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Abstract
Produced by the action of lightning in the atmosphere of the pre-biotic earth, nitric oxide (NO) is a
free radical molecule that provided the major nitrogen source for development of life. Remarkably,
when atmospheric sources of NO became restrictive, organisms evolved the capacity for NO
biosynthesis and NO took on bioregulatory roles. We now recognize NO as an ancestral regulator
of diverse and important biological functions, acting throughout the phylogenetic tree. In mammals,
NO has been implicated as a pivotal regulator of virtually every major physiological system. The
bioactivities of NO, and reactive species derived from NO, arise predominantly from their covalent
addition to proteins. Importantly, S-nitrosylation of protein cysteine (Cys) residues has emerged as
a preeminent effector of NO bioactivity. How and why NO selectively adds to particular Cys residues
in proteins is poorly understood, yet fundamental to how NO communicates it bioactivities. Also,
evolutionary pressures that have shaped S-nitrosylation as a biosignaling modality are obscure.
Considering recently recognized NO signaling paradigms, we speculate on the origin of NO signaling
in biological systems and the molecular adaptations that have endowed NO with the ability to
selectively target a subset of protein Cys residues that mediate biosignaling.

A history of earthly NO: the origin of biosignaling by protein S-nitrosylation
Nitric oxide (NO) is a free-radical gas, the fifth-smallest molecule, and a common constituent
of star-forming gases throughout the cosmos[1]. Generation of NO occurred on the Hadean
earth (4.5 – 3.8 Gyr ago) by chemical reactions involving N2 and CO2, driven by atmospheric
electrical discharges[2]. Although nitrogen was a principal component of the earth's early
atmosphere, the chemical stability of N2 effectively precluded its direct use in the prebiotic
soup for synthesis of the nitrogenous building blocks of life (i.e., purines, pyrimidines and
amino acids). Thus, N2 needed to be “fixed” into a chemically useful form, nitrate or
ammonium, and this occurred through the intermediacy of NO. With the availability of NO-
derived nitrogenous substrates, the stage was set for evolution of terrestrial life forms. While
NO provided the necessary source of fixed nitrogen to fuel life through most of the Archean
period (3.8 – 2.2 Gyr ago), atmospheric simulation experiments suggest that a crisis in the
biosphere occurred at the end of this period, when abiotic production of NO is estimated to
have waned 100-fold due to diminishing levels of atmospheric CO2[3]. This NO insufficiency
is hypothesized to have caused such a severe ecological crisis that it provided the selective
pressure for organisms to evolve the ability to perform nitrogen fixation[3] – biological
nitrogen fixation represented an evolutionary milestone, as it obviated the dependence of life
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on the limitations of abiotic nitrogen fixation. Nitrogen bioavailability continues to this day as
the most common limiting nutrient for earth's ecosystems, determining the base width of food-
chains[3].

Once life appeared on earth, it must have had a dichotomous relationship with NO. Whereas
NO formation on the prebiotic earth provided a pivotal source of fixed nitrogen that enabled
life to evolve, reactions of NO with biomolecules must have also posed a threat to life. Indeed,
like O2, NO is poison to the catalytic activity of transition metal centers in metabolic enzymes
required for the anoxic respiration of earth's ancestral prokaryotes. The problem of NO toxicity
was likely met by the evolution of multiple chemoprotective strategies. One fascinating
biological approach to cope with NO excess is suggested from functional studies of modern
day hemoglobin family members (single domain globins and flavohemoglobins) in bacteria,
yeast, protozoa and fungi. While hemoglobins are expressed in perhaps all current day microbes
[4], it is obvious that these microorganisms have no significant barrier to gas diffusion and
hence hemoglobins are not needed to facilitate O2 distribution. Instead, bacterial hemoglobins
have been shown to protect against NO toxicity[5] and it was hypothesized that microbial
hemoglobins in ancestral progenitors arose for the purpose of NO binding, rather than O2
binding. This view is suggested by the apparent emergence of hemoglobins at a time when the
earth was anoxic as well as knowledge that hemoglobins bind NO with an affinity that is far
greater than that of O2, often by >6-orders of magnitude. The proposed use of ancient
hemoglobins for NO biodefense would likely have extended to scavenging toxic O2 at a later
time, when O2 had accumulated significantly on earth due to the emergence and expansion of
photosynthetic bacteria. Importantly, bacterial flavohemoglobins have been shown to function
in bacteria as enzymes, consuming one mole each of toxic NO and O2, yielding NO3

− as a
nutrient product[6,7]. With the evolutionary advance toward aerobiosis and multicellularity
(at a time when abiotic NO production was relatively insignificant), hemoglobins were primed
to accept their currently recognized role for support of aerobic respiration by O2 binding and
distribution via cardiovascular systems. Nonetheless, hemoglobin in current day microbes
continues to function as a scavenger of NO for host-defense[8]) and, in some cases, as a
scavenger of O2 for maintaining anerobiosis[9].

Despite the biohazard that abioticly produced NO posed to early life on earth, the adaptive
benefit of NO is evident from the fact that NO producing enzymes (NO synthases; NOSs)
emerged in ancestral organisms, apparently via a series of gene duplication and rearrangement
events involving pre-existent protein modules that subserved other metabolic functions[10,
11]. Whereas lower eukaryotes typically possess a single NOS gene, higher eukaryotes (e.g.,
mammals) have evolved three distinct NOS genes (eNOS, iNOS and nNOS) that each catalyze
an identical chemistry, but differ in their kinetic properties and in amino acid sequences that
determine subcellular protein localization, protein-protein interactions, and gating of activity
by phosphorylation and binding of calcium/calmodulin (Ca2+/CaM)[11,12]. Interestingly, the
nitrogen-source for NO production by all NOSs is the most nitrogen-rich amino acid in proteins,
L-arginine.

An early adaptive benefit afforded by biologically-derived NO may have been to increase the
chemical diversity of biomolecules that natural selection can operate on. Indeed, the sole
recognized function of a NOS in a modern day bacterium is biosynthetic, not cell signaling –
NO-dependent nitration of tryptophan was found to be necessary for synthesis of a nitroindole
moiety in a phytotoxic peptide that is required for the pathogenicity of certain streptomycete
strains[13,14]. Production of excess quantities of NO is a strategy that has been broadly
employed across phyla for the global disruption of protein functions during the innate immune
response[15]. NO-dependent biochemical modifications of proteins, elicited by intricate
regulation of NOS enzyme isoforms, have played progressively more pervasive cell signaling
roles with the evolution of higher eukaryotes. Notwithstanding, the relevance of NO mediated
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cell signaling in lower eukaryotes is apparent from the seminal role played by neuronally-
produced NO in the feeding response of molluscs and gastropods[16-18] and in the widespread
use of a suppression in endogenous NO production as a morphogenic switch in species that
exhibit biphasic life cycles, (i.e., rapid and extreme life cycle transitions from larval to juvenile
stages of development), such as that which occurs in sea urchins and gastropods[19].

State-dependent NO production has evolved wide usage for biosignaling in higher eukaryotes
and key roles for NO have been implicated in essentially all physiological systems of mammals.
Such multifunctionality of NO as a signaling molecule necessitates the highly targeted delivery
of NO to specific sites on regulatory proteins. NO is an atypical biosignaling molecule in that
its actions depend on covalent chemical modifications of proteins, rather than “traditional”
lock-and-key binding to proteins that function as cellular “receptors”. Appreciation of this
fundamental difference in the signaling mode of NO has major consequences: (i) the chemical
reactivity of NO determines its biological actions, (ii) many competing reactions of NO and
NO-derived species are possible in biological systems, (iii) reactions of NO and NO-derived
species, and consequently biological activity, are influenced by the changing intracellular
milieu. Thus, the rate, site and microenvironment of NO synthesis are potential determinants
of the chemical reactions of NO and ensuing biological consequences. But how is NO
selectivity achieved in complex biological systems? We consider this question below, in the
context of NO signaling via protein S-nitrosylation.

Signaling by protein S-nitrosylation—NO-mediated vasodilation depends principally
on nitrosylation of heme-iron in soluble guanylate cyclase (sGC), enzyme activation and
intracellular cGMP accumulation. However, unlike vasorelaxation, which is substantially
blocked by sGC inhibitors and stimulated by non-hydrolyzable cGMP analogs, many vascular
effects of NO are resistant to these drugs. Indeed, many biological actions of NO involve the
formation of nitrosothiols[20], addition of NO to the sulfur atom of Cys, a process alternatively
termed S-nitrosation or S-nitrosylation. Even for NO-induced vasodilation, the classical
cGMP-dependent response, S-nitrosylation contributes by triggering potassium channel
opening[21].

S-nitrosylation of Cys residues in target proteins was first recognized in 1992, when
micromolar levels of SNO-albumin were reported to circulate in blood[22]. A 2001 report on
the proceedings of a meeting that focused on protein S-nitrosylation listed 115 proteins in
which the addition of NO to protein Cys-sulfur had ben reported to occur in biological systems
[23]. With the advent of proteomic approaches for unbiased identification of SNO-proteins,
this number has more than doubled[24-30] and is likely to grow exponentially as new and more
sensitive detection technologies are devised. As a group, the reported SNO-proteins subserve
a wide range of cell functions, including ion channels, pumps, receptors for signal molecules,
transcription factors, enzymes and structural proteins[31]. Importantly, S-nitrosylation fulfills
all essential criteria for validation as a cell signaling mechanism -- it is stimulus-evoked [32,
33], reversible[34], precisely-targeted [35], spatiotemporally restricted [36,37], and necessary
for specific cell responses (for reviews, see [31,38-40]).

Significance of protein S-nitrosylation for cardiovascular regulation—Protein
SNOs have been implicated to play broad roles in vascular homeostasis[41]. The source of the
NO moiety for S-nitrosylation can be NO itself, other NOx (higher oxides of nitrogen), metal-
NO complexes, nitrite (in acidified milieu), or other nitrosothiols [41]. Notably, once formed,
the nitroso- moiety of a protein nitrosothiol can be transferred to other thiols through a process
termed transnitrosylation. NO groups can be transferred from protein to protein and to low
molecular weight thiols (principally glutathione), before undergoing terminal oxidation to
nitrite and nitrate. While a protein denitrosylase has not been discovered (analogous to a protein
phosphatase), a selective S-nitrosoglutathione (GSNO) reductase (GSNOR/formaldehyde
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dehdrogenase) was shown by Liu et al. to function across phylogeny to accelerate the
metabolism of GSNO[42]. In accord with the existence of a predicted equilibrium between NO
in GSNO and SNO-proteins in blood, GSNOR-null mice would be expected to exhibit elevated
circulating levels of SNO-proteins. This prediction was substantiated by levels of NO on
hemoglobin (Hb), a principal nitrosoprotein in blood where NO is found on both thiol
(Cysβ93) and iron[43-45] – notably, targeted deletion of GSNOR was associated with a 2.5-
fold increase SNO-Hb, but no change in iron-nitrosyl Hb relative to GSNOR wildtype mice
[46]. Accordingly, the phenotype of GSNOR-nullozygous mice can provide a window into the
cardiovascular actions transduced by SNO-proteins. A surprising observation was that
anesthetized GSNOR-null mice exhibit profound hypotension[46] suggesting that S-
nitrosylation can contribute to the vasodilatory activity of NO (opposing the common view
that cGMP-dependent signaling is the exclusive mediator of NO-elicited vasodilation). It was
also shown that GSNOR-null mice (relative to GSNOR+/+ mice) exhibit a markedly increased
sensitivity to tissue damage and death following treatment with bacterial endotoxin or live
bacteria[46]. Thus, SNO-proteins apparently contribute to inflammation and mortality in septic
shock. These studies with GSNOR-null mice suggest roles for SNO-proteins in both
cardiovascular health and disease.

The conundrum: NO signals based on reactivity, but must achieve selectivity
What is the molecular basis for selective NO addition to protein Cys thiols? For the prototype
cell signaling modality, phosphorylation of proteins on Ser, Thr and Tyr residues, specificity
is dictated by the molecular recognition of substrates by their cognate kinases. Since NO, and
reactive NO-derived species, have been presumed to add to protein Cys-sulfur in solution, by
a mechanism that is independent of protein-protein interactions, the basis for selective protein
S-nitrosylation in biological systems is non-obvious. Even for proteins known to undergo
significant S-nitrosylation in biological systems, it is commonly observed that only one of
many available Cys residues undergoes detectable levels of NO addition (i.e., the stoichiometry
of NO addition per protein monomer is typically unitary). An extreme example is the
ryanodine-responsive calcium release channel of skeletal muscle (RyR1), where only 1 of
∼50 Cys residues were found to undergo detectable levels of S-nitrosylation by NO (Cys3635)
[35] and thereby mediate channel-opening and increased contractility[47]. In an unbiased
proteomic study, 67 proteins in rat cerebellum were found to contain SNO-Cys residues
following treatment with a physiological level of GSNO – 56 of these proteins contained a
single SNO-Cys[48]. Such findings beg for a rationalization of the selective addition of NO to
discrete protein thiols, despite the promiscuous reactivity of NO towards thiol and non-thiol
targets.

Recent results from studies of individual SNO-proteins have converged on two fundamental
mechanisms by which Cys residues achieve selective S-nitrosylation for NO-based regulation
of protein functions. These mechanisms are: (1) concentration of the nitrosylating species at
the Cys modification site (i.e., use the law of mass action to drive the reaction forward), and
(2) positioning Cys in a favorable chemical context for reaction with NO (i.e., either increase
the forward rate constant for nitrosylation, decrease the denitrosylation rate, or both). We
consider each of these strategies below.

Concentrating the nitrosylating species at the Cys modification site:
Proximity based NO signaling

NOS-substrate complexes harness the law of mass action for targeting NO to
specific protein Cys residues—NO, and reactive NO-derived species, have been
considered to diffuse randomly from their sites of synthesis until consumed by chemical
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reactions. In some cases, these reactions will include S-nitrosylation of one or more proteins
that contributes to NO-mediated bioactivities. While simple random diffusion of NO has often
been generally assumed, modeled[49] and hailed for its relevance to NO biology, recent
findings show that NO reactivity is often channeled to biologically-relevant thiols on
recognized NO-signaling proteins.

Efficient signal transduction events are dependent on correct localization and assembly of
signaling proteins within discrete subcellular microdomains. The existence of multimeric
protein complexes imposes spatial and temporal confinement to signaling systems, allowing
tight regulation of the cell's biochemical and signaling properties. The fundamental importance
of the subcellular organization of NOSs within cells is implicit in a report by Barouch et al.
[50] showing that eNOS and nNOS co-exist in cardiac myocytes, but reside within distinct
subcellular compartments (the plasma membrane and sarcoplasmic reticulum respectively).
Surprisingly, eNOS-derived NO was found to inhibit myocardial contractility, whereas nNOS-
derived NO enhanced contractility. This finding suggests that spatial confinement of eNOS
and nNOS in cardiomyocytes can effectively couple NO to discrete signaling pathways that
determine downstream effects. Selective S-nitrosylation of a protein thiol may thus be achieved
by positioning the thiol in close proximity to a cellular source of NO reactivity. The relevant
source of NO reactivity can take multiple forms. For each NOS isoform there are examples
where NO reactivity has been shown to be selectively channeled to a particular protein thiol
by a mechanism that requires either direct binding of an NO-acceptor protein (as for iNOS/
cycloxygenase-2[51] and eNOS/Hsp90[52,53]) or indirect binding via a scaffold protein (as
for the nNOS/NMDA receptor/Dexras complex[36,54]). NOS/target protein interactions are
complex and suggest that coordinated evolution of NOS and target proteins occurred for
enhancement of signaling selectivity. We briefly describe an interacting protein (or protein
complex) for each of the three NOS isoforms, as prototypic examples of site-specific S-
nitrosylation in NO regulated biosignaling systems.

iNOS and Cyclooxygenase-2
Cycloxygenase-2 (COX-2) is a pivotal enzyme for the metabolism of arachidonic acid to
biologically important prostanoids. Like iNOS, COX-2 is induced in response to inflammatory
stimuli and prior studies have revealed a complex synergistic relationship between the two
enzymes in immunoactivated cells[55]. Recently Snyder and colleagues demonstrated by co-
immunoprecipitation that iNOS and COX-2 exhibit a direct and exclusive interaction[51]. As
a consequence, iNOS was shown to selectively S-nitrosylate COX-2 on Cys526, resulting in
an increased Vmax and enhanced prostaglandin E2 production. The physical interaction of
iNOS and COX-2 was demonstrated in this study to be an absolute requirement for S-
nitrosylation of COX-2. Notably, when protein-protein contact was precluded by incubation
with a blocking peptide, iNOS continued to produce robust quantities of NO, but failed to cause
S-nitrosylation or activation of COX-2. These findings suggest that specific nitrosylation of
the regulatory thiol on COX-2 is a consequence of evolutionary adaptations that engender a
productive protein-protein interaction for NO group transfer. Notably, a tyrosyl radical at
Tyr384 in COX-2 (Tyr 385 in COX-1[56]) is critical for enzyme activity and can be avidly
quenched by reaction with NO radical in vitro (1−2 × 109 M−1s−1)[57] -- inasmuch as iNOS
activates COX-2 in cells, it is likely that the interaction between iNOS and COX-2 serves to
channel NO for reaction with Cys526. While an elevated concentration of nitrosylating species
is a presumed basis for S-nitrosyation site-specificity in COX-2, undefined features of the thiol
environment are likely to also contribute. It would not be surprising if nitrosylation-promoting
allosterically-elicited structural changes arise as a consequence of the interaction between
iNOS and COX-2.
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eNOS and Heat Shock Protein 90
Heat shock protein 90 (Hsp90) is an intracellular chaperone involved in the trafficking and
regulation of a variety of signaling proteins, including Src and its family members, Raf and
Mitogen Activated Protein Kinase Kinase (MAPKK/MEK)[58]. It was shown that eNOS co-
immuoprecipitates with a 90 kDa tyrosine-phosphorylated protein that was identified as Hsp90
[52,53]. In endothelial cells, external stimuli such as VEGF, histamine, estrogen and shear-
stress promote the association of eNOS with Hsp90, resulting in enhanced eNOS activity
[52]. Notably, the eNOS-Hsp90 association was found to be an absolute requirement for Akt-
mediated stimulation of eNOS[59]. In response to external stimuli such as VEGF, Hsp90
binding to eNOS was shown to disrupt a pre-existing eNOS-caveolin-1 inhibitory complex,
allowing Ca2+/CaM to bind eNOS and expose of a Ser residue for Akt-dependent
phosphorylation. Phosphorylation of eNOS at Ser1177 by Akt enhances electron flux from the
reductase domain to the oxygenase domain of eNOS, thereby accelerating NO production.
Thus, Hsp90 serves two key functions for eNOS activation: (1) it provides a scaffold for
recruitment of Akt to eNOS for phosphorylation of Ser1177, and (2) it stabilizes Ca2+/CaM
binding[60].

Importantly, the specific interaction of Hsp90 with eNOS positions Hsp90 in proximity to a
source of NO. Consquently, Hsp90 was shown to undergo S-nitrosylation, resulting in an
enhanced intrinsic ATPase activity[61]. The site of nitrosylation was mapped to Cys597 in the
C-terminal domain of Hsp90, a region implicated in the eNOS-Hsp90 interaction. S-
nitrosylation of Cys597 was shown to dampen eNOS activity, apparently by triggering a
conformational change in the Hsp90 structure that disrupts the eNOS-Hsp90 complex[61].
Evolution of proximity-dependent selective S-nitrosylation of Hsp90 provides an elegant
regulatory mechanism by which eNOS-derived NO may protect endothelial cells from
overwhelming amounts of NO.

nNOS, the NMDA Receptor and Dexras
nNOS-derived NO synthesis in neurons is coupled to calcium release by the NMDA-type
glutamate receptor[62,63]. NMDA receptors (NMDAR) are located at the postsynaptic density
(PSD) of excitatory synapses and mediate long-term potentiation and memory formation in
some brain regions[64]. The association of nNOS with the NMDAR is indirect, mediated by
binding to each of two distinct PDZ domains on the scaffold-protein PSD95 (which possesses
a total of three tandem PDZ domain repeats)[65,66]. The NMDAR-PSD95-nNOS ternary
complex is necessary for an efficient increase in nNOS activity, following NMDAR activation.
As the NMDAR is a calcium channel, it is understood that the transient flux of calcium through
the NMDAR must be in close proximity to nNOS for efficient Ca2+/CaM binding and NO
production. Notably, with prolonged NMDAR activation, nNOS-derived NO has been shown
to selectively S-nitrosylate Cys399 on the NMDAR itself, resulting in channel inactivation and
hence, NMDAR desensitization[67,68]. At the organism level, S-nitrosylation of Cys399 in
the NMDA receptor may have evolved as a protective mechanism to limit NMDAR-mediated
excitotoxic brain damage that can occur after cerebral ischemia-repurfusion injury (i.e.,
strokes).

CAPON (carboxy-terminal PDZ ligand of nNOS), is an adaptor protein that competes with
PSD95 for binding to the PDZ domain of nNOS[69]. Thus, CAPON serves to recruit nNOS
away from the NMDA receptor and suppresses nNOS activity by limiting access to activating
fluxes of calcium[69]. A secondary role for CAPON involves its N-terminal phosphotyrosine-
binding (PTB) domain. This PTB domain has been shown to bind the monomeric G-protein,
Dexras1[70] positioning NO in a manner that favors S-nitrosylation of Dexras on a single
cysteine residue (Cys11), resulting in Dexras1 activation (i.e., exchange of bound GDP for
GTP)[36,71]. It is inferred that modification of Dexras by S-nitrosylation of Cys11 induces a
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conformational change within the protein that triggers dissociation of GDP and binding of
GTP, promoting activation[71]. The physiological implications of Dexras1 S-nitrosylation are
apparent in nNOS null mice (nNOS-/-), where there is a loss of Dexras1 activation. Notably,
H-Ras and four other Ras family members were not affected by nNOS gene knockout, despite
the susceptibility of these Ras members to undergo efficient S-nitrosylation and activation by
NO donors in vitro[36].

Taken together, the above examples reveal that the assembly of NOS signaling complexes to
mediate targeting of NO to precise sites of S-nitrosylation is a general strategy for selective
NO-based cell signaling. A related strategy for selective S-nitrosylation, is targeted
transnitrosation – this is where NO group transfer occurs as a consequence of the specific
binding of a pre-existing SNO-protein and a cognate NO-accepting binding partner. Such
targeted transnitrosation was shown to occur natively for NO group transfer from hemoglobin
SNO-Cysβ93 to the anion exchange protein (AE1/band3) in human red blood cells[72] and for
transfer of NO from SNO-Cys73 of thioredoxin to Cys167 in caspase-3[73]. Selective thiol-
thiol NO group transfer could be recapitulated synthetically using a SNO-peptide inhibitor of
caspase-3 that selectively transnitrosates the active site thiol in caspase-3 (Cys167), thereby
inhibiting caspase activity[74]. This synthetic thiol-targeting strategy raises the possibility for
development of NO-donor drugs that precisely bind and target a desired protein thiol for
therapeutic S-nitrosylation.

Further, in an elegant series of studies by Snyder and colleagues, an NO triggered signaling
cascade was discovered that is initiated by S-nitrosylation of GAPDH (on SNO-Cys149),
resulting in the specific binding and stabilization of an otherwise labile protein mediator of
apoptotic cell death, the E3 ubiquitin ligase, Siah1[75]. The discovery of this pathway is
compelling, as it explains the previously confounding association of nuclear localization of
GAPDH with apoptosis[76] – although GAPDH does not possess a nuclear localization signal
(NLS) and theoretically should not enter the nucleus, nuclear access to GAPDH is engendered
by the NLS on its binding partner, Siah1[75]. Biological importance of the SNO-GAPDH/
Siah1 pathway is indicated by its link to neurodegenerative conditions[77-79] and that
endogenous levels of SNO-Cys149-GAPDH are present in untreated mouse brains[30,80].
Such S-nitrosylation-dependent protein-protein association may not be uncommon, as
indicated by a productive two-hybrid screen that identified NO-dependent protein-protein
interactions[81].

Interestingly, multiple SNO-proteins are known to undergo selective S-nitrosylation on non-
solvent exposed hydrophobic Cys residues[35,82,83]. Selective NO addition to Cys-sulfur in
a hydrophobic millieu has been rationalized as arising from reaction with higher oxides of
nitrogen (e.g., N2O3), efficient nitrosylating agents whose formation occurs orders of
magnitude faster in hydrophilic milieu due to the concentration of precursor species (NO and
O2) in hydrophobic compartments[83]. As shown by Nudler and colleagues for serum albumin
[83], localized formation of an nitrosylating species by this mechanism can selectively target
NO to acceptor thiols in hydrophobic cores of proteins. Thus, some proteins may effectively
autocatalyze their own S-nitrosylation by providing an environment for formation of N2O3
within the protein and in the immediate vicinity of a target thiol.

Together, the above findings indicate that the incorporation into a defined signaling complex
of an acceptor protein-thiol and a nitrosating species generator (i.e., NOS, a nitrosothiol, or
other thiol-reactive species that derives from NO), constitutes a conserved strategy for targeting
NO to specific protein thiols that mediate biosignaling. Contextual features of the acceptor
thiol are also presumed to be critical, both for the efficiency of S-nitrosylation and the chemical/
structural alterations that mediate the consequent protein function changes and hence,
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signaling. We next consider contextual features that may be relevant for S-nitrosylation
efficiency.

Positioning Cys in a favorable chemical context for reaction with NO: a
chemical basis for selective S-nitrosylation

Limited knowledge about the chemical “rules” for S-nitrosylation can be gleaned from the
relatively sparse number of endogenous protein SNO-Cys sites for which structural information
is available. Notwithstanding, some reasonable inferences can be drawn. Protein S-
nitrosylation in aqueous media involves the addition of a nitrosating species to Cys-thiolate
(S−). Accordingly, the degree of thiol ionization (nucleophilicity) will be an important
determinant of S-nitrosylation susceptibility. Whereas Cys on its own has a pKa of 8.3 and
therefore would be < 10.0% in the thiolate form at a physiological pH of 7.2, the environment
of some protein Cys residues can possess markedly lower pKa, rendering > 99% thiolate in
biological media. Thus, although the majority of thiol groups in a protein are relatively
unreactive, thiols can be highly reactive in some contexts. Dominating factors that promote
thiol ionization are proximity to basic residues (Arg, His, and Lys), Zn+-coordination and
electrostatic interactions with appropriately-oriented and positioned aromatic amino acid side-
chains. It is notable that among ∼30 thiols in eNOS, auto-nitrosylation was detected on one
alone, a zinc-coordinated thiol[84]. As described below, the positioning of thiols in a positively-
charged environment and electrostatic interactions with aromatic rings (factors that increase
nucleophilicity) seem at first blush to correlate with susceptibility for S-nitrosylation.

It is well known that the primary sequence of residues flanking O-phoshorylation sites can be
used to predict sites of phosphorylation [85]. Stamler and colleagues proposed an acid-base
flanking consensus motif for Cys residues that are susceptible to S-nitrosylation[86], such as
SNO-Cysβ93 in human Hb[86] and SNO-Cys3635 in the RYR1[35]. Interestingly, for the
regulatory S-nitrosylation site in methionine adenosyltransferase, a three-dimensional version
of the SNO consensus sequence (Arg257-Cys121-Asp355) was linked to efficient site-
selective S-nitrosylation[87]. While this consensus sequence may hold predictive value for Cys
residues that undergo S-nitrosylation by NO or some other NO-donating species, predictive
value was not detected from consideration of the linear flanking residues of 68 GSNO-elicited
SNO-Cys sites, identified in an unbiased proteomic screen of brain SNO-proteins[30]. Three-
dimensional structural information may be needed for many protein S-nitrosylation sites before
reliable predictive patterns can be deduced. Nonetheless, some insights may be offered by
consideration tubulin S-nitrosylation.

Among 20 Cys residues in tubulin (8 Cys in the α-subunit and 12 Cys in the β-subunit), 4 Cys
were identified as sites of endogenous SNO-modification (α-Cys295, α-Cys376, β-Cys12 and
β-Cys239) and 3 additional Cys were found to undergo preferential S-nitrosylation following
treatment with GSNO (α-Cys347, β-Cys303 and β-Cys354). The crystal stucture of tubulin
dimer (PDB coordinates, 1tub) revealed that, with the exception of β-Cys12, none of the NO-
targeted Cys lie on the protein surface [88]. Although NO-targeted Cys residues are those that
are least exposed to solvent, they are Cys that were found to be most reactive with thiol-
modifying reagents[89,90]. Considering over 50 identified SNO-Cys residues in proteins, an
apparent correlation with thiol-reactivity was noted[30]. Thus, solvent accessibility of Cys is
not predictive of SNO-modification, but a low pKa is apparently key.

The structural basis for high reactivity of endogenous SNO-Cys in tubulin has been considered
[30]. Each of the identified SNO-Cys appear to lie in an environment of positive charge.
Interestingly, α-Cys295 and α-Cys347 are also within 6 Å of a pair of aromatic residues that
can engage in sulfur in electrostatic interactions. Tubulin β-C376 is similarly in proximity for
electrostatic interaction with an aromatic ring edge and in hydrogen bond range with a basic
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residue. It is notable that electronegative Cys-sulfur are commonly found to engage in
electrostatic interactions with electropositive hydrogens on aromatic rings – such interactions
can contribute to protein structure stability, particularly when the Cys is in a hydrophobic
environment[91]. Conversely, disruption of such a thiol-aromatic interaction, as might occur
following NO addition, can potentially destabilize protein structure and have functional
consequences. We speculate that destabilization of pre-existing aromatic-thiol interactions may
be a generic mechanism by which S-nitrosylation alters protein structure and function. Cys-
aromatic interactions, along with hydrogen-bonding to basic residues, may be common
structural motifs that render Cys residues selectively susceptible to S-nitrosylation.

Did Cys residues evolve in proteins specifically as NO sensors?
It is tempting to speculate that some protein Cys residues evolved for the specific purpose of
detecting and responding to NO. A reasonable case in support of this possibility is provided
by consideration of argininosuccinate synthetase (AS), a protein that enables the regeneration
of the NOS substrate Arg, from the NOS product citrulline[92,93]. The Arg-Cit cycle that AS
contributes to provides for a recycling source of Arg substrate for support of high-output NO
synthesis. Following treatment of rats or cells with immunostimulants, AS protein expression
and activity are elicited in tandem with iNOS. However, with sustained in vivo generation of
NO, AS activity becomes inhibited in a thiol-reversible manner owing to specific S-
nitrosylation of Cys132 (human AS), one of five Cys residues[34]. This finding suggested that
S-nitrosylation of AS provides autoregulatory protection of NO-producing cells, by limiting
the possibility for toxic NO overproduction. Conservative mutagenesis of Cys132 was found
to have no significant influence on AS catalytic activity, despite ablating AS inhibition by
otherwise blocking quantities of NO. Alignment of AS sequences from more than 100 species
revealed that Cys132 of huAS is conserved in all mammals and NOS-expressing invertebrates,
but absent from yeast and bacteria that do not contain a full-length NOS-encoding gene (Fig
1A). These results are in accord with the view that Cys132 in AS evolved as a ‘NO sensor’ to
limit NO overproduction in biological systems.

Consideration of the Cys132 context provides insight into the basis for selective addition of
NO to this particular thiol and why S-nitrosylation inhibits AS catalytic function. Homology
modeling of huAS, based on crystal structures of two homologous bacteria AS proteins,
revealed that Cys132 resides on a conserved α-helix that scaffolds the binding of AS substrates,
Asp and Citrulline, by hydrogen bonding (Figs. 1B-C). Cys132-sulfur lies mid-helix,
surrounded by a 6.5 angstrom shell of hydrophobic residues with an apparent electrostatic
interaction between the Cys-sulfur and a nearby phenyalanine ring. As noted above, Nudler
and colleagues demonstrated that hydrophobic protein cores can concentrate lipophilic NO and
O2, allowing for the formation of an efficient nitrosating species (i.e., N2O3) precisely at the
site of a hydrophobic thiol[94]. Thus, selective targeting of Cys132 for S-nitrosylation is
inferred to arise as a consequence of its hydrophobic environment. Further, positive charge on
a nearby basic residue (His116) may facilitate thiol deprotonation, fostering thiolate anion
formation as an NO target. S-nitrosylation of Cys132 is poised to perturb the conformation of
the α-helix on which this residue resides, causing a catalytically unfavorable reorientation of
the associated hydrogen-bonded AS substrates, providing a molecular explanation for S-
nitrosylation suppresses AS catalytic function. This model offers a conceptual framework for
specificity and actions of S-nitrosylation in a relevant NO-based signal transduction system.
Assessment of the model's validity and provision of molecular details await future
experimentation.
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New approaches promise rapid advancement in our understanding of the
chemical and biological basis for specificity of protein S-nitrosylation

It is apparent that evolution has worked long and hard to harness the promiscuous reactivity
of NO for selective targeting to protein thiols and phylogentically widespread usage as a
biosignal. Instability of the S-NO bond has restrained progress toward the discovery of
biologically-relevant SNO-Cys residues in proteins and elucidation of the determinants for
targeting specificity. New technologies are anticipated to deliver proteomic SNO-Cys site data
that should fuel bioinformatic investigations with the potential to elucidate underling structure/
function principles governing the selective addition of NO to protein thiols and their
consequences.
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Figure 1.
Homology model of human argininosuccinate synthase (AS). A: Alignment of some amino
acid sequences of human AS and orthologs, showing Cys132 and phylogenetic substitutions.
The depicted result and those extended to 130 additional orthologs, suggest that a Cys132
homolog is present in NOS-expressing species, but absent in non-NOS expressing species.
This is in accord with the view that Cys132 evolved as a specific NO-sensor. B: Model structure
of AS monomer. The model reveals that Cys132 of human AS resides in the substrate-binding
helix, shown in red. Three substrates, ATP, Asp and Cit are shown in pink, cyan and yellow
respectively. C: Close up view of the AS active site, showing bound substrates and the Cys132
environment. Sulfur of Cys 132 is depicted as a yellow sphere, and substrates are rendered in
ball and stick form, with ATP in black and Asp and Cit in gray. Also shown are hydrophobic
residues (pink) surrounding Cys132 (A99, V103, V114, L133, I139). Residues involved in
hydrogen-bonding of substrates are indicated (N123, gray; D124, green; Q125, gray; R127,
blue) as well as aromatic residues in proximity to Cys132 (F128 and Y133, orange). Residues
potentially involved in acid-base catalysis, H116 and E129, are shown in cyan and green
respectively. Results suggest that Cys132 is locating on a conserved substrate-binding α-helix.
S-nitrosylation of Cys132 would destabilize the helix and have adverse consequences on either
binding of substrates or positioning substrates for productive catalysis.
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