive user training. Furthermore, the importance of NO in the maintenance of health and
disease is appreciated by a broad audience, and so it might appear simply implicit that the stable
post-translational modification of proteins by this molecule would be important. Whilst the words
“nitrosylation” and “nitrosation” appear in PubMed in 1980, the study of protein disulfides started
at least half a century earlier. Thus disulfides may lack contemporary novelty, which combined with
less amenable methods for their study and a lack of a direct connection to the biology of NO, may
explain why they have garnered less attention in recent years. These considerations, together with a
broad failure to understand the intrinsic reactivity of S-nitrosothiols with another thiol and thus their
readiness to transition to a disulfide, have probably contributed to disulfide formation though an S-
nitrosothiol-intermediate being significantly overlooked.

Use of NO donors in the study of protein S-nitrosation

Although protein S-nitrosothiols generated in cells and tissues through the action of endogenously
arising S-nitrosation reactions can be detected [128], the majority of studies still use exogenous NO
donors. In is quite typical for NO donors to be used at concentrations of 100-500 uM, including in
studies published in prominent journals [43, 129, 130]. This adds significant complexity, especially in
the context as to whether a protein is endogenously regulated by S-nitrosation.

Any drug administered becomes increasingly less selective for the targets it modifies as it is
progressively used at higher concentrations. Thus we should recognise that many of the proteins
that become S-nitrosated when NO donors are added, or indeed NOS enzymes are overexpressed,
are unlikely to be modified at endogenous levels. Further complexity arises from the variable cell
permeability and chemistry of different NO donors, which means the accumulation of intracellular
NO is likely to be variable in terms of its concentration, as well as the precise molecular species
formed, each of which differ in their S-nitrosative capability. High levels of NO donor will not only
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limit selectively, but also have the potential to compromise the cellular reducing systems thus
stabilising S-nitrosothiols, allowing them to accumulate at a higher concentration. S-nitrosocysteine
is known to deplete GSH levels in a concentration-dependent manner in multiple cell types [131,
132]. Severe depletion of the reduced thiol pool was shown to generate non-physiological levels of
intracellular S-nitrosothiols. This is compelling evidence that indicates that many stable S-nitrosated
proteins reported in the literature may be a result of NO donors depleting reducing thiols, leading to
the artefactual modification of proteins that would not occur in the absence of exogenous S-
nitrosating agents.

GSNO is often presented as a ‘physiologically relevant’ NO donor that is anticipated to be naturally
abundant in cells and is therefore commonly used. Although functional changes in proteins exposed
to GSNO are typically attributed to S-nitrosation, generally the stoichiometry of this modification will
not be determined and the ability of this agent to readily induce S-glutathiolation is wholly ignored.
To control for possible S-glutathiolation, treatment with GSH may be considered suitable. However,
GSH treatment is an inappropriate control because alone it will not react itself with thiols to
generate disulfides [133]. However, if a thiol has been S-nitrosated by GSNO, the freed GSH may
then attack the labile and thiol-reactive S-nitroso bond to generate an S-glutathiolated protein. This
has been observed experimentally, whereby GSNO promoted S-glutathiolation of actin and S-
nitrosation was not detected [84]. This further illustrates how S-nitrosating chemical reactions can
readily generate protein disulfides.

Some methodological considerations

A major limitation of studying oxidative modification has been the lack of reliable methods that can
be routinely applied. Although attempts have been made to make anti-S-nitrosothiol antibodies
[134] this has been largely unsuccessful probably due to the labile nature of the nitroso bond.
Certainly they are not widely used, which may question their utility. With the advent of the
ascorbate-dependent biotin-switch in 2001, pioneered by Jaffrey and Snyder, detection and
purification of S-nitrosated proteins became available to a broader community [135]. Whilst many
redox modifications have a cyclic turnover flux, the ascorbate-dependent biotin-switch only takes a
snap shot of these complex events. The ascorbate-dependent biotin-switch is typically presented as
selective for S-nitrosothiols, which even if it is, there are many other redox modifications such as
disulfides that can form during nitrosative stress. Combining an S-nitrosating agent with a method
where only S-nitrosothiols are monitored helps focus attention on S-nitrosation of the protein.
Perhaps this approach creates a myopic view and draws attention away from the important role of
S-nitrosation-dependent disulfide formation. Selective detection of S-nitrosothiols by the ascorbate-
dependent biotin-switch is further complicated by the frequent addition of copper. Copper | is
thought to directly reduce the nitroso bond, resulting in copper Il which is then reductively
regenerated by ascorbate [136]. Whilst the addition of copper | dramatically increases the sensitivity
of the method, what other oxidative modifications may be reduced is not well defined.

There have been methodological advances that have increased the sensitivity of S-nitrosation assays.
Resin-assisted cysteinyl peptide enrichment is a method of quantitative reactivity profiling [137].
This method attempts to sort ‘functionally relevant’ thiols from random oxidation events and to date
has identified 281 sites of S-nitrosation in 145 proteins. A limitation is the assumption that if a site is
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reactive the modification will be of functional significance. Three ‘functional’ S-nitrosation sites were
detected on GAPDH, however one of these, namely Cys-245, is hidden within a B-sheet and two
(Cys-150 and Cys-154) are involved in disulfide bond formation [138]. Whilst this method may be
valuable for determining which thiols are likely to undergo oxidative modification, it does not
provide evidence that S-nitrosothiols are the end-effectors that underlie the associated signalling.

Combining tandem mass tags (TMT) with a thiol reactive group has allowed concurrent identification
and multiplexed quantitation of post-translational modifications by mass spectrometry. Therefore,
changes in S-nitrosation and disulfides can be quantified within the same experiment and even the
same sample. CysTMT utilises a dithiopyridine reactive group to label thiols and successfully
revealed 171 proteins which were both S-nitrosated as well as S-glutathiolated, although this only
relates to a 10% overlap in pools of proteins that were either S-nitrosated or S-glutathiolated.
Furthermore, endothelial NOS knockout mice showed decreased S-nitrosothiol site occupancy with
no significant difference in S-glutathiolation [139]. These data seemingly indicate functionally
distinct protein networks are modulated by the two modifications. lodoTMT tags have an advantage
over CysTMT as they irreversibly label thiols and allow samples to undergo routine reduction and
alkylation before analysis. Interestingly results from parallel labelling by CysTMT and iodoTMT
showed that there is only a 25% overlap in S-nitrosothiols detected [140]. This highlights the
incomplete labelling by both these tags and that they label different populations of proteins. CysTMT
labelled S-nitrosothiols with a higher aliphatic index than those surrounded by positively charged
amino acids. This therefore calls into question how reliable the CysTMT data set mentioned above is
along with the conclusion that there was only 10% overlap of S-nitrosated and S-glutathiolated
proteins.

Limitations with the use of cysteine mutant proteins

Molecular genetic support for S-nitrosothiols as the functional end-effectors in NO signalling often
comes through mutagenesis of target cysteines. Cysteine mutagenesis typically results in loss of a
functional response to a nitrosative intervention [130, 141, 142], with samples derived from
transgenic NOS knockout mice also showing attenuated protein S-nitrosation signals. [143]. That a
protein activity is altered after S-nitrosative intervention and this redox regulation is lost after
mutation of a cysteine is often considered as definitive proof that the protein is directly regulated by
S-nitrosation, even if the stoichiometry of the modification was not determined. Such conclusions
ignore the fact that S-nitrosothiols transition to disulfides. It is reasonably obvious that mutation of a
target thiol to prevent S-nitrosation will also prevent a disulfide, the modification that likely
mediates the functional regulation, at the same site. The same argument can be made for NOS
knockout mice; if S-nitrosylating species are decreased in a model system; this is also fully
anticipated to limit the formation of disulfides as explained in detail above. Such oversights are
perhaps in part due to S-nitrosation being in vogue, as well as the complexities of selectively
measuring global disulfide bond formation.

Conclusions and perspectives

Although S-nitrosation is widely considered as a stable, enzymatically-regulated post-translational
modification that directly regulates the function of proteins, this paradigm may be significantly
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incorrect. Evidence presented here highlights the flaws in the assertion that protein S-nitrosation is a
ubiquitous end-effector of protein function. Although protein S-nitrosation is considered to have the
key features of a post-translational regulatory system, as outlined above, this evidence primarily
emanates from relatively few studies focussing on select proteins. It is perhaps unsafe to conclude
that stable S-nitrosation is a widespread regulator of protein function, especially with the content of
this review in mind. Whilst it is clear that a multitude of proteins are susceptible to S-nitrosation,
especially in the presence of high concentrations of exogenous S-nitrosating NO donors, how
commonly this modification occurs with significant stoichiometry to directly and widely regulate the
function remains unclear and probably is over-stated in the literature. We contend that in most
cases S-nitrosothiols probably primarily serves as a transient, redox state intermediates leading to
disulfide formation (Figure 2). This does not mean that stable, regulatory protein S-nitrosation does
not occur, but rather that this is likely the exception and probably occurs when the target thiol is
shielded from the abundant thiol reducing molecules found within cells.

Acknowledgments, Funding Sources

This work was supported by the British Heart Foundation, the European Research Council (ERC
Advanced award), the Medical Research Council, and the Department of Health via the NIHR cBRC
award to Guy’s & St Thomas’ NHS Foundation Trust.

References

[1] Bredt, D. S.; Snyder, S. H. Nitric oxide: a physiologic messenger molecule. Annual review of
biochemistry 63:175-195; 1994.

[2] Thomas, D. D.; Miranda, K. M.; Colton, C. A,; Citrin, D.; Espey, M. G.; Wink, D. A. Heme
proteins and nitric oxide (NO): the neglected, eloquent chemistry in NO redox signaling and
regulation. Antioxidants & redox signaling 5:307-317; 2003.

[3] Zhao, Y.; Brandish, P. E.; Ballou, D. P.; Marletta, M. A. A molecular basis for nitric oxide
sensing by soluble guanylate cyclase. Proceedings of the National Academy of Sciences 96:14753-
14758; 1999.

(4] Chen, A. F.; Chen, D. D.; Daiber, A.; Faraci, F. M.; Li, H.; Rembold, C. M.; Laher, I. Free radical
biology of the cardiovascular system. Clinical science 123:73-91; 2012.

[5] Kohr, M. J.; Aponte, A. M.; Sun, J.; Wang, G.; Murphy, E.; Gucek, M.; Steenbergen, C.
Characterization of potential S-nitrosylation sites in the myocardium. Am J Physiol Heart Circ Physiol
300:H1327-1335; 2011.

[6] Sun, J.; Murphy, E. Protein S-nitrosylation and cardioprotection. Circulation research
106:285-296; 2010.

[7] Murphy, E.; Kohr, M.; Sun, J.; Nguyen, T.; Steenbergen, C. S-nitrosylation: a radical way to
protect the heart. Journal of molecular and cellular cardiology 52:568-577; 2012.

[8] Hess, D. T.; Matsumoto, A.; Kim, S. O.; Marshall, H. E.; Stamler, J. S. Protein S-nitrosylation:
purview and parameters. Nature reviews. Molecular cell biology 6:150-166; 2005.

[9] Jayakumari, N. R.; Reghuvaran, A. C.; Rajendran, R. S.; Pillai, V. V.; Karunakaran, J.; Sreelatha,
H. V.; Gopala, S. Are nitric oxide-mediated protein modifications of functional significance in diabetic
heart? ye'S, -NO', wh'Y-NO't? Nitric oxide : biology and chemistry / official journal of the Nitric Oxide
Society; 2014.

[10] Lin, Y.; Chen, Y.; Zhu, N.; Zhao, S.; Fan, J.; Liu, E. Hydrogen sulfide inhibits development of
atherosclerosis through up-regulating protein S-nitrosylation. Biomedicine & pharmacotherapy =
Biomedecine & pharmacotherapie 83:466-476; 2016.

18



[11] Huang, Z. M.; Gao, E.; Fonseca, F. V.; Hayashi, H.; Shang, X.; Hoffman, N. E.; Chuprun, J. K.;
Tian, X.; Tilley, D. G.; Madesh, M.; Lefer, D. J.; Stamler, J. S.; Koch, W. J. Convergence of G protein-
coupled receptor and S-nitrosylation signaling determines the outcome to cardiac ischemic injury.
Science signaling 6:ra95; 2013.

[12] Irie, T.; Sips, P.Y.; Kai, S.; Kida, K.; Ikeda, K.; Hirai, S.; Moazzami, K.; Jiramongkolchai, P.;
Bloch, D. B.; Doulias, P. T.; Armoundas, A. A.; Kaneki, M.; Ischiropoulos, H.; Kranias, E.; Bloch, K. D.;
Stamler, J. S.; Ichinose, F. S-Nitrosylation of Calcium-Handling Proteins in Cardiac Adrenergic
Signaling and Hypertrophy. Circulation research 117:793-803; 2015.

[13] Sips, P. Y.; Irie, T.; Zou, L.; Shinozaki, S.; Sakai, M.; Shimizu, N.; Nguyen, R.; Stamler, J. S;
Chao, W.; Kaneki, M.; Ichinose, F. Reduction of cardiomyocyte S-nitrosylation by S-
nitrosoglutathione reductase protects against sepsis-induced myocardial depression. Am J Physiol
Heart Circ Physiol 304:H1134-1146; 2013.

[14] Singh, S. P.; Wishnok, J. S.; Keshive, M.; Deen, W. M.; Tannenbaum, S. R. The chemistry of
the S-nitrosoglutathione/glutathione system. Proceedings of the National Academy of Sciences of the
United States of America 93:14428-14433; 1996.

[15] Wong, P. S.; Hyun, J.; Fukuto, J. M.; Shirota, F. N.; DeMaster, E. G.; Shoeman, D. W.;
Nagasawa, H. T. Reaction between S-nitrosothiols and thiols: generation of nitroxyl (HNO) and
subsequent chemistry. Biochemistry 37:5362-5371; 1998.

[16] Arnelle, D. R.; Stamler, J. S. NO+, NO, and NO- donation by S-nitrosothiols: implications for
regulation of physiological functions by S-nitrosylation and acceleration of disulfide formation.
Archives of biochemistry and biophysics 318:279-285; 1995.

[17] Freedman, L. D.; Corwin, A. H. Oxidation reduction potentials of thiol-disulfide systems. The
Journal of biological chemistry 181:601-621; 1949.

[18] Madamanchi, N. R.; Runge, M. S. Redox signaling in cardiovascular health and disease. Free
radical biology & medicine 61C:473-501; 2013.

[19] Mohr, S. Nitric Oxide-induced S-Glutathionylation and Inactivation of Glyceraldehyde-3-
phosphate Dehydrogenase. Journal of Biological Chemistry 274:9427-9430; 1999.

[20] Xian, M.; Chen, X.; Liu, Z.; Wang, K.; Wang, P. G. Inhibition of papain by S-nitrosothiols.
Formation of mixed disulfides. The Journal of biological chemistry 275:20467-20473; 2000.

[21]  Anand, P.; Stamler, J. S. Enzymatic mechanisms regulating protein S-nitrosylation:
implications in health and disease. Journal of molecular medicine 90:233-244; 2012.

[22] Benhar, M.; Forrester, M. T.; Stamler, J. S. Protein denitrosylation: enzymatic mechanisms
and cellular functions. Nature reviews. Molecular cell biology 10:721-732; 2009.

[23] Stamler, J. S.; Toone, E. J.; Lipton, S. A.; Sucher, N. J. (S)NO Signals: Translocation, Regulation,
and a Consensus Motif. Neuron 18: 691-696; 1997.

[24] Mannick, J. B.; Schonhoff, C.; Papeta, N.; Ghafourifar, P.; Szibor, M.; Fang, K.; Gaston, B. S-
Nitrosylation of mitochondrial caspases. The Journal of cell biology 154:1111-1116; 2001.

[25]  Sengupta, R.; Holmgren, A. Thioredoxin and thioredoxin reductase in relation to reversible S-
nitrosylation. Antioxidants & redox signaling 18:259-269; 2013.

[26] Leiper, J.; Murray-Rust, J.; McDonald, N.; Vallance, P. S-nitrosylation of dimethylarginine
dimethylaminohydrolase regulates enzyme activity: Further interactions between nitric oxide
synthase and dimethylarginine dimethylaminohydrolase. Proceedings of the National Academy of
Sciences 99:13527-13532; 2002.

[27] Jaffrey, S. R.; Erdjument-Bromage, H.; Ferris, C. D.; Tempst, P.; Snyder, S. H. Protein S-
nitrosylation: a physiological signal for neuronal nitric oxide. Nature cell biology 3:193-197; 2001.
[28] Dejanovic, B.; Schwarz, G. Neuronal nitric oxide synthase-dependent S-nitrosylation of
gephyrin regulates gephyrin clustering at GABAergic synapses. J Neurosci 34:7763-7768; 2014.

[29] Kim, S. F.; Huri, D. A.; Snyder, S. H. Inducible Nitric Oxide Synthase Binds, S-Nitrosylates, and
Activates Cyclooxygenase-2. Science (New York, N.Y.) 310:1966-1970; 2005.

19



[30] Lipton, S. A,; Choi, Y. B.; Takahashi, H.; Zhang, D.; Li, W.; Godzik, A.; Bankston, L. A. Cysteine
regulation of protein function--as exemplified by NMDA-receptor modulation. Trends in
neurosciences 25:474-480; 2002.

[31] Brenman, J. E.; Chao, D. S.; Gee, S. H.; McGee, A. W.; Craven, S. E.; Santillano, D. R.; Wu, Z,;
Huang, F.; Xia, H.; Peters, M. F.; Froehner, S. C.; Bredt, D. S. Interaction of Nitric Oxide Synthase with
the Postsynaptic Density Protein PSD-95 and &#x3b1;1-Syntrophin Mediated by PDZ Domains. Cell
84:757-767.

[32] Kornau, H.; Schenker, L.; Kennedy, M.; Seeburg, P. Domain interaction between NMDA
receptor subunits and the postsynaptic density protein PSD-95. Science (New York, N.Y.) 269:1737-
1740; 1995.

[33] Kohr, M. J.; Murphy, E.; Steenbergen, C. Glyceraldehyde-3-Phosphate Dehydrogenase Acts
as a Mitochondrial Trans-S-Nitrosylase in the Heart. PloS one 9:e111448; 2014.

[34] Hogg, N. Biological chemistry and clinical potential of S-nitrosothiols. Free radical biology &
medicine 28:1478-1486; 2000.

[35] Martinez-Ruiz, A.; Lamas, S. Signalling by NO-induced protein S-nitrosylation and S-
glutathionylation: Convergences and divergences. Cardiovascular research 75:220-228; 2007.

[36] Gaston, B. M.; Carver, J.; Doctor, A.; Palmer, L. A. S-Nitrosylation Signaling in Cell Biology.
Mol Interv. 3:253-263; 2003.

[37] Lim, C. H.; Dedon, P. C.; Deen, W. M. Kinetic analysis of intracellular concentrations of
reactive nitrogen species. Chemical research in toxicology 21:2134-2147; 2008.

[38] Madej, E.; Folkes, L. K.; Wardman, P.; Czapski, G.; Goldstein, S. Thiyl radicals react with nitric
oxide to form S-nitrosothiols with rate constants near the diffusion-controlled limit. Free radical
biology & medicine 44:2013-2018; 2008.

[39] Haddad, I. Y.; Crow, J. P.; Hu, P.; Ye, Y.; Beckman, J.; Matalon, S. Concurrent generation of
nitric oxide and superoxide damages surfactant protein A. The American journal of physiology
267:L242-249; 1994.

[40] Viner, R. I.; Williams, T. D.; Schoneich, C. Peroxynitrite modification of protein thiols:
oxidation, nitrosylation, and S-glutathiolation of functionally important cysteine residue(s) in the
sarcoplasmic reticulum Ca-ATPase. Biochemistry 38:12408-12415; 1999.

[41] Quijano, C.; Alvarez, B.; Gatti, R. M.; Augusto, O.; Radi, R. Pathways of peroxynitrite
oxidation of thiol groups. Biochemical Journal 322:167-173; 1997.

[42] Liu, L.; Hausladen, A.; Zeng, M.; Que, L.; Heitman, J.; Stamler, J. S. A metabolic enzyme for S-
nitrosothiol conserved from bacteria to humans. Nature 410:490-494; 2001.

[43] Benhar, M.; Forrester, M. T.; Hess, D. T.; Stamler, J. S. Regulated protein denitrosylation by
cytosolic and mitochondrial thioredoxins. Science (New York, N.Y.) 320:1050-1054; 2008.

[44] Hanschmann, E.-M.; Godoy, J. R.; Berndt, C.; Hudemann, C,; Lillig, C. H. Thioredoxins,
Glutaredoxins, and Peroxiredoxins—Molecular Mechanisms and Health Significance: from Cofactors
to Antioxidants to Redox Signaling. Antioxidants & redox signaling 19:1539-1605; 2013.

[45] Holmgren, A.; Johansson, C.; Berndt, C.; Lonn, M. E.; Hudemann, C.; Lillig, C. H. Thiol redox
control via thioredoxin and glutaredoxin systems. Biochem Soc Trans 33:1375-1377; 2005.

[46] Benhar, M.; Thompson, J. W.; Moseley, M. A.; Stamler, J. S. Identification of S-nitrosylated
targets of thioredoxin using a quantitative proteomic approach. Biochemistry 49:6963-6969; 2010.
[47] Wang, Y. T.; Piyankarage, S. C.; Williams, D. L.; Thatcher, G. R. Proteomic Profiling of
Nitrosative Stress: Protein S-Oxidation Accompanies S-Nitrosylation. ACS chemical biology 9:821-
830; 2014.

[48] Lopez-Sanchez, L. M.; Corrales, F. J.; Lopez-Pedrera, C.; Aranda, E.; Rodriguez-Ariza, A.
Pharmacological impairment of s-nitrosoglutathione or thioredoxin reductases augments protein S-
Nitrosation in human hepatocarcinoma cells. Anticancer Res 30:415-421; 2010.

[49] Liu, L.; Yan, Y.; Zeng, M.; Zhang, J.; Hanes, M. A.; Ahearn, G.; McMahon, T. J.; Dickfeld, T;
Marshall, H. E.; Que, L. G.; Stamler, J. S. Essential Roles of S-Nitrosothiols in Vascular Homeostasis
and Endotoxic Shock. Cell 116:617-628; 2004.

20



[50] Dicks, A. P.; Li, E.; Munro, A. P.; Swift, H. R.; Williams, D. L. H. The reaction of S-nitrosothiols
with thiols at high thiol concentration. Canadian Journal of Chemistry 76:789-794; 1998.

[51] Jensen, D. E.; Belka, G. K.; Du Bois, G. C. S-Nitrosoglutathione is a substrate for rat alcohol
dehydrogenase class lll isoenzyme. The Biochemical journal 331 ( Pt 2):659-668; 1998.

[52] Miranda, K. M.; Paolocci, N.; Katori, T.; Thomas, D. D.; Ford, E.; Bartberger, M. D.; Espey, M.
G.; Kass, D. A.; Feelisch, M.; Fukuto, J. M.; Wink, D. A. A biochemical rationale for the discrete
behavior of nitroxyl and nitric oxide in the cardiovascular system. Proceedings of the National
Academy of Sciences of the United States of America 100:9196-9201; 2003.

[53] Popov, D. Protein S-glutathionylation: from current basics to targeted modifications. Arch
Physiol Biochem:1-8; 2014.

[54] Staab, C. A,; Alander, J.; Morgenstern, R.; Grafstrom, R. C.; Hoog, J. O. The Janus face of
alcohol dehydrogenase 3. Chemico-biological interactions 178:29-35; 2009.

[55] Stamler, J. S. Redox Signaling: Nitrosyaltion and Related Target Interactions of Nirtic Oxide.
Cell 78:931 - 936; 1994.

[56] Xue, Y.; Liu, Z.; Gao, X.; Jin, C.; Wen, L.; Yao, X.; Ren, J. GPS-SNO: Computational Prediction of
Protein S-Nitrosylation Sites with a Modified GPS Algorithm. PloS one 5; 2010.

[57] Chen, Y. J.; Ku, W. C,; Lin, P. Y.; Chou, H. C.; Khoo, K. H.; Chen, Y. J. S-alkylating labeling
strategy for site-specific identification of the s-nitrosoproteome. Journal of proteome research
9:6417-6439; 2010.

[58] Forrester, M. T.; Thompson, J. W.; Foster, M. W.; Nogueira, L.; Moseley, M. A.; Stamler, J. S.
Proteomic analysis of S-nitrosylation and denitrosylation by resin-assisted capture. Nat Biotech
27:557-559; 2009.

[59] Perez-Mato, |.; Castro, C.; Ruiz, F. A.; Corrales, F. J.; Mato, J. M. Methionine
Adenosyltransferase S-Nitrosylation Is Regulated by the Basic and Acidic Amino Acids Surrounding
the Target Thiol. Journal of Biological Chemistry 274:17075-17079; 1999.

[60] Pan, S.; Berk, B. C. Glutathiolation regulates tumor necrosis factor-alpha-induced caspase-3
cleavage and apoptosis: key role for glutaredoxin in the death pathway. Circulation research
100:213-219; 2007.

[61] Burwell, Lindsay S.; Nadtochiy, Sergiy M.; Tompkins, Andrew J.; Young, S.; Brookes, Paul S.
Direct evidence for S-nitrosation of mitochondrial complex |. Biochemical Journal 394:627-634; 2006.
[62] Maver, B.; Kleschyov, A. L.; Stessel, H.; Russwurm, M.; Miinzel, T.; Koesling, D.; Schmidt, K.
Inactivation of Soluble Guanylate Cyclase by Stoichiometric S-Nitrosation. Molecular pharmacology
75:886-891; 2009.

[63] Broniowska, K. A.; Hogg, N. The chemical biology of S-nitrosothiols. Antioxidants & redox
signaling 17:969-980; 2012.

[64] Ost, T. W. B.; Daff, S. Thermodynamic and Kinetic Analysis of the Nitrosyl, Carbonyl, and
Dioxy Heme Complexes of Neuronal Nitric-oxide Synthase: THE ROLES OF SUBSTRATE AND
TETRAHYDROBIOPTERIN IN OXYGEN ACTIVATION. Journal of Biological Chemistry 280:965-973; 2005.
[65] Herold, S.; Rock, G. Mechanistic studies of S-nitrosothiol formation by NO*/02 and by
NO*/methemoglobin. Archives of biochemistry and biophysics 436:386-396; 2005.

[66] Hu, T.-M.; Chou, T.-C. The kinetics of thiol-mediated decomposition of S-nitrosothiols. The
AAPS Journal 8:E485-E492; 2006.

[67] Timerghazin, Q. K.; Peslherbe, G. H.; English, A. M. Structure and stability of HSNO, the
simplest S-nitrosothiol. Phys Chem Chem Phys 10:1532-1539; 2008.

[68] de Oliveira, G. M.; Shishido, S. M.; Seabra, A. B.; Morgon, N. H. 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.

[69] Singh, R. J.; Hogg, N.; Joseph, J.; Kalyanaraman, B. Mechanism of Nitric Oxide Release from S-
Nitrosothiols. Journal of Biological Chemistry 271:18596-18603; 1996.

21



[70] Vanin, A. F.; Muller, B.; Alencar, J. L.; Lobysheva, I. |.; Nepveu, F.; Stoclet, J.-C. Evidence that
intrinsic iron but not intrinsic copper determines S-nitrosocysteine decomposition in buffer solution.
Nitric oxide : biology and chemistry / official journal of the Nitric Oxide Society 7:194-209; 2002.

[71] Hogg, N. The kinetics of S-transnitrosation--a reversible second-order reaction. Anal Biochem
272:257-262; 1999.

[72] Hogg, N.; Singh, R. J.; Kalyanaraman, B. The role of glutathione in the transport and
catabolism of nitric oxide. FEBS letters 382:223-228; 1996.

[73] Paige, J. S.; Xu, G.; Stancevic, B.; Jaffrey, S. R. Nitrosothiol reactivity profiling identifies S-
nitrosylated proteins with unexpected stability. Chem Biol 15:1307-1316; 2008.

[74] Gonzalez, D. R.; Treuer, A.; Sun, Q. A.; Stamler, J. S.; Hare, J. M. S-Nitrosylation of cardiac ion
channels. Journal of cardiovascular pharmacology 54:188-195; 2009.

[75] Scotcher, J.; Prysyazhna, O.; Boguslavskyi, A.; Kistamas, K.; Hadgraft, N.; Martin, E. D.;
Worthington, J.; Rudyk, O.; Rodriguez Cutillas, P.; Cuello, F.; Shattock, M. J.; Marber, M. S.; Conte, M.
R.; Greenstein, A.; Greensmith, D. J.; Venetucci, L.; Timms, J. F.; Eaton, P. Disulfide-activated protein
kinase G lalpha regulates cardiac diastolic relaxation and fine-tunes the Frank-Starling response.
Nature communications 7:13187; 2016.

[76] Sun, J.; Morgan, M.; Shen, R. F.; Steenbergen, C.; Murphy, E. Preconditioning results in S-
nitrosylation of proteins involved in regulation of mitochondrial energetics and calcium transport.
Circulation research 101:1155-1163; 2007.

[77] Burgoyne, J. R.; Eaton, P. Transnitrosylating nitric oxide species directly activate type |
protein kinase A, providing a novel adenylate cyclase-independent cross-talk to beta-adrenergic-like
signaling. The Journal of biological chemistry 284:29260-29268; 2009.

[78] Eaton, P.; Bell, R. M.; Cave, A. C.; Shattock, M. J. Ischemic preconditioning: a potential role
for protein S-thiolation? Antioxidants & redox signaling 7:882-888; 2005.

[79] Burgoyne, J. R.; Eaton, P. A Rapid Approach for the Detection, Quantification, and Discovery
of Novel Sulfenic Acid or S-Nitrosothiol Modified Proteins Using a Biotin-Switch Method. Methods in
enzymology 473:281-303; 2010.

[80] Wang, Y.; Yang, J.; Yi, J. Redox sensing by proteins: oxidative modifications on cysteines and
the consequent events. Antioxidants & redox signaling 16:649-657; 2012.

[81] West, M. B.; Hill, B. G.; Xuan, Y.-T.; Bhatnagar, A. Protein glutathiolation by nitric oxide: an
intracellular mechanism regulating redox protein modification. The FASEB Journal 20:1715-1717,
2006.

[82] Hochgrafe, F.; Mostertz, J.; Pother, D. C.; Becher, D.; Helmann, J. D.; Hecker, M. S-
cysteinylation is a general mechanism for thiol protection of Bacillus subtilis proteins after oxidative
stress. The Journal of biological chemistry 282:25981-25985; 2007.

[83] Grek, C. L.; Zhang, J.; Manevich, Y.; Townsend, D. M.; Tew, K. D. Causes and consequences of
cysteine S-glutathionylation. The Journal of biological chemistry 288:26497-26504; 2013.

[84] West, M. B.; Hill, B. G.; Xuan, Y. T.; Bhatnagar, A. Protein glutathiolation by nitric oxide: an
intracellular mechanism regulating redox protein modification. Faseb j 20:1715-1717; 2006.

[85] Padgett, C. M.; Whorton, A. R. Cellular Responses to Nitric Oxide: Role of Protein S-
Thiolation/Dethiolation. Archives of biochemistry and biophysics 358:232-242; 1998.

[86] Rehder, D. S.; Borges, C. R. Cysteine sulfenic acid as an intermediate in disulfide bond
formation and nonenzymatic protein folding. Biochemistry 49:7748-7755; 2010.

[87] Okamoto, T.; Akaike, T.; Sawa, T.; Miyamoto, Y.; van der Vliet, A.; Maeda, H. Activation of
matrix metalloproteinases by peroxynitrite-induced protein S-glutathiolation via disulfide S-oxide
formation. The Journal of biological chemistry 276:29596-29602; 2001.

[88] Lu, X. M.; Tompkins, R. G.; Fischman, A. J. Nitric oxide activates intradomain disulfide bond
formation in the kinase loop of Akt1/PKBa after burn injury. International journal of molecular
medicine 31:740-750; 2013.

22



[89] Evangelista, A. M.; Kohr, M. J.; Murphy, E. S-nitrosylation: specificity, occupancy, and
interaction with other post-translational modifications. Antioxidants & redox signaling 19:1209-
1219; 2013.

[90] Maron, B. A,; Tang, S. S.; Loscalzo, J. S-nitrosothiols and the S-nitrosoproteome of the
cardiovascular system. Antioxidants & redox signaling 18:270-287; 2013.

[91] Shi, Q.; Feng, J.; Qu, H.; Cheng, Y. Y. A proteomic study of S-nitrosylation in the rat cardiac
proteins in vitro. Biological & pharmaceutical bulletin 31:1536-1540; 2008.

[92] Li, F.; Sonveaux, P.; Rabbani, Z. N.; Liu, S.; Yan, B.; Huang, Q.; Vujaskovic, Z.; Dewhirst, M. W.;
Li, C. Y. Regulation of HIF-1alpha stability through S-nitrosylation. Molecular cell 26:63-74; 2007.
[93] Watanabe, Y.; Murdoch, C. E.; Sano, S.; Ido, Y.; Bachschmid, M. M.; Cohen, R. A.; Matsui, R.
Glutathione adducts induced by ischemia and deletion of glutaredoxin-1 stabilize HIF-1a and
improve limb revascularization. Proceedings of the National Academy of Sciences In press; 2016.
[94] Maejima, Y.; Adachi, S.; Morikawa, K.; Ito, H.; Isobe, M. Nitric oxide inhibits myocardial
apoptosis by preventing caspase-3 activity via S-nitrosylation. Journal of molecular and cellular
cardiology 38:163-174; 2005.

[95] Yakusheyv, S.; Band, M.; Tissot van Patot, M. C.; Gassmann, M.; Avivi, A.; Bogdanova, A. Cross
talk between S-nitrosylation and S-glutathionylation in control of the Na,K-ATPase regulation in
hypoxic heart. American Journal of Physiology - Heart and Circulatory Physiology 303:H1332-H1343;
2012.

[96] Figtree, G. A.; Liu, C. C.; Bibert, S.; Hamilton, E. J.; Garcia, A.; White, C. N.; Chia, K. K.;
Cornelius, F.; Geering, K.; Rasmussen, H. H. Reversible oxidative modification: a key mechanism of
Na+-K+ pump regulation. Circulation research 105:185-193; 2009.

[97] Harris, L. K.; McCormick, J.; Cartwright, J. E.; Whitley, G. S.; Dash, P. R. S-nitrosylation of
proteins at the leading edge of migrating trophoblasts by inducible nitric oxide synthase promotes
trophoblast invasion. Experimental cell research 314:1765-1776; 2008.

[98] Dalle-Donne, I.; Milzani, A.; Giustarini, D.; Di Simplicio, P.; Colombo, R.; Rossi, R. S-NO-actin:
S-nitrosylation kinetics and the effect on isolated vascular smooth muscle. Journal of muscle
research and cell motility 21:171-181; 2000.

[99] Chen, F. C.; Ogut, O. Decline of contractility during ischemia-reperfusion injury: actin
glutathionylation and its effect on allosteric interaction with tropomyosin. American journal of
physiology. Cell physiology 290:C719-727; 2006.

[100] Baba, S. P.; Wetzelberger, K.; Hoetker, J. D.; Bhatnagar, A. Posttranslational glutathiolation
of aldose reductase (AKR1B1): a possible mechanism of protein recovery from S-nitrosylation.
Chemico-biological interactions 178:250-258; 2009.

[101] Wetzelberger, K.; Baba, S. P.; Thirunavukkarasu, M.; Ho, Y.-S.; Maulik, N.; Barski, O. A,;
Conklin, D. J.; Bhatnagar, A. Postischemic Deactivation of Cardiac Aldose Reductase: ROLE OF
GLUTATHIONE S-TRANSFERASE P AND GLUTAREDOXIN IN REGENERATION OF REDUCED THIOLS
FROM SULFENIC ACIDS. The Journal of biological chemistry 285:26135-26148; 2010.

[102] Burwell, Lindsay S.; Nadtochiy, Sergiy M.; Tompkins, Andrew J.; Young, S.; Brookes, Paul S.
Direct evidence for S-nitrosation of mitochondrial complex |. Biochemical Journal 394:627-634; 2006.
[103] Chen, C.-L.; Zhang, L.; Yeh, A.; Chen, C.-A.; Green-Church, K. B.; Zweier, J. L.; Chen, Y.-R. Site-
Specific S-Glutathiolation of Mitochondrial NADH Ubiquinone Reductase. Biochemistry 46:5754-
5765; 2007.

[104] Ravi, K.; Brennan, L. A.; Levic, S.; Ross, P. A.; Black, S. M. S-nitrosylation of endothelial nitric
oxide synthase is associated with monomerization and decreased enzyme activity. Proceedings of
the National Academy of Sciences of the United States of America 101:2619-2624; 2004.

[105] Erwin, P. A,; Mitchell, D. A.; Sartoretto, J.; Marletta, M. A.; Michel, T. Subcellular Targeting
and Differential S-Nitrosylation of Endothelial Nitric-oxide Synthase. Journal of Biological Chemistry
281:151-157; 2006.

23



[106] Chen, C.-A.; Wang, T.-Y.; Varadharaj, S.; Reyes, L. A.; Hemann, C.; Hassan Talukder, M. A_;
Chen, Y.-R.; Druhan, L. J.; Zweier, J. L. S-glutathionylation uncouples eNOS and regulates its cellular
and vascular function. Nature 468:1115-1118; 2010.

[107] Hara, M. R.; Agrawal, N.; Kim, S. F.; Cascio, M. B.; Fujimuro, M.; Ozeki, Y.; Takahashi, M.;
Cheah, J. H.; Tankou, S. K.; Hester, L. D.; Ferris, C. D.; Hayward, S. D.; Snyder, S. H.; Sawa, A. S-
nitrosylated GAPDH initiates apoptotic cell death by nuclear translocation following Siah1 binding.
Nature cell biology 7:665-674; 2005.

[108] Eaton, P.; Wright, N.; Hearse, D. J.; Shattock, M. J. Glyceraldehyde phosphate dehydrogenase
oxidation during cardiac ischemia and reperfusion. Journal of molecular and cellular cardiology
34:1549-1560; 2002.

[109] Mustafa, A. K.; Gadalla, M. M.; Sen, N.; Kim, S.; Mu, W.; Gazi, S. K.; Barrow, R. K.; Yang, G.;
Wang, R.; Snyder, S. H. H2S Signals Through Protein S-Sulfhydration. Science signaling 2:ra72-ra72;
2009.

[110] Nogueira, L.; Figueiredo-Freitas, C.; Casimiro-Lopes, G.; Magdesian, Margaret H.; Assreuy, J.;
Sorenson, Martha M. Myosin is reversibly inhibited by S-nitrosylation. Biochemical Journal 424:221-
231; 2009.

[111] Passarelli, C.; Petrini, S.; Pastore, A.; Bonetto, V.; Sale, P.; Gaeta, L. M.; Tozzi, G.; Bertini, E.;
Canepari, M.; Rossi, R.; Piemonte, F. Myosin as a potential redox-sensor: an in vitro study. Journal of
muscle research and cell motility 29:119-126; 2008.

[112] Williams, J. G.; Pappu, K.; Campbell, S. L. Structural and biochemical studies of p21Ras S-
nitrosylation and nitric oxide-mediated guanine nucleotide exchange. Proceedings of the National
Academy of Sciences of the United States of America 100:6376-6381; 2003.

[113] Clavreul, N.; Adachi, T.; Pimental, D. R.; Ido, Y.; Schoneich, C.; Cohen, R. A. S-glutathiolation
by peroxynitrite of p21ras at cysteine-118 mediates its direct activation and downstream signaling in
endothelial cells. Faseb j 20:518-520; 2006.

[114] Pimentel, D. R.; Adachi, T.; Ido, Y.; Heibeck, T.; Jiang, B.; Lee, Y.; Melendez, J. A.; Cohen, R. A;;
Colucci, W. S. Strain-stimulated hypertrophy in cardiac myocytes is mediated by reactive oxygen
species-dependent Ras S-glutathiolation. Journal of molecular and cellular cardiology 41:613-622;
2006.

[115] Aracena-Parks, P.; Goonasekera, S. A.; Gilman, C. P.; Dirksen, R. T.; Hidalgo, C.; Hamilton, S.
L. Identification of Cysteines Involved in S-Nitrosylation, S-Glutathionylation, and Oxidation to
Disulfides in Ryanodine Receptor Type 1. Journal of Biological Chemistry 281:40354-40368; 2006.
[116] Aracena, P.; Sanchez, G.; Donoso, P.; Hamilton, S. L.; Hidalgo, C. S-glutathionylation
decreases Mg2+ inhibition and S-nitrosylation enhances Ca2+ activation of RyR1 channels. The
Journal of biological chemistry 278:42927-42935; 2003.

[117] Eu, ). P.; Sun, J.; Xu, L.; Stamler, J. S.; Meissner, G. The skeletal muscle calcium release
channel: coupled 02 sensor and NO signaling functions. Cell 102:499-509; 2000.

[118] Adachi, T.; Weisbrod, R. M.; Pimentel, D. R.; Ying, J.; Sharov, V. S.; Schoneich, C.; Cohen, R. A.
S-Glutathiolation by peroxynitrite activates SERCA during arterial relaxation by nitric oxide. Nature
medicine 10:1200-1207; 2004.

[119] Lander, H. M.; Ogiste, J. S.; Pearce, S. F.; Levi, R.; Novogrodsky, A. Nitric oxide-stimulated
guanine nucleotide exchange on p21lras. The Journal of biological chemistry 270:7017-7020; 1995.
[120] Pastore, A.; Piemonte, F. Protein glutathionylation in cardiovascular diseases. International
journal of molecular sciences 14:20845-20876; 2013.

[121] Aracena-Parks, P.; Goonasekera, S. A.; Gilman, C. P.; Dirksen, R. T.; Hidalgo, C.; Hamilton, S.
L. Identification of cysteines involved in S-nitrosylation, S-glutathionylation, and oxidation to
disulfides in ryanodine receptor type 1. The Journal of biological chemistry 281:40354-40368; 2006.
[122] Sun, J.; Xin, C.; Eu, J. P.; Stamler, J. S.; Meissner, G. Cysteine-3635 is Responsible for Skeletal
Muscle Ryanodine Receptor Modulation by NO. Proceedings of the National Academy of Sciences of
the United States of America 98:11158-11162; 2001.

24



[123] Moore, C. P.; Zhang, J.-Z.; Hamilton, S. L. A Role for Cysteine 3635 of RYR1 in Redox
Modulation and Calmodulin Binding. Journal of Biological Chemistry 274:36831-36834; 1999.

[124] Vielma, A. Z,; Eller, G.; Gonzalez, D. R.; Boric, M. P. NOS1-dependent S-nitrosylation of
cardiac calcium-handling proteins (RyR2, SERCA, and L-type Ca2+ channel) modulates basal
contractility and adrenergic inotropism. The FASEB Journal 26:1139.1135; 2012.

[125] Ravi, K.; Brennan, L. A.; Levic, S.; Ross, P. A.; Black, S. M. S-nitrosylation of endothelial nitric
oxide synthase is associated with monomerization and decreased enzyme activity. Proceedings of
the National Academy of Sciences 101:2619-2624; 2004.

[126] Rafikov, R.; Fonseca, F. V.; Kumar, S.; Pardo, D.; Darragh, C.; Elms, S.; Fulton, D.; Black, S. M.
eNOS activation and NO function: structural motifs responsible for the posttranslational control of
endothelial nitric oxide synthase activity. The Journal of endocrinology 210:271-284; 2011.

[127] Zou, M.-H.; Shi, C.; Cohen, R. A. Oxidation of the zinc-thiolate complex and uncoupling of
endothelial nitric oxide synthase by peroxynitrite. The Journal of clinical investigation 109:817-826;
2002.

[128] Doulias, P. T.; Tenopoulou, M.; Raju, K.; Spruce, L. A.; Seeholzer, S. H.; Ischiropoulos, H. Site
specific identification of endogenous S-nitrosocysteine proteomes. Journal of proteomics 92:195-
203; 2013.

[129] Guo, J.; Gaffrey, M. J.; Su, D.; Liu, T.; Camp, D. G., 2nd; Smith, R. D.; Qian, W. J. Resin-assisted
enrichment of thiols as a general strategy for proteomic profiling of cysteine-based reversible
modifications. Nature protocols 9:64-75; 2014.

[130] Lee,S.B.; Kim, C.K.; Lee, K. H.; Ahn, J. Y. S-nitrosylation of B23/nucleophosmin by GAPDH
protects cells from the SIAH1-GAPDH death cascade. The Journal of cell biology 199:65-76; 2012.
[131] Broniowska, K. A.; Zhang, Y.; Hogg, N. Requirement of transmembrane transport for S-
nitrosocysteine-dependent modification of intracellular thiols. Journal of Biological Chemistry
281:33835-33841; 2006.

[132] Riego, J. A.; Broniowska, K. A.; Kettenhofen, N. J.; Hogg, N. Activation and inhibition of
soluble guanylyl cyclase by S-nitrosocysteine: involvement of amino acid transport system L. Free
radical biology & medicine 47:269-274; 2009.

[133] Tajc, S. G.; Tolbert, B. S.; Basavappa, R.; Miller, B. L. Direct determination of thiol pKa by
isothermal titration microcalorimetry. Journal of the American Chemical Society 126:10508-105009;
2004.

[134] Gow, A.J.; Chen, Q.; Hess, D. T.; Day, B. J.; Ischiropoulos, H.; Stamler, J. S. Basal and
stimulated protein S-nitrosylation in multiple cell types and tissues. The Journal of biological
chemistry 277:9637-9640; 2002.

[135] Jaffrey, S. R.; Snyder, S. H. The biotin switch method for the detection of S-nitrosylated
proteins. Sci STKE 2001:PL1; 2001.

[136] Wang, X.; Kettenhofen, N. J.; Shiva, S.; Hogg, N.; Gladwin, M. T. Copper dependence of the
biotin switch assay: modified assay for measuring cellular and blood nitrosated proteins. Free radical
biology & medicine 44:1362-1372; 2008.

[137] Su, D.; Shukla, A. K.; Chen, B.; Kim, J. S.; Nakayasu, E.; Qu, Y.; Aryal, U.; Weitz, K.; Clauss, T.
R.; Monroe, M. E.; Camp, D. G., 2nd; Bigelow, D. J.; Smith, R. D.; Kulkarni, R. N.; Qian, W. J.
Quantitative site-specific reactivity profiling of S-nitrosylation in mouse skeletal muscle using
cysteinyl peptide enrichment coupled with mass spectrometry. Free radical biology & medicine
57:68-78; 2013.

[138] Nemeth-Cawley, J. F.; Tangarone, B. S.; Rouse, J. C. "Top Down" characterization is a
complementary technique to peptide sequencing for identifying protein species in complex
mixtures. Journal of proteome research 2:495-505; 2003.

[139] Gould, N. S.; Evans, P.; Martinez-Acedo, P.; Marino, S. M.; Gladyshev, V. N.; Carroll, K. S;
Ischiropoulos, H. Site-Specific Proteomic Mapping Identifies Selectively Modified Regulatory Cysteine
Residues in Functionally Distinct Protein Networks. Chemistry & biology 22:965-975; 2015.

25



[140] Chung, H.S.; Murray, C. |.; Venkatraman, V.; Crowgey, E. L.; Rainer, P. P.; Cole, R. N.;
Bomgarden, R. D.; Rogers, J. C.; Balkan, W.; Hare, J. M.; Kass, D. A.; Van Eyk, J. E. Dual Labeling Biotin
Switch Assay to Reduce Bias Derived From Different Cysteine Subpopulations: A Method to
Maximize S-Nitrosylation Detection. Circulation research 117:846-857; 2015.

[141] Venturini, G.; Fioravanti, E.; Colasanti, M.; Persichini, T.; Ascenzi, P. Cys25-nitrosylation
inactivates papain. Biochemistry and molecular biology international 46:425-428; 1998.

[142] Choi, Y. B.; Tenneti, L.; Le, D. A.; Ortiz, J.; Bai, G.; Chen, H. S.; Lipton, S. A. Molecular basis of
NMDA receptor-coupled ion channel modulation by S-nitrosylation. Nature neuroscience 3:15-21;
2000.

[143] Burger, D. E,; Lu, X,; Lei, M.; Xiang, F.-L.; Hammoud, L.; Jiang, M.; Wang, H.; Jones, D. L.; Sims,
S. M.; Feng, Q. Neuronal Nitric Oxide Synthase Protects Against Myocardial Infarction-Induced
Ventricular Arrhythmia and Mortality in Mice. Circulation 120:1345-1354; 2009.

Highlights

Protein S-nitrosation is widely held to play a similar role as phosphorylation

However, S-nitrosated proteins react rapidly with abundant thiols to form disulfides
Protein S-nitrosation mainly serves as a redox-state intermediate leading to disulfide
Disulfides may be the predominant end-effector modification during nitrosative stress

Stable, regulatory protein S-nitrosation may occur - but perhaps relatively rarely
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