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Abstract

Significance: S-nitrosothiol formation and protein S-nitrosation is an important nitric oxide (NO)-dependent
signaling paradigm that is relevant to almost all aspects of cell biology, from proliferation, to homeostasis, to
programmed cell death. However, the mechanisms by which S-nitrosothiols are formed are still largely un-
known, and there are gaps of understanding between the known chemical biology of S-nitrosothiols and their
reported functions. Recent Advances: This review attempts to describe the biological chemistry of S-nitrosation
and to point out where the challenges lie in matching the known chemical biology of these compounds with their
reported functions. The review will detail new discoveries concerning the mechanisms of the formation of S-
nitrosothiols in biological systems. Critical Issues: Although S-nitrosothiols may be formed with some degree of
specificity on particular protein thiols, through un-catalyzed chemistry, and mechanisms for their degradation
and redistribution are present, these processes are not sufficient to explain the vast array of specific and targeted
responses of NO that have been attributed to S-nitrosation. Elements of catalysis have been discovered in the
formation, distribution, and metabolism of S-nitrosothiols, but it is less clear whether these represent a specific
network for targeted NO-dependent signaling. Future Directions: Much recent work has uncovered new targets
for S-nitrosation through either targeted or proteome-wide approaches There is a need to understand which of
these modifications represent concerted and targeted signaling processes and which is an inevitable consequence
of living with NO. There is still much to be learned about how NO transduces signals in cells and the role played
by protein S-nitrosation. Antioxid. Redox Signal. 17, 969–980.

Introduction

S-nitrosation, the modification of a thiol group that
forms an S-nitrosothiol, has been a recognized reaction for

more than 100 years. Originally termed thionitrites (as nitrous
acid thioesters), S-nitrosothiols were found to be much less
stable than corresponding esters of alcohols (alkyl nitrites). As
early as 1840 (75), they were originally observed as transient
color changes on the treatment of thiols with nitrous acid, and
can be chemically synthesized by reacting thiols with nitrosyl
chloride, dinitrogen trioxide, dinitrogen tetraoxide, and nitrous
acid. Alkyl S-nitrosothiols are generally pink/red in color and
have been difficult to isolate as powders. A fortunate exception
to this is S-nitrosoglutathione (GSNO), which can be easily
synthesized and isolated as a pure compound. Similar to ter-
tiary S-nitrosothiols, such as (Ph)3CSNO and t-BuSNO, S-
nitroso-N-acetyl penicillamine (SNAP) is green in color and is
one of the most commonly used S-nitrosothiols in biological
applications (See Fig. 1 for the structures of S-nitrosothiols that
are commonly used in biological experiments).

The formation of S-nitrosothiols on the cysteine residues of
proteins had been speculated on (75), and low-molecular-
mass S-nitrosothiols had been used as chemical agents in bi-

ological systems [mainly for studying vessel relaxation (48)].
However, the idea that post-translational modification of
proteins by the formation of S-nitrosothiols is a major bio-
logical consequence of nitric oxide (NO) formation was first
advanced by Stamler and co-workers from their seminal
discovery that S-nitrosothiols were present in the human
circulation (89). This group has advanced the study and un-
derstanding of S-nitrosothiol formation in biology to what is
now recognized as a major NO-dependent post-translational
modification with implications in multiple pathologies (43).
This review will not attempt to examine the biological and
pathological implications of S-nitrosation, but will rather fo-
cus on the relationship between biological observations and
the physical and chemical nature of NO and will highlight
where these appear somewhat at odds.

The major pathways for the chemical reaction of NO with
proteins are illustrated in Figure 2. By far, the fastest reactions
of NO with proteins occur at inorganic centers, and, in par-
ticular, in iron-containing prosthetic groups. The rate con-
stants of NO with ferrous heme groups are in the order of 107

M - 1s - 1. Only if an amino-acid residue has been oxidized to a
radical can reactivity compete with the organic moiety of the
protein. Studies have demonstrated that such reactions can
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give rise to nitrated and nitrosated products. NO is chemically
unable to directly oxidize amino-acid side chains at any
meaningful biological rate, and, therefore, NO-dependent
amino-acid oxidation occurs via secondary reactions after the
oxidation of NO to nitrogen dioxide, dinitrogen trioxide, or
peroxynitrite. The oxidation of NO may occur through a re-
action with oxygen (as will be extensively discussed next),
through a reaction with superoxide, and through a reaction
with metal centers (such as peroxidases). S-nitrosation is,
therefore, an indirect reaction of NO that results in a chemical
modification of a thiol group. It is not a reversible association
of NO with a thiol, and it is essential to comprehend this
difference in order to understand the biological chemistry of

S-nitrosation. Despite recent advances, there is still much to be
learned about how NO transduces signals in biological sys-
tems and what role S-nitrosation plays in such processes.

The Chemistry of the NO, Oxygen, and Thiol System

There is little doubt that the concept of NO-dependent
signal transduction through the formation of S-nitrosothiols
derives, at least in part, from the observation that a mixture of
NO, oxygen, and a thiol generates an S-nitrosothiol (36, 99).
Consequently, this review will examine this complex reaction
system in some detail. The importance of these reactions to
biological processes is under some debate; however, an un-
derstanding of the underlying chemistry presented here is
essential in order to understand how NO can and cannot act in
biologically relevant conditions.

A schematic of the possible reactions that can occur when
NO is released in the presence of oxygen and a thiol is shown
in Figure 3 and, as can be seen, is somewhat complex. The
overall mechanism can be divided into three main pathways,
as illustrated in the figure. A critical distinction between
pathways 1 and 2, and pathway 3 (which will be discussed
later), is that these two pathways rely on the initial oxidation
of NO by oxygen. This reaction has been studied in some
detail (17, 35, 98) and can be subdivided into three funda-
mental reactions given by equations 1 and 2. NO will re-
versibly associate

NOþO2 Ð ONOO [1]

ONOOþNO/2NO2 [2]

with oxygen to generate a peroxynitrite radical, which may
then react with a second NO to generate two molecules of
nitrogen dioxide. Kinetically, this reaction is limited by an
apparent third-order rate law, as depicted in equation 3. The
value of k has been determined to be 2.5 · 106 M - 2s - 1 (36). The

d[NO]

dt
¼ 4k[NO]2[O2] [3]

dependence of this rate on the squared concentration of NO
underpins many of the problems and misconceptions

FIG. 1. Chemical structures of common S-nitrosothiols.
D-CysNO, S-nitroso-D-cysteine; GSNO, S-nitrosoglutathione;
L-CysNO, S-nitroso-l-cysteine; SNAP, S-nitroso-N-acetyl
penicillamine.

FIG. 2. Protein-based tar-
gets of NO and its oxidation
products in biological sys-
tems. NO, nitric oxide.
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concerning NO reactivity. At high concentrations of NO
(lM to mM), this reaction takes place in seconds or less,
whereas at concentrations in the physiological range
( £ 100 nM), the reaction is much slower. For example, the
initial rate for the reaction between 1 mM NO and 250 lM
oxygen is about 2.5 mM/s, whereas at more physiological
levels of 10 nM NO with 50 lM oxygen, it is 50 fM/s.
The first half life in the former case is about 0.5 s, and in
the latter, it is about 50 h. The administration of NO at
concentrations above physiological levels can, therefore,
promote a chemistry that is too slow to occur under phys-
iological conditions. In addition, when a solution of NO
is added to an experiment in a small volume, but at a
high concentration, it may react before it has time to mix
(so-called bolus addition effects), giving rise to perceived
unexpected chemical reactivity (40, 55, 104).

The next step of the nitrosation process is where pathways
1 and 2 (Fig. 3) diverge. In pathway 1,

NOþNO2 Ð N2O3 [4]

N2O3þRS�/RSNOþNO�2 [5]

N2O3þH2O
����!����!
(PO3�

4
)

2NO�2 þ 2Hþ [6]

nitrogen dioxide reacts with a second molecule of NO to
form dinitrogen trioxide (equation 4). This is a reversible
reaction with well-defined kinetics [see (17) and references
therein]. Dinitrogen trioxide is a good nitrosating agent that
is able to directly form S-nitrosate thiols according to equa-
tion 5. An alternative fate of dinitrogen trioxide is the hy-
drolysis to form nitrite (equation 6), a process that is
accelerated by the presence of phosphate. In the absence of a
nucleophile other than water, nitrite is by far the major
product of NO oxidation (4).

The major objection to this pathway as a mechanism of S-
nitrosothiol formation is the fact that the nitrogen dioxide

radical may have many competing reactions, including a di-
rect reaction with the thiol (equation 7). Although the rate
constant for this reaction is slower than that for reaction 4, it is
irreversible, and there

NO2þRS�/RS�þNO�2 [7]

is usually much more thiol (RSH) than NO to react with.
Consequently, the reaction shown in equation 7 will effec-
tively compete with that in equation 4. Another major objec-
tion to pathway 1 is the fact that S-nitrosothiols are actually a
minor product (*20%) of the reaction between NO, oxygen,
and thiols (56). The major product formed is thiol disulfide,
and pathway 1 gives no clear mechanism for how this can be
formed. Equation 7, however, can lead to S-nitrosothiol for-
mation via pathway 2. The formation of the thiyl radical
from equation 7 gives a clear path to the formation of both S-
nitrosothiol and

RS�þNO/RSNO [8]

RS�þRSH/Hþ þRSSR�� /
O2

RSSRþO�2 [9]

O�2 þNO/ONOO�/NO�3 [10]

thiol disulfide, as shown in equations 8 and 9. The latter re-
action also generates superoxide, which, after a reaction with
NO to form peroxynitrite, may also be the source of the small
amounts of nitrate detected during the course of the reaction
(equation 10) (56).

The third pathway depicted in Figure 3 involves the direct
addition of NO to a thiol, to form an aminoxyl radical fol-
lowed by a one-electron oxidization of this complex by oxy-
gen to form an S-nitrosothiol (equations 11 and 12) (37).

RSHþNO/RSNOH� [11]

RSNOH�þO2/RSNOþO�2 [12]

It is clear that this reaction does not occur in studies that
have examined the kinetics of this process, as S-nitrosation
has always been shown to have a second-order dependence
on NO, and not a first-order dependence, as predicted by
this mechanism. However, the possibility that this reaction
occurs at low NO levels (where reaction order is difficult to
ascertain) is intriguing, but remains speculative. The ami-
noxyl radical was first reported to be an intermediate in the
slow, anerobic mechanism by which NO oxidizes thiols to
disulfides (45, 78). The formation of this radical, and its
subsequent rearrangement to the more stable thionitroxide
radical, was reported to be the best explanation of the
crystal structure obtained after crystallized hemoglobin is
exposed to NO gas (16, 108). This suggests that at least the
transient formation of a direct thiol/NO adducts is possi-
ble, but there is no direct evidence for their generation in
solution. It is possible that the transient association of NO
with thiols to form quasi-stable radical adducts is a mech-
anism of direct and reversible NO-dependent signaling
through protein thiol groups, and this has been suggested
in the case of the NO-dependent activation of soluble
guanylyl cyclase activity (sGC) (26). The possibility that
another electron acceptor besides oxygen could participate

FIG. 3. Pathways of S-nitrosothiol formation from NO,
oxygen, and GSH. Reprinted with permission from Keszler
et al. (58). GSH, glutathione. (To see this illustration in color
the reader is referred to the web version of this article at
www.liebertpub.com/ars).
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in S-nitrosothiol formation in a similar way to reaction 12
will be discussed later.

Transition Metal Ion/Protein Catalyzed Formation
of S-Nitrosothiols

The reaction shown in equation 8 indicates that the reaction
between a thiyl radical and NO can give rise to an S-
nitrosothiol. It follows that any reaction or process that can
generate a thiyl radical has the potential to generate S-
nitrosothiols. Transition metal ions with one-electron redox
reactions within the reach of physiological redox potentials
are good candidates for such chemistry. There is evidence that
copper and iron ions are able to generate S-nitrosothiols pre-
sumably via one-electron oxidation of thiols to thiyl radicals
(equation 13) or through the formation of NO/metal com-
plexes (91, 96), but these observations are always confounded
by the

RSHþCu2þ/RS�þCuþ [13]

fact that such metal ions are extremely good catalysts for S-
nitrosothiol decomposition. However, the possibility remains
that metal ions and metal centers are involved in nitrosation
chemistry. The clearest enunciation of this mechanism is the
observation that ceruloplasmin (CP) (49), a copper-containing
plasma protein, can increase the generation of GSNO from a
mixture of NO and glutathione (GSH). It was suggested that
the mechanism of CP-dependent S-nitrosothiol production in-
volves the oxidation of NO, rather than the thiol, to generate
nitrosonium (NO + ) by the type I copper of the protein. The
NO+ then reacts with thiol to form S-nitrosothiol (equation 14
and 15). One issue with this mechanism, and all similar
mechanisms that involve NO + as an intermediate, is that the
reaction should be concerted, and NO + can never be released
into a solution as a free entity due to the fact that it is instantly
hydrolyzed in water to form nitrite (5). Additional evidence of
an NO oxidase activity of CP comes from the observation that
nitrite can be generated from NO in plasma and in whole blood
by a CP-dependent mechanism (87), implying that plasma CP
is at least partially competitive with erythrocyte hemoglobin in
its ability to oxidize NO. Despite these findings, the ability of
CP to catalyze the formation of S-nitrosothiols in whole blood
has not been assessed, and no intracellular copper proteins
have been determined to possess such activity.

NOþCP[Cu2þ ]/NOþ þCP[Cuþ ] [14]

RSHþNOþ/RSNOþHþ [15]

Similarly, peroxidases represent potential S-nitrosothiol
generating enzymes, but there is little experimental evidence
for such activity. Several possible mechanisms of S-nitrosothiol
formation present themselves. (i) The direct oxidation of NO by
peroxidase compounds I and II, to form NO+ (15, 34); (ii) the
direct or indirect oxidation of thiol to the thiyl radical (15) fol-
lowed by the addition of NO; and (iii) the oxidation of nitrite to
nitrogen dioxide and the subsequent formation of the ni-
trosating agent dinitrogen trioxide after a reaction with NO
(93). There is evidence that myeloperoxidase can promote N-
nitrosation of morpholine and derivatives (62), and also the
horseradish peroxidase/H2O2/nitrite system-generated pep-
tides with a 29 Da mass-shift difference, though these were

most likely linked to tyrosine modification (84). Despite these
possibilities, there is no evidence that peroxidases are able to
generate S-nitrosothiols, either in vivo or in vitro.

A novel and interesting idea related to the ability of per-
oxidases to enhance S-nitrosation relates tyrosine oxidation
by peroxidases to thiyl radical formation (and subsequent
potential S-nitrosation) via electron transfer processes within
proteins (103). By this process, a peroxidase may generate a
tyrosyl radical on a protein, which may then transfer one
oxidizing equivalent to a thiol residue to generate a thiyl
radical. This type of process has been shown to inhibit the
nitration of oxidized tyrosine and the formation of disulfides.
While this idea is speculative as a mechanism of S-nitrosothiol
formation, it highlights the fact that radicals are not neces-
sarily fixed in proteins at the site of oxidation and that the S-
nitrosation of a protein could occur at some distance from the
original point of oxidation.

The inter-conversion of dinitrosyl iron complexes (DNIC)
that form S-nitrosothiols was first proposed by Boese et al. (7).
According to this report, the formation of S-nitrosthiols on
bovine serum albumin requires both iron and free cysteine
and occurs through the intermediacy of DNIC formation.
Non-heme iron nitrosyl complexes have been observed in
cells by electron paramagnetic resonance, but remain poorly
understood (63). A substantial literature has been developed
around the concept of DNICs as mediators of NO activity (95).
A mixture of iron, thiol, and NO will form a DNIC sponta-
neously in solution, and it has been suggested that these
more-stable metabolites of NO actually are the molecular
identity of endothelium-derived relaxing factor (EDRF) (94).
Recent studies by Bosworth et al. (8) suggest that DNICs may
well be precursors of cellular S-nitrosothiols, which, if true,
would incorporate an essential role for the so-called ‘‘labile
iron’’ pool of cells in S-nitrosothiol synthesis. This would also
link the formation and potential targeting of S-nitrosothiols to
iron uptake, distribution, and metabolism. Significantly, these
authors indicate that S-nitrosothiol formation is zero order
with regard to NO and inhibited by oxygen, suggesting that
this mechanism may be more important in hypoxia.

We just discussed a potential mechanism for S-nitrosothiol
formation involving the direct addition of NO to a thiol fol-
lowed by a reaction of the putative aminoxyl radical with an
electron acceptor (e.g., oxygen or NAD + ), as first proposed by
Gow et al. (37). Our own studies examining this mechanism
have not found evidence that either oxygen or NAD + is able
to act in such a way; however, we observed robust and effi-
cient S-nitrosation under anerobic conditions in the presence
of ferric cytochrome c (3). It has long been known that GSH
has a weak binding site on cytochrome c and can slowly re-
duce it. We observed that NO, at low concentrations, could
greatly enhance the rate of cytochrome c reduction by GSH
with the concomitant formation of GSNO (3). In contrast,
higher concentrations of NO inhibited this process. We in-
voked a mechanism whereby NO reacts with GSH-bound
ferric cytochrome c to form a ternary complex that can either
react with excess NO in an unproductive reaction to form
glutathione disulfide or can undergo an electron transfer re-
action to reduce the heme iron and release GSNO. While ev-
idence is still lacking for this mechanism, it is consistent with
the observed reaction profile. The most striking feature of this
mechanism is that it becomes more efficient at lower NO
concentrations, as side reactions are minimized, approaching
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100% conversion of NO to GSNO. We know of no other
mechanism of S-nitrosothiol formation that gets close to this
level of efficiency. Although most of our studies were done
anerobically to preclude GSNO formation from the NO/O2

mechanism, we have recently shown that even under atmo-
spheric oxygen levels, the presence of cytochrome c is still able
to enhance GSNO formation. The reaction between GSH,
cytochrome c, and NO is illustrated in Figure 4. In addition,
we have demonstrated that cells deficient in cytochrome c
generate much lower levels of S-nitrosothiols after exposure
to NO (10). While not intrinsically catalytic, the reoxidation of
ferrous cytochrome c by other cellular processes would pro-
vide for the recycling of cytochrome c.

Transnitrosation

Probably the most important reaction of an S-nitrosothiol
inside a cell or in a biological fluid is transnitrosation (1, 85).
The S-nitroso functional group can be transferred to a thiolate
in a reversible reaction, as shown in equation 16.

RS� þR¢SNOÐ RSNOþR¢S� [16]

This reaction involves the nucleophilic attack of a thiolate
anion on the nitroso nitrogen. Since the products of this

reaction are an S-nitrosothiol and a thiol, a similar reaction in
reverse will yield the original reactants. If one of the species in
equation 16 is a protein, then this reaction represents a
mechanism of S-nitrosation or S-denitrosation of a protein.
The equilibrium position of equation 16 will depend on the
ratio of the forward- and reverse-rate constants (44). Trans-
nitrosation reactions are not particularly fast and can vary
between about 0.1 and 500 M - 1s - 1 (19, 44, 70, 77, 83), de-
pending on the nature of the reactants. Measured equilibrium
constants often approach the value of one for a given com-
bination of thiol and nitrosothiol (44). In the absence of all
other factors, the distribution of S-nitrosothiols within a cell
will depend on the kinetics and equilibria of such reactions,
and while the catalysis of transnitrosation by enzymes such as
thioredoxin (71) may change the kinetics of this reaction, it
will not change the equilibrium position. It is clear that not all
protein thiols are equal with regard to transnitrosation, and
some thiols in an individual protein are preferentially S-
nitrosated. There are many examples of studies of isolated
proteins that show preferential S-nitrosation of a single site on
the protein after exposure to a low-molecular-mass S-
nitrosothiol. A classic example is human hemoglobin that
is relatively selectively S-nitrosated on the cysteine residue
at position 93 of the beta chain after exposure to S-
nitrosocysteine (100) or GSNO (54). The factors influencing
this selectivity are complex, but both kinetic and thermody-
namic factors may come into play. Steric hindrance is a major
contributor, and solvent-exposed thiols are much more sus-
ceptible to modification by transnitrosation than thiols buried
within the protein. Other factors such as thiol pKa and
neighboring amino-acid effects may also contribute toward
thermodynamically stabilizing the protein S-nitrosothiol (18,
90). While a ‘‘consensus motif’’ for S-nitrosation has been
discussed (90), such motifs are more often associated with
protein-protein interactions that dictate the site of action of
an enzyme (such as a kinase), whereas protein thiol modifi-
cation by transnitrosation more likely depends on the three-
dimensional environment of the thiolate than a specific motif
in the primary structure (2).

Transnitrosation kinetics/thermodynamics are clearly
important when examining the pattern of S-nitrosation
that occurs when exposing cells to low-molecular-mass S-
nitrosothiols, which may largely modify proteins through
transnitrosation without the involvement of NO (106). When
NO itself is examined, the situation is more complex, as
S-nitrosothiols may be formed outside the cell and be subse-
quently transported inside, may be formed on low-molecular-
mass thiols within the cell with subsequent transnitrosation to
protein, or may be formed directly on protein thiols. Conse-
quently, the factors influencing the S-nitrosation of proteins
by NO may be different from those for S-nitrosothiols, and the
proteome of S-nitrosated proteins may be different depending
on the nature of the terminal protein nitrosating agent. Evi-
dence so far collected suggests that this may be the case (39).

Mechanisms in Cells, Tissues, and Organs

It is clear that the formation of S-nitrosothiols occurs as a
product of the formation of NO and that a certain amount of S-
nitrosation accompanies NO formation. These levels of S-
nitrosothiols have been prescribed functions and activities
that are crucial to the regulation of many important

FIG. 4. Cytochrome c-dependent S-nitrosothiol formation.
Ferric cytochrome c weakly binds glutathione, and this com-
plex reacts with NO to form GSNO and ferrous cytochrome c.
The process becomes catalytic if the cytochrome c is further
oxidized by, for example, mitochondrial complex IV. (To see
this illustration in color the reader is referred to the web
version of this article at www.liebertpub.com/ars).
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physiological and pathophysiological events. If S-nitrosation
does indeed play such a role, then it would seem essential that
the formation and decay of these species should be regulated
and controlled, and not left to the random NO chemistry just
described. There is currently very little evidence for such
controlling mechanisms. CP has been reported to be a ni-
trosothiol synthase in plasma as just discussed. The idea that
superoxide dismutase represents a catalyst for the formation
of S-nitrosohemoglobin (38, 43), and that hemoglobin un-
dergoes self-nitrosation during oxygenation deoxygenation
cycles, is controversial (47, 54, 68, 101). The lack of a specific
and dedicated S-nitrosothiol synthetic machinery is a major
weakness of the concept that S-nitrosothiol synthesis is a
targeted and directed signaling process (64). In the absence of
specific ‘‘kinase’’ analogs, the targeting of S-nitrosation would
be determined by mechanisms based on thiol pKa, hydro-
phobicity and localization of source and target. Each of these
concepts will be discussed in detail.

Thiol pKa is the primary determinant of thiol reactivity.
Although most protein thiols possess a pKa within the range
of 8–9 (14), some thiols exhibit proton dissociation constants
that are several orders of magnitude outside this range, from
pKa values of *4–11. Thiolate is one of the most reactive
protein functional groups and is a much stronger nucleophile
than a thiol. Thus, it will generally react many times faster
with biologically relevant oxidants and electrophiles. Proteins
that contain thiols with particularly low pKa values are
more susceptible to oxidative modification due to the higher
proportion of ionization at physiological pH. Thiols are
positioned in environments that engender a low pKa for a
multiplicity of apparent reasons, including catalytic activity
[e.g., thiol disulfide exchange in thioredoxin (22, 32)], facili-
tation of substrate binding (30), or for purposes of allosteric
regulation (41). It may well be the case that cysteines with low
pKa are good candidates for protein S-nitrosation, but this
should not be invoked as a specific targeting mechanism in
the same way, for example, as a consensus motif for kinase-
dependent phosphorylation (2, 90). The ability of low pKa
thiols to respond to oxidants and nitrosating agents is more
akin to a stress response in which a certain threshold of oxi-
dant concentration results in enough modification of the thiol
target to elicit a biological response. A classic example of this
kind of mechanism is the Keap1 protein that dissociates from
Nrf2 in response to the electrophilic and oxidative modifica-
tion of key cysteine residues which allows Nrf2 to translocate
to the nucleus and act as a regulator of transcription (61). The
difference in pKa of a cysteine residue is possibly one of the
major reasons, in combination with steric constraints and
solvent accessibility, why a purified protein will exhibit se-
lective S-nitrosation of one or more thiols, in the presence of
nitrosating agents. It is likely that thiols with low pKa values
are critical to some aspect of protein function (e.g., active site
cysteines); thus, S-nitrosation of these thiols can potentially
have a functional consequence.

It has been postulated that thiols in hydrophobic regions of
membranes or proteins are more prone to S-nitrosation (43, 74,
79). Hydrophobicity enhances the rate of reaction between NO
and oxygen by a significant factor (30–300-fold) due to the fact
that both NO and oxygen are hydrophobic gasses and prefer-
entially partition into hydrophobic phases (64, 72). As shown
by Moller et al. (72), the presence of low-density lipoprotein
significantly increased the yield of GSNO formation from the

NO donor PROLI/NO. However, these studies do not say, and
in some cases explicitly warn against the idea (72), that this
would facilitate the S-nitrosation of thiols in hydrophobic
pockets. The major reason that hydrophobic thiol nitrosation is
unlikely is that thiol groups in aprotic regions will be proton-
ated and, thus, will be poorly reactive with S-nitrosating
agents. Recent studies looking at the S-nitrosation of trans-
membrane spanning model peptides clearly show dramatically
decreased S-nitrosation the deeper the thiol is placed within a
model membrane (102). It may be that low pKa thiols in the
vicinity of membranes will experience a higher steady state of
S-nitrosating agents than cytosolic proteins at a distance from
the membrane, but it is not currently clear, considering the
kinetics and dynamics of S-nitrosation chemistry and the dif-
fusivity of NO and derivative nitrosating species, how much of
a localization effect this will have. Moller et al. have estimated
that if nitrogen dioxide is formed in a membrane, it could travel
40-membrane thicknesses in the presence of 5 mM GSH (72). If
GSH is the major target for nitrogen dioxide resulting in GSNO
formation, the nitrosation envelope is then defined by the dif-
fusivity and reactivity of GSNO with protein thiols. The work
of Nudler and co-workers has been especially influential in
suggesting that hydrophobic motifs of proteins may promote
S-nitrosation (74, 79). These authors suggested that bovine
serum albumin could catalyze thiol S-nitrosation by provid-
ing a hydrophobic sub-domain. These studies did not directly
measure S-nitrosothiols but electrochemically measured NO
release after the addition of large amounts of Cu2 + and
assumed that this was quantitatively related to the level of
S-nitrosothiol formed. Our studies using a more direct de-
tection of S-nitrosothiols (high performance liquid chroma-
tography [HPLC] and mercury-inhibitable tri-iodide-based
chemiluminescence) have shown both bovine and human
serum albumin as causing a small but significant decrease in
S-nitrosothiol yield (58). The concept of hydrophobicity-
targeted S-nitrosation can, therefore, be regarded as unproven
and chemically unlikely.

It is possible that specificity is engendered by rates of
degradation rather than by rates of formation, such that rap-
idly degraded S-nitrosothiols would have less influence than
more resistant ones. Although limited evidence suggests that
different S-nitrosothiols can have different biological life-
times, there is little evidence for specific enzymatic deni-
trosating activities. Although GSH-dependent formaldehyde
(dehydrogenase) catalyzes the decomposition of GSNO (53,
67) and metabolizes cellular S-nitrosothiols, it lacks activity
toward protein targets. Thioredoxin and protein disulfide
isomerase have been shown to catalyze protein denitrosation
(6, 88), but it is not clear whether these enzymes have the
specificity to influence selective pathways and, thus, modu-
late the direction of NO signaling. At minimum, these
enzymes likely play a role in the modulation of the overall
S-nitrosothiol level. Although more is known about S-
nitrosothiol decomposition than about biosynthesis, much
still needs to be understood about how these pathways
influence NO-dependent signaling.

There has been significant recent discussion about the issue
of targeting S-nitrosation by the co-localization of NO syn-
thase (NOS) with the target thiols (23, 60). In addition, it has
been shown that altering endothelial NOS (eNOS) localization
can alter the distribution of fluorescent dye after the label-
ing of S-nitrosoproteins (50). These studies used ‘‘switch’’
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methods and so can be regarded as somewhat indirect;
however, the fact that the localization of eNOS alters patterns
of labeling gives rise to some intriguing possibilities con-
cerning mechanism. Biological localization is easy to under-
stand, as it relies on the recognition of specific protein
structural motifs to bring, for example, a kinase in close
proximity to its protein substrate to facilitate phosphoryla-
tion. This is poorly analogous to NO signaling, as NOS is not
thought to be a catalyst of S-nitrosation but is rather the source
of a necessary substrate. The localization of effects that de-
pend on the chemical biology of reactive species is much
harder to rationalize. The hydroxyl radical, with a half life in
nanoseconds, has long been considered a local oxidant due to
its inherently high reactivity with almost all biological mole-
cules (27). In this case, damage has to be local to the site of
oxidant formation. Peroxynitrite, a highly reactive oxidant
with a millisecond biological half life, is thought to be able to
react across the diameter of a cell (76). NO, in comparison, is
extremely stable with a biological half life in seconds. It is clear
that NO itself cannot be localized at the sub-cellular level. The
evidence for this is somewhat overwhelming, as extracellular
oxyhemoglobin (oxyHb) is a potent vasoconstrictor and an-
tagonist of EDRF (29). The only plausible mechanism for this
activity is the ability of oxyHb in the lumen of a blood vessel to
destroy NO. This means that NO should be freely and widely
diffusible, and NO-dependent activities can be inhibited by an
extracellular scavenger (59). We have previously published
that the formation of S-nitrosothiols in activated macrophages
can be antagonized by oxyHb (105), as can the ability of ex-
tracellular S-nitrosothiols to activate sGC (82). In fact, there is
a long tradition of antagonizing NO-dependent effects in or-
gans or cell culture systems by oxyHb, and increased plasma
hemoglobin, and consequent EDRF antagonism, has been
thought of as a pathological event in hemolytic disorders (81).
The packaging of hemoglobin in red cells has been shown to
reduce its ability to scavenge endothelium-derived NO (66).
All this points to the fact that NO is not locally constrained at
the sub-cellular level, even when the target reacts with NO at
near-diffusion controlled rates (i.e., sGC). This raises the par-
adox of how localized NO production can result in localized
S-nitrosation (or perhaps more accurately protein thiol mod-
ification) in a hemoglobin-insensitive manner, as recently
described (50). One logical response to this paradox is that it
is the localization of some unknown catalytic activity and
not the localization of NO formation that is crucial to such
targeting, and that eNOS somehow provides or attracts
this activity. The problem with this explanation is that it
makes S-nitrosation somewhat NO-concentration indepen-
dent, in the same way that phosphorylation is somewhat
ATP-concentration independent. There are currently no data
to support such possibilities, and since the detection of
localized S-nitrosothiol formation is necessarily indirect, these
speculations may be premature.

In total, our knowledge of the mechanisms of S-nitrosothiol
formation in vivo is tenuous. It is not clear that we need to
invoke ‘‘unknown mechanisms’’ which explain the levels of S-
nitrosothiol detected in vivo, and it may be that the currently
established chemistry of NO is sufficient. However, in order
to explain the specificity of S-nitrosation that is inherent in
many S-nitrosothiol-dependent signaling pathways, novel
and currently unknown targeted pathways of protein S-
nitrosation need to be invoked.

Protein S-Nitrosation Independent of NOS

S-nitrosothiols may be formed in cells after the addition of
nitroso and nitro species. In some cases, this conversion is
thought to require enzymatic activity. The transnitrosation to
GSH from both n-butyl nitrite and amyl nitrite was shown to
be catalyzed by glutathione-S-transferase (69), and the trans-
fer of the nitroso group of a nitroso cyanoguanidine to GSH
was inhibited by glutathione-S-transferase inhibitors (53). The
effect of administering glycerol trinitrate, a nitric acid ester, on
tissue nitroso and nitrosyl compounds has been shown to be
complex and tissue specific (52). In other cases, the ability of
an exogenous agent to stimulate S-nitrosation may be trig-
gered by a change in condition. For example, inorganic nitrite
does not increase S-nitrosothiol formation in cells under
normoxic conditions (105), but rather promotes S-nitrosation
under hypoxia (86). Such S-nitrosation may occur, in part, via
NO formation, but there is also evidence for NO-independent
S-nitrosation from nitrite in hypoxia (25). Since low levels of
nitrite are present in all tissues, such a mechanism could have
important physiological sequelae.

Levels of S-Nitrosothiols in Cells and Tissues

The formation of protein S-nitrosothiols has been postu-
lated as encompassing a significant contribution to NO-
dependent signaling and has been suggested as representing a
redox-based signaling mechanism. Despite the numerous re-
ports of novel protein targets being regulated via nitrosation,
there is a surprising paucity of studies focusing on the levels of
the S-nitroso species found in cells or tissues under physio-
logical or pathological conditions.

The detection methods for S-nitrosothiols can be arbitrarily
divided into qualitative and quantitative categories. Qualita-
tive methods involve multiple switch techniques, ranging
from the original biotin-switch (51) and the modifications
thereof (28, 46, 107) to the approaches designed to suit pro-
teomic analysis (20, 39, 42, 80). Quantitative methods appro-
priate for the detection of physiologically relevant levels of
S-nitrosothiols are largely fluorescence or chemiluminescence
based and allow for the detection of low pmol levels of S-
nitrosothiols. Unfortunately, there are very few studies cor-
relating the nitrosation of a specific protein target with the
levels of S-nitrosothiols found under given conditions. In
other words, the increased level of modification of a protein
target is not assessed in the context of total cellular S-
nitrosation changes. Additionally, for a proper cause-and-
effect conclusion, the quantitative extent of a specific thiol
S-nitrosation should be quantitatively related to the observed
signaling effect.

The levels of S-nitrosothiols that are detected under basal
conditions are within 0.5–2 pmol/mg protein in rat tissues
(12) and 5–6 pmol/mg protein in RAW 264.7 macrophages
(105). An S-nitrosothiol level of 3 pmol/mg protein was
measured in pre-ischemic hearts by 2, 3-diaminonaphthalene
fluorescence (92). The plasma levels of S-nitroso species were
reported to range between 1 and 2 nM for rats and monkeys
and 25 nM for guinea pigs, highlighting the variability among
various species (24). The measured levels of S-nitrosothiols in
human plasma have varied widely over 3–4 orders of mag-
nitude [see (33)] depending on the method of measurement.
On inflammation, the plasma levels of S-nitrosated albumin
increased from about 120 to 400 nM in LPS-treated rats (57). In
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the case of LPS-stimulated macrophages in culture, the levels
of S-nitrosothiols increased to *25 pmol/mg protein (105).

There are multiple reports in the literature where S-
nitrosothiol levels are expressed in concentration units and,
due to lack of normalization, are difficult to compare across
studies. The levels of S-nitrosothiols in rat tissues were re-
ported to range from 1 nM for plasma, 13 nM for heart, 22 nM
for brain, to 36 nM for kidney (13). Recently, Dyson et al. (21)
reported the basal levels of NO metabolites in rat tissues: The
highest concentration of S-nitrosothiols was detected in red
blood cells (0.31 lM) with much lower levels for brain, heart,
liver, kidney, and lung (within 10–50 nM range). Similar levels
for red cells S-nitrosothiols were previously reported (97).
During endotoxemia, S-nitrosothiol formation is greatly en-
hanced, achieving 6 lM for red blood cells and 0.5–2 lM for
the other organs (21). A similar trend, with preferred S-
nitrosation in erythrocytes, was observed in mice breathing
air supplemented with NO. Whole-body S-nitrosation in-
creased from 0.06 lM in control animals to 0.5 lM on NO
inhalation, and the accumulation of nitrosothiols was the
highest in the red blood cells, followed by lungs, liver, heart,
and brain (73). S-nitrosothiol levels in human bronchoalveolar
lavage fluid were found to be about 300 nM, but increase to
more than 4 lM in patients with pneumonia (31).

In total, these studies show that tissue levels of S-
nitrosothiols are low but measurable and increase under severe
experimental or pathological conditions, such as endotoxemia
(inducible nitric oxide synthase induction) or ischemia. What
has not been observed is a quantitative increase in cellular or
tissue levels of S-nitrosothiols on the stimulation of eNOS.

Current Working Model of Cellular S-Nitrosation

Figure 5 represents our current working model of cellular
S-nitrosation based on work done by us and many other
groups. NO, as a freely diffusible hydrophobic molecule, is
able to directly access intracellular compartments where it has
effectively no ability to directly S-nitrosate thiols. The leading
pathways for thiol S-nitrosation from NO are as follows (Fig.
5A): (i) The reaction of NO with another radical, oxidant, or
enzyme that generates an NO-derived oxidant which is able
to oxidize a thiol to a thiyl radical, with the subsequent ad-
dition of NO to form an S-nitrosothiol (alternatively, the NO-
derived oxidant could react with NO to form a nitrosating
agent such as N2O3). Concomitant with, and perhaps domi-
nant over, S-nitrosation is thiol oxidation, mixed disulfide
formation, and possibly irreversible protein modifications
due to a reaction of the thiyl radical with the protein back-
bone. (ii) A more concerted mechanism of S-nitrosothiol for-
mation through the action of a metal center as exemplified via
cytochrome c and DNIC formation. Whether these mecha-
nisms form GSNO or directly form protein S-nitrosothiols is
almost moot as transnitrosation (perhaps catalyzed by thior-
edoxin) can distribute the nitroso functional group among
available thiols. S-nitrosothiols may also be introduced into
cells via transport from the extracellular space (Figure 5B). In
most cell studies, this predominantly occurs through the
amino-acid transport system L (L-AT) (65, 106), though other
mechanisms have also been implicated. The L-AT-dependent
mechanism is specific for S-nitrosothiols based on simple
amino acids such as CysNO or S-nitrosohomocysteine (11).
Once inside the cell, transnitrosation can again distribute the

FIG. 5. Model for NO and S-nitrosothiol-dependent cel-
lular effects. (A) NO can oxidatively modify intracellular
thiols (e.g., by forming thiyl radical) after reacting with O2,
O2
� - , or through its interaction with peroxidases. Cellular-

reducing machinery reacts with the free radical, thus pro-
hibiting further damage to the protein (e.g., glutathionation).
Glutathionation is a transient modification that can be re-
duced back to the parent thiol. When protein thiyl radical is
formed, it can react with NO to form S-nitrosothiol or lead to
irreversible protein damage due to the oxidation of adjacent
amino acids. S-nitrosothiol may also be formed by a more
concerted mechanism involving NO, a metal center, and a
thiol. (B) CysNO is transported into the cell through L-AT in
an L-leucine-inhibitable process. Inside the cell, CysNO can
undergo transnitrosation with protein thiols and GSH. The
formation of protein-associated S-nitrosothiols can be either
reversible (e.g., caspase-3) or facilitate further reactions, leading
to the irreversible inhibition of a given protein (e.g., GAPDH).
CysNO can release NO in a process that can be inhibited by
DPI, an inhibitor of flavin-containing enzymes. GSNO, formed
from GSH on transnitrosation with CysNO or protein
S-nitrosothiol, is metabolized by GSNO reductase. DPI, di-
phenyleneiodonium chloride; GAPDH, glyceraldehyde-3
phosphate dehydrogenase. (To see this illustration in color the
reader is referred to the web version of this article at
www.liebertpub.com/ars).
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nitroso function group to other thiols. The S-nitrosation of a
protein thiol is most often reversible (as is the case with cas-
pase 3), but in some cases, it may lead to irreversible inhibition
of the enzyme (as observed with glyceraldehyde-3 phosphate
dehydrogenase) (9). S-nitrosothiol metabolism occurs mainly
through an NADH-dependent process catalyzed by gluta-
thione-dependent formaldehyde dehydrogenase (now some-
times referred to as GSNO reductase) (53, 67), but other less
well-defined pathways exist that lead to NO formation (82).
The cellular export of S-nitrosothiols is an area that has not
been investigated in any detail.

Conclusions

This review has attempted to highlight the chemical and
biophysical characterization of S-nitrosothiols and S-nitrosa-
tion and the variety of biological activities that are reported to
be controlled by S-nitrosation. While we are no doubt con-
tinuing to gain insights into the mechanisms of S-nitrosation
and into the modulation of biological processes by this post-
translational modification, the paradigm that alteration in NO
formation leads to a plethora of altered physiological re-
sponses through protein S-nitrosation still has many chal-
lenges. Not the least of which is the lack of quantitative
correlation between the extent of protein modification and the
observed biological end-point. The explosion of studies using
the qualitative ‘‘switch’’ techniques has created many candi-
dates for control by S-nitrosation, but in most cases, absolute
quantitative evidence that protein nitrosation is the definitive
event is missing. It is pertinent to point out that protein S-
nitrosation occurs in conjunction with other NO-dependent
modifications, such as protein oxidation, nitration, heme ni-
trosylation, and iron association, which may contribute to
NO-dependent effects. S-nitrosation is clearly an important
NO-dependent event, and improved methodology may be
required to address some of the more challenging questions
concerning its role in NO-dependent signaling.
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DNIC¼dinitrosyl iron complexes
EDRF¼ endothelium-derived relaxing factor
eNOS¼ endothelial nitric oxide synthase
GSH¼ glutathione

GSNO¼ S-nitrosoglutathione
L-CysNO¼ S-nitroso-l-cysteine

NOS¼nitric oxide synthase
oxyHb¼ oxyhemoglobin

RSH¼ thiol
sGC¼ soluble guanylyl cyclase

SNAP¼ S-nitroso-N-acetyl penicillamine
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