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ABSTRACT

Nitric oxide (NO) is a diatomic free radical that plays an important role in the homeostatic regulation of the
central nervous, immune, and cardiovascular systems. In addition to its interaction with guanylate cyclase,
which results in the production of the second messenger cyclic GMP, there is now a large body of literature in-
dicating that many of the effects associated with the production of NO are due to the nitrosation of cysteine
residues in proteins. In this review, we outline the primary chemical pathways that may account for protein
nitrosation in cells and tissues. The functional implications of protein nitrosation are discussed by using the
p21ras subfamily of small monomeric GTPases and the cysteine-containing aspartate-specific proteases (cas-
pases) as prototypical examples. Overall, in addition to the well characterized NO/O, reaction, there may exist
multiple pathways accounting for protein nitrosation in cells. These include acid- and free radical-mediated
mechanisms. Although protein nitrosation may not be limited to cysteine residues, there is now ample evi-
dence that nitrosation reactions, in a fashion similar to oxidative modifications, may modulate the structure,
activity, association, and localization of a specific subset of proteins in cells and tissues. Antioxid. Redox Signal.
7, 593-606.

INTRODUCTION

THE CONCEPT THAT NITRIC OXIDE (nitrogen monoxide, NO)
regulates biological processes by directly or indirectly
modifying amino acid residues in peptides and proteins has
gained much attention in recent years. Considerable focus is
now placed on the covalent attachment of NO moieties to the
sulthydryl group of cysteine residues as an important post-
translational modification to regulate protein function and
signal transduction pathways (69, 79). Nitrosation is defined
in chemical terms as the addition of a nitrosonium (NO™)
equivalent to a functional group such as a thiol to form a ni-
trosothiol (RSNO). Nitrosylation refers to the addition of a
molecule of NO to a group such as a metal to form nitrosyl or
nitroso species. The term nitrosylation is also used as an al-
ternative to indicate the multiplicity of mechanisms leading
to the formation of nitroso species, including RSNOs. Over-
all, the formation of RSNOs is documented in humans and in
a number of animal models, and numerous investigations
have directly or indirectly implicated RSNOs in intracellular

signal transduction pathways in cell systems (6, 19, 23, 26,
53, 105). Clearly, without a detailed understanding of the
mechanisms by which the NO moiety may be attached and re-
moved from cysteine residues, it will be difficult to evaluate
how RSNOs regulate cell function. The aim of this review is
to give an overview of the chemical pathways leading to
RSNO formation and to focus on recent developments, which
evaluate the importance of the cellular environment in modu-
lating RSNO formation and decomposition. We will also de-
scribe the possible relevance of RSNO formation in regulat-
ing key signal transduction proteins, including Ras and
caspases.

MECHANISMS OF RSNO FORMATION

The pathways leading to RSNO formation have been ex-
amined in some detail in vitro. In many cases, cysteine and
the tripeptide glutathione (GSH) have been used as model
compounds to study the effect of NO itself or reactive nitro-
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gen species (RNS) derived from the secondary reaction of
NO with, for example, molecular oxygen (O,) or superoxide
(O, 7). Whether these pathways are relevant in cells and tis-
sues is, in fact, largely unknown, and the discussion below
provides clues as to the biological context in which certain of
these reactions may prevail.

Acidic nitrosation

The most facile pathway leading to RSNO formation is
through the reaction of thiols with nitrous acid (HNO,)
formed from acidified nitrite [NO,~; (114)]. Dinitrogen tri-
oxide (N,0,) is classically viewed as the nitrosating agent
generated:

NO,- + H* ¢> HNO, (1)
2HNO, > N,0, + H,0 2)
N,0, +RSH — RSNO + NO,~ + H* 3)

As the pK, for HNO, is 3.4, most of the acid is dissociated to
NO,~ at neutral pH. This suggests that the primary relevance
of this chemistry is in tissues that maintain a low pH. This in-
cludes the acidic stomach, although RSNO formation within
this context has been much less studied than that of the nitro-
sation of amines and the formation of carcinogenic N-nitroso
compounds (84). In addition, inflammatory conditions that
may favor acidification, such as urinary and airway inflam-
mation, might be associated with increased nitrosation (99).
Clearly, the acidification of the phagosomal lumen of acti-
vated leukocytes such as neutrophils and macrophages (34)
might promote nitrosation reactions, and in this way NO,~
acidification may participate in bacterial killing (62).

Direct reaction of NO with thiols

Under strict anaerobic conditions, NO reacts directly with
thiols to yield nitrous oxide (N,0) and thiol oxidation prod-
ucts (45, 94). In this case, the reaction of NO with GSH (or its
conjugated thiolate, GS—) yields glutathione disulfide (GSSG)
through the proposed intermediate formation of hyponitrous
acid (HONNOH):

GSH + NO <> GSNOH )
2GSNOH — GSSG + HONNOH )
HONNOH — N,O +H,0 ()
GSNOH + NO — GSOH )
GSOH + GSH — GSSG + H,0 ®)

At 5 mM GSH, the overall pseudo-first-order rate of the re-
action is 4.8 X 10— s—!, suggesting that the anaerobic oxida-
tion of thiols by NO might be of limited physiological impor-
tance (45). Aravindakumar and co-workers provided evidence
to suggest otherwise at least at high output of NO (1). The re-
action of NO with thiols does not appear to produce RSNOs
(45). However, electron acceptors such as NAD" may facili-
tate RSNO formation through reaction with the nitrogen-cen-
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tered free radical intermediate (RSNOH) produced by the ini-
tial reaction of the thiol with NO (32):

RSNOH + NAD* — RSNO + NADH )

Experimental evidence for Reaction 9 is based on the mea-
surement of the rate of NO disappearance in solution in the
presence of deoxygenated GSH and NAD*, which evidently
warrants further characterization and direct RSNO determi-
nation in order to verify the relevance of this process (32).

Metal-catalyzed nitrosation

The chemistry derived from the interaction between NO
and metals is complex and provides the chemical foundation
for many of the functional effects of NO. Metals may favor
either the formation or degradation of RSNOs. Physiologi-
cally relevant NO carriers such as dinitrosyl iron complexes
have been regarded as a source of NO* in cells and tissues (5),
and the proposal that hemoglobin produces RSNOs has been
much debated in recent years (31). Thus, iron(III) complexes
such as porphyrins and heme proteins activate NO to yield a
RNS, which nitrosates thiols as well as amines (112). Iron(II)
may then recapture a molecule of NO to form a nitrosyl com-
plex:

Iron(IIT) + NO — Iron(IHNO* (10)
Iron(IH)NO* + RS- — Iron(Il) + RSNO (11)
Iron(IT) + NO — Iron(I)NO (12)

Protein-associated copper may also serve as an electron ac-
ceptor to oxidize NO to nitrosonium (NO'), which in turn ni-
trosates thiols. This has been demonstrated for albumin (107)
as well as GSH in the presence of ceruloplasmin, a multicop-
per-plasma protein (47). Conversely, Dicks and Williams
have established that protein-associated copper may also me-
diate RSNO decomposition (12). They determined that this
occurs via the reduction of Cu?* to Cu' by a reducing agent
such as GSH, with the subsequent decomposition of the
RSNO (12, 13). Overall, these observations suggest that cer-
tain metal-containing proteins may regulate the steady-state
concentration of intracellular RSNOs. However, to date, there
is little indication to support this contention in cells and tis-
sues.

Transnitrosation

Transnitrosation is the reversible transfer of a nitroso
group between two thiolates in the absence of the apparent re-
lease of NO:

RSNO +R’S- <> RS- +R'SNO (13)
Transnitrosation reactions are reasonably well characterized
for a number of low-molecular-weight (LMW) RSNOs, such
as S-nitrosocysteine (CysNO) and S-nitrosoglutathione
(GSNO) (44, 77, 82, 124). The rate constants for these reac-
tions are classically slow (10!-103 M~-!s—1), which in many
cases might be compensated by the relative abundance of thi-
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ols. It is important to mention that transnitrosation is not the
only relevant chemistry derived from the reaction of thiols
with RSNOs because this reaction is also associated with ni-
troxyl anion (NO~) and disulfide formation (103, 119). In the
bloodstream, we have shown that albumin serves as a sink for
physiological and pharmacological concentrations of LMW
RSNOs through transnitrosation reactions (54). Alternatively,
manipulations that increase circulating LMW thiols may re-
sult in the mobilization of NO pools by shifting equilibriums
from S-nitrosoalbumin toward the formation of LMW
RSNOs (102). In the intracellular environment, GSH is the
most abundant LMW thiol with concentrations estimated be-
tween 1 and 10 mM. However, protein thiols are still in far ex-
cess, and RSNO levels may be shifted toward protein RSNOs,
which may explain the absence of any measurable levels of
GSNO in cells. It is important to remember that transnitrosa-
tion proceeds through the nucleophilic attack of a thiolate on
the nitrogen of the RSNO and therefore depends on the pK, of
the thiol group. As in many cases the protein environment fa-
vors thiols with low pK, this may further enhance the overall
transfer of NO* equivalents from LMW thiols to proteins. Of
note is the observation that cell-surface protein disulfide iso-
merases catalyze transnitrosation reactions, suggesting that
extracellular NO and RSNOs may gain access to the intracel-
lular environment through these reactions (98, 120).

RSNO and NO autoxidation

RNS derived from the reaction of NO with O, nitrosate
thiols. The reaction is second order with respect to NO and
first order in O,, consistent with the formation of N,0O, as the
nitrosating agent (28, 57, 116).

2NO + 0, - 2NO, (14)
2NO +2NO, — 2N,0, (15)
N,O, + RSH — RSNO + NO,~ + H* (16)

The second order of Reaction 14 with regard to NO indi-
cates that the rate of RSNO formation is controlled by the
local concentration of NO and that N,O, would form quanti-
tatively only when the concentration of NO rises to the micro-
molar range (3). /n vivo conditions associated with the up-
regulation of the inducible form of NO synthase (iNOS) are
accompanied by the production of such levels. The oxygen
dependence of this process also suggests that O, concentra-
tions, which are in the range of 1-50 uM in most tissues (50),
will greatly limit the efficacy of this reaction. Obviously, the
pulmonary alveoli and associated capillaries, where the Po, is
close to that of alveolar and ambient air, may provide a
promiscuous environment for NO/O,-mediated reactions in
as much as resident macrophages might be already primed to
produce large amounts of NO (33). Therapeutic use of in-
haled NO and inflammatory settings such as asthma where
NO production might be further enhanced would also lead to
conditions that may facilitate this pathway (24, 46).

Lancaster and co-workers demonstrated that hydrophobic
environments such as membrane bilayers represent important
sites for nitrosation reactions because the NO/O, reaction is
accelerated ~300-fold in hydrophobic phases (76). The reac-
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tion is second order relative to NO, and the final oxidation
product is NO,~, similar to NO autoxidation in aqueous solu-
tion. Thus, the same RNS [nitrogen dioxide (NO,) and N,0O;]
generated during NO autoxidation in solution might be pro-
duced within the lipidic environment, albeit at a greater rate.
Thus, membrane proteins would be primary targets for nitro-
sation, but evidence for an increased susceptibility of mem-
brane protein thiols versus thiols in the surrounding aqueous
medium is still lacking (125, 126).

We recently reinvestigated RSNO formation in oxygenated
solution in the presence of excess thiols relative to NO, a con-
dition that approximates to some extent conditions in the in-
tracellular environment (56). We showed that NO autoxida-
tion resulted in the formation of GSSG in amounts that
exceeded those of GSNO. This could be rationalized if a large
fraction of NO, generated through Reaction 14 were con-
sumed by reacting with excess GSH to yield the glutathionyl
radical [GS*(21, 113)]. It also follows that a fraction of
GSNO might be formed through direct combination of GS*
with NO and that peroxynitrite might be produced through
the chemistry derived from the reaction of the thiyl radical
with GSH and O, (Fig. 1). An important point from this study
is that oxidation is always associated with the NO/O, reaction
in cells and tissues in amounts that in fact exceed that of ni-
trosation (56). Our data would support the concept that pro-
tein thiol oxidation (and glutathionylation) through RNS de-
rived from the NO/O, reaction is as relevant as nitrosation
with regard to the modulation of protein and cell function.

Although both NO, and N,O, have a high affinity for thi-
ols, other relevant substrates will effectively compete to limit
protein nitrosation (117). Physiological concentrations of
phosphate, chloride, and bicarbonate all inhibit N,0O,-medi-
ated nitrosation reactions (8, 71) although this may vary with
the reactants [i.e., amine versus thiols (52)]. In vivo, intracel-

2:NO + 0, —>2NO,

‘NO + NO, ™ N,0, GSSG GSSG + 02.-

N,0;  'NO, GSH

NO, NO, ,
GSNO AL GSH &4 GS’ L—» GSSG ™~
/ e+ H

GSH

*NO

FIG. 1. Reaction of NO with GSH in oxygenated solution.
The reaction of NO with excess GSH yields GSNO and GSSG.
GSSG is formed from the one-electron oxidation by nitrogen
dioxide (NO,) of GSH to yield the thiyl radical GS*. NO may
be consumed by reaction with superoxide (O, ~), formed from
the reduction of molecular oxygen (O,) by the glutathione
disulfide anion radical (GSSG*~). See text for details.
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lular ascorbate concentrations equal or exceed those of GSH,
which provide additional competitive pathways (63, 73). In
membranes, unsaturated fatty acyl chains as well as toco-
pherol may also greatly affect the chemistry associated with
NO autoxidation by directly scavenging RNS (91).

Reaction of peroxynitrite with thiols

One of the most significant reactions of NO is its combi-
nation with O,"~ to yield peroxynitrite [ONOO-/ONOOH
(4)]. The reaction of peroxynitrite with thiols leads primarily
to the accumulation of oxidized products (95, 96). RSNOs are
also formed albeit at low yields (i.e., 1-2% relative to perox-
ynitrite), possibly through the intermediate formation of a
thionitrate [RSNO, (2)]. Alternatively, RSNO might be
formed via direct nucleophilic nitrosation with elimination of
hydrogen peroxide (111):

ONOOH + RS~ — RSNO, + OH~ (17)
RSNO, + RSH — RSOH + RSNO (18)
RS- + ONOOH — RSNO + HOO- (19)

In either case, the presence of excess bicarbonate is in-
hibitory, suggesting that peroxynitrite-mediated nitrosation
may not proceed in the CO,-rich extracellular environment.
LMW compounds, such as uric acid, and glucose enhance
thiol nitrosation via the intermediate formation of alkyl ni-
trites (86, 104). Ng and co-workers found that perfusion of
superoxide dismutase (SOD) in cats breathing NO inhibited
albumin nitrosation after ischemia—reperfusion, suggesting a
role for O,"~ and/or peroxynitrite in modulating circulating
RSNOs in vivo (90). Thus, although the yields of nitrosation
by peroxynitrite may be low, the relative stability of certain
RSNOs may allow for their accumulation even through per-
oxynitrite-mediated reactions.

One important aspect of peroxynitrite chemistry in vivo is
that it is presumably the result of the simultaneous generation
of O,"~ and NO. This is most important during inflammation,
where the production of both radicals is increased and perox-
ynitrite may thus be formed in large quantities. However, it is
possible to argue that the complexity and heterogeneity of in-
flammatory loci is such that conditions for the formation of
peroxynitrite may never be optimal, which might by itself
limit the impact of peroxynitrite. Thus, peroxynitrite might
always be formed in the presence of excess NO or O, ~. Mac-
rophages, neutrophils, and other inflammatory cells produce
O, ~ and NO in amounts that are clearly cell type-dependent.
For example, neutrophils when fully activated produce
100-1,000 times more O,"~ than NO. In addition, it takes sev-
eral hours to up-regulate iNOS expression, whereas the
phagocytic NADPH oxidase can be activated within seconds
to produce O, ~. The different temporal and spatial regulation
of NO and O,"~ production is of particular interest because
recent studies indicate that the cogeneration of NO and O, -
modulates the chemistry associated with peroxynitrite pro-
duction (29, 41, 55, 83, 93, 101). For example, peroxynitrite-
mediated oxidation reactions are inhibited in the presence of
excess NO or O,"~, because both NO and O,"~ scavenge the
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FIG. 2. Nitrosation versus oxidation of thiols. The reaction
of NO with O,~ to form peroxynitrite (ONOO~) may redirect
the nitrosative chemistry associated with NO and O, to a more
oxidative one. As the yields of nitrosation through peroxyni-
trite (~1%) are much lower than through NO/O,, there is a con-
sequential decrease in RSNO yields in the presence of excess
0, ~. There is also evidence to suggest that NO, derived from
either NO/O, or NO/O,"~ is an important contributor to the ox-
idative chemistry associated with these two pathways. See text
for details.

free radical intermediates formed from the self-decomposi-
tion of peroxynitrite (55). Excess O, also inhibits the nitro-
sation of GSH mediated by the NO/O, chemistry by directly
competing with O, for NO (118). As the yields of nitrosation
through peroxynitrite are much lower than through NO/O,,
there is a consequential decrease in RSNO yields. In the pres-
ence of excess NO, scavenging of NO, formed from the self-
decomposition of peroxynitrite or from the reaction of per-
oxynitrite with CO, yields N,O,, thereby redirecting the
oxidative chemistry associated with peroxynitrite to the nitro-
sation of thiols by N,O, (118). However, as noted earlier, the
NO/O, reaction in the presence of excess thiol is also accom-
panied by substantial amounts of oxidation such that the di-
chotomy between oxidative (peroxynitrite-mediated) stress
and nitrosative (NO/O,-mediated) stress may not be as evi-
dent as previously thought (Fig. 2).

It is possible to argue that under physiological conditions,
peroxynitrite does not coexist with excess NO because oxy-
hemoglobin insures limited availability of NO in vascularized
tissues due to rapid reaction to form NO,~ (Fig. 3). In cells,
0,'- production is buffered by superoxide dismutase (SOD)
such that peroxynitrite formation is primarily dependent on
NO availability and not O,"~ (Fig. 3). In addition, the inabil-
ity of O,"- to diffuse through membrane bilayers limits the
site of peroxynitrite formation and reactivity to finite loca-
tions, although peroxynitrite itself and some of its decompo-
sition products might diffuse through membrane bilayers to
some extent (87). However, during pathologic conditions
such as acute and chronic inflammation, which are character-
ized by unchecked high NO synthase (NOS) activity and mul-
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In the extracellular
environment, excess NO is
scavenged by hemoglobin

NO,

0,"+ NO — ONOO "~

2-10x 1° M1.571

metHb

02

In the intracellular
environment, excess
superoxide is scavenged by
SOD

FIG. 3. The formation of peroxynitrite (ONOO-) in the
presence of excess NO or O,"~ may be limited by (SOD) and
oxyhemoglobin. See text for details.

H,0,

tiple cellular sources of O,"~, modulation of peroxynitrite-
mediated reactions by NO or O,"~ may become important.
Thus, any disruption of steady-state levels of NO and/or O,"~
through either increased production or inactivation of scav-
enging systems such as superoxide dismutase will increase
the prevalence of the secondary reactions described earlier
and modulate peroxynitrite reactivity.

Free radical nitrosation

The existence of multiple competitive pathways for the
utilization and consumption of NO makes it difficult to ratio-
nalize the presence of significant amounts of RSNOs in vivo.
One-electron oxidation of thiols to form thiyl radicals (RS*) is
a common accompaniment of oxygenated environments, and
the combination of the free radical NO with another free radi-
cal is thermodynamically and kinetically favorable. It follows
that the reaction of a thiyl radical with NO might provide a
competitive advantage for the formation of RSNOs in vivo:

RSH — RS* + H* + e~ (20)

RS*+NO — RSNO (21)

In the case of GSH, we have shown that GSNO formation
in oxygenated solution of NO may occur upon oxidation of
GSH by NO, to form the glutathionyl radical, which in turn
directly reacts with NO to form GSNO (Fig. 1; 56). NO may
also directly combine with oxygenated radical products such
as RSO-:

RSO + NO — RSONO 22)

RSONO + RSH — RSNO + RSOH (23)

There is, however, very limited experimental evidence to
support the concept that the one-electron oxidation of thiols
may lead to increased RSNO levels during conditions of in-
creased oxidative stress. For thiol sites that may be available
for reaction with GSH, it is possible that RSNO formation
may be limited by the competitive reaction of the thiyl radical
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with excess GSH to form disulfide anion free radical (Fig. 1).
This intermediate reduces O, to O,"~, which may provide a
sink for NO by forming peroxynitrite, a poor nitrosating agent
(compared with RNS derived from the NO/O, reaction).

RS* + GS- — RSSG*- 24)
RSSG'~ +0, — RSSG + 0, 25)
0,"~ +NO — ONOO- (26)

Thus, the free radical pathway to yield RSNOs may be signif-
icant only if the thiol target is not accessible to GSH or if
GSH is depleted or present at a low concentration. During
conditions of oxidative stress, depletion of antioxidants such
as GSH and ascorbate may favor the nitrosation of proteins by
allowing the initial oxidation of thiol groups in proteins to
thiyl radical, which may further combine to yield RSNOs.

INTRACELLULAR NITROSATION

The question that arises from the above discussion is
whether the chemical pathways derived from in vitro experi-
ments apply to the intracellular environment. For example,
Kim and co-workers found that preloading macrophages with
iron increased RSNO formation, an effect associated with the
inhibition of the proapoptotic enzyme caspase-3 (61). This
interesting study is, to our knowledge, the only work that has
examined the impact of intracellular iron on nitrosation in
cells. Similarly, although RNS derived from NO autoxidation
are potent nitrosating agents, there is, however, very limited
information as to the relevance of this pathway in cells and
tissues (56). In fact, the nature of the nitrosating species de-
rived from the NO/O, reaction has been proposed to differ be-
tween cells and the aqueous environment (16), suggesting
discrete subcellular localization of nitrosation patterns. Dif-
ferential susceptibility of protein nitrosation in cells is also
highlighted in a recent study by Foster and Stamler, who
identified a subset of mitochondrial proteins that were ni-
trosated under anaerobic conditions, whereas a larger and dif-
ferent pool were nitrosated in the aerobic environment (22).

What we do know is that, in model systems using cells in
suspension or adherent cells, nitroso species are consistently
associated with the high-molecular-weight (HMW) fraction
(>3,000 Da), and in most studies >80% of the nitrosated frac-
tion is sensitive to mercury, indicating that the large majority
of these compounds are indeed S-nitrosothiols (17, 42, 56,
127). In this regard, cell culture experiments differ from tis-
sue determination experiments, where a much larger fraction
of the nitroso species is mercury-resistant (6). This would
suggest that other derivatives, such as N-nitrosamines
(RNNOs), might be abundant in vivo, but the reasons for the
apparent discrepancy between the cell and in vivo systems are
unknown. A possible explanation might be related to differ-
ences in targets (for example, the extracellular matrix from
adherent cells in vitro is usually limited), as well as key dif-
ferences in the chemical pathways leading to RNNOs and
RSNOs formation in vivo and in vitro.
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Another general observation is that nitroso species repre-
sent only a very small fraction of total NO produced or added
to the system. Hogg and co-workers estimated that the frac-
tion of RSNOs formed from stimulated macrophages repre-
sents only 0.02% of the total NO,~ generated by these cells
(127). Considering that an important fraction of NO produced
under these conditions may evolve to nitrate (NO,~) or may
be lost through diffusion in the gas phase, this would then
represent an upper limit. It can be argued that the large excess
of NO,~ and NO,~ compared with RSNOs is due to inherent
limitations of studying cells in vitro. This is because the ex-
cess medium covering the cells is such that most of the NO
added or produced might be forced to autoxidize to NO,~ (9).
However, Bryan and co-workers also found as much as 1,000-
fold excess NO,~ and NO,~ in tissues relative to RSNOs (6),
in agreement with previous work that examined the distribu-
tion of NO metabolites in the circulation (27, 70).

GSH is thought to be an important detoxifier of reactive
oxygen and nitrogen species (Fig. 4). However, measure-
ments of intracellular RSNO have failed consistently to de-
tect significant amounts of GSNO (or any other LMW
RSNOs) despite estimates of GSH concentration ranging
from 0.1 to 10 mM (17, 42, 127). The reason for this discrep-
ancy is generally ascribed to the fact that protein thiols are
preferential targets of RNS due to their lower pK, and to the
resultant increase in reactivity toward electrophiles. Rather
than a direct target, GSH may serve as a repair system to form
mixed disulfide with protein thiols (Fig. 4). Work by Clancy
and co-workers indicated that exposure of neutrophils to NO
resulted in decreased intracellular GSH, which was ascribed
originally to the formation of GSNO (11). However, the
method utilized to measure GSNO did not discriminate be-
tween RSNOs and protein-glutathione mixed disulfide (92).
Similarly, treatment of cells with large amounts of exogenous
RSNOs is accompanied by the formation of glutathionylated
and cysteylated proteins (78). Overall, these studies would
point to protein S-thiolation as an important modification de-
rived from NO, and it is possible that some of the functional
alterations observed with NO may be due to protein-mixed
disulfide rather than RSNOs.

Although some have argued that GSNO might not represent
an important product of intracellular nitrosation, others have
suggested that there might exist specific pathways to decom-
pose GSNO rapidly, which might explain its low intracellular
levels. Recent evidence suggests that alcohol dehydrogenase 3
(ADH3) serves to catalyze the reductive breakdown of GSNO
(49). This occurs with a relatively high efficiency compared
with other putative substrates, such as S-hydroxymethylglu-
tathione, and other RSNOs that are not substrates (38, 49).
NADH rather than NADPH is used as a cofactor, and the major
breakdown products are GSH, glutathione sulfinamide, and
GSSG. A similar GSNO-metabolizing activity was also puri-
fied from Escherichia coli, and mouse macrophages and cells
deficient in ADH3 have increased levels of both LMW and
HMW RSNOs after NO exposure (74). Mice with a targeted
deletion of ADH3 have increased basal RSNO levels in the cir-
culation (75). These animals display increased mortality upon
endotoxic challenge, which is reversed by the administration of
a NOS inhibitor. Thus, it has been proposed that ADH3 activity
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FIG. 4. Relationship between NO-mediated protein modi-
fications and GSH availability. RNS may cause the reversible
nitrosation of cysteine residues in proteins (reaction 1). Under
anaerobic conditions, NO may react directly with cysteine
residues in protein to form a nitrogen-centered radical (reac-
tion 2) that can evolve to a nitrosothiol (RSNO) in the presence
of an electron acceptor such as NAD* (reaction 3). RNS may
also mediate the oxidation of cysteines and the formation of
mixed disulfide (reaction 4). Depending on the accessibility of
the cysteine residue on the protein, GSH may serve as a “re-
pair” mechanism to yield mixed disulfides (reaction 5). GSH
may also be nitrosated through reaction with RNS (reaction 6)
or transnitrosation with nitrosated proteins (reaction 7). In this
manner, GSNO may serve as a detoxifying mechanism through
metabolism by alcohol dehydrogenase 3 (ADH) to yield GSSG
(reaction 8). GSSG is reduced back to GSH by glutathione re-
ductase (GR; reaction 9).

provides a mechanism to limit the impact of RNS on cells and
tissues by promoting the decomposition of GSNO. It follows
that GSH and GSNO would play a central role in determining
intracellular levels of protein RSNOs (74). This is supported by
results obtained from pharmacological manipulations targeted
at modulating intracellular GSH. Pretreatment of cells with L-
buthionine sulfoximine, an inhibitor of y-glutamylcysteine syn-
thetase, or the glucose-6-phosphate dehydrogenase (G6PDH)
inhibitor dehydroepiandrosterone (DHEA) both increase HMW
RSNOs (36). In the case of DHEA, the decrease in GSH is
thought to be the result of diminished NADPH availability
upon G6PDH inhibition and consequential inactivation of the
NADPH-dependent glutathione reductase.

Many signaling proteins rely on a network of redox-sensi-
tive enzymes to regulate their activity by changing the oxida-
tion state of key thiols. These redox-sensitive enzymes in-
clude the glutathioredoxin and thioredoxin systems, which
regulate various key signaling components and transcription
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factors. Whether the activity of these systems influences pro-
tein nitrosation is unclear, although studies that examined the
interaction between NO and thioredoxin would point toward
this direction (20, 35). There are also indications that, at least
in vitro, a variety of intracellular enzymes, including xanthine
oxidase (110), glutathione peroxidase (25), and Cu,Zn-SOD
(51), mediate the decomposition of RSNOs. Undoubtedly,
molecular strategies allowing for the specific down-regula-
tion of proteins represent important approaches to delineate
the relationship between thiol metabolism, intracellular redox
state, and RSNO formation and decomposition in vivo.

PROTEIN NITROSATION:
GENERAL CONCEPTS

Nitrosation reactions are not restricted to cysteine resi-
dues, and tryptophan can also form stable nitroso species
(114). The chemical pathways underlying nitrosation of tryp-
tophan by physiologically relevant concentrations of NO are
not well characterized, and cysteine and tryptophan may in
fact compete for the same nitrosating species. In accordance,
Harohalli et al. demonstrated that Trp214 is the primary site
of nitrosation in human serum albumin such that mutation of
this residue resulted in an increase in Cys34 nitrosation (37).
Peptides and proteins containing nitrosated tryptophan resi-
dues have demonstrated biological activities, including vaso-
relaxation and antiplatelet activity (128). This is in spite of
the inability of S-nitrosotryptophan to release free NO spon-
taneously, suggesting that tryptophan and cysteine may ex-
change NO equivalents through transnitrosation reactions.

In addition to amino acid selectivity, Stamler et al. identi-
fied putative consensus nitrosation motifs in proteins that may
be contained within the primary sequence or the three-dimen-
sional arrangement of the protein (106). In this motif, the lo-
cation of a cysteine residue between a basic and acidic residue
may target the sulthydryl group for nitrosation by increasing
its nucleophilicity (i.e., by decreasing the pK, of the thiol
group). Studies by Nudler and co-workers also suggest that
the hydrophobic interior of proteins accelerates the formation
of nitrosating species, including N,0O,, via the accumulation of
NO and O, (89). Proteins may serve as catalysts of their own
nitrosation through a micellar mechanism similar to the in-
crease in NO autoxidation observed in the interior of mem-
brane bilayers. In accordance, the nitrosation of albumin was
found to be more efficient than that of GSH and cysteine in
the presence of authentic NO, and disruption of the protein
core through protease treatment indicated abrupt changes in
NO reactivity (97). Setting apart the potential role of micellar
nitrosation in vascular homeostasis (97), these studies would
suggest that the hydrophobic regions of protein in cells pro-
vide a promiscuous environment for the formation and utiliza-
tion of RNS. Lastly, steric considerations limiting the accessi-
bility of protein thiols to LMW RSNOs and/or to certain RNS
may also decide the nature of the modification, such as oxida-
tion, thiolation, and nitrosation. Thus, protein nitrosation is a
specific process targeting only a restricted number of proteins
and limited to key cysteine residues within these proteins.
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PROTEIN NITROSATION AS A
REGULATOR OF CELL SIGNALING

The literature regarding the modulation of cell signaling
by thiol nitrosation is expanding rapidly, and it is beyond the
present work to review this body of literature in an exhaustive
manner. Rather, we will review two prototypical examples to
outline the scope and limitations of the literature suggesting a
relation between thiol nitrosation and cell signaling.

Ras and NO

The p21Ras (Ras) subfamily of small, monomeric GTPases
is involved in the regulation of growth and differentiation, in
contrast to the Rho/Rac subfamily, which generally controls
cytoskeletal rearrangement. Ras GTPase activity is enhanced
by guanine nucleotide exchange factors (GEFs), which sub-
stitute GDP bound to Ras in its inactive state with GTP, and
GTPase-activating proteins (GAPs), which hydrolyze the
bound GTP to GDP, inactivating Ras (40). In the mid-1990s,
NO was recognized as a critical signaling mediator in the im-
mune system (64, 65), and as Ras was known to play a role in
T-cell activation by mitogens (7, 15), it was hypothesized to
be a target of modulation by NO. Lander and co-workers
found that incubation of Jurkat T cells with NO gas enhanced
guanine nucleotide exchange on immunoprecipitated Ras,
and this enhancement was attributed to RSNO formation in
the GEF binding region, because an antibody that specifically
binds in this region also blocked RSNO formation (66). The
same group later identified Cys118 as the nitrosated residue
using mass spectrometry (68). A mutant form of Ras was
generated in which Cysl18 was mutated to Ser (termed
p21RasC118S), and this mutant was resistant to NO activation
in vitro and in cells while retaining normal basal and GEF-
stimulated activation kinetics (68). The Cys118 residue is re-
markably conserved throughout species, and the Ras family
members Ha-, Ki-, and N-Ras, raplA, rap1B, rabl, and rab3
also contain a Cys residue in the GEF binding region,
whereas ral, tc21, R-Ras, rap2, and rho do not (68).

The mechanism by which nitrosation activates Ras is still
under investigation. It was hypothesized that nitrosation in-
duced a conformational change in the protein (66) or that ni-
trosation resulted in altered affinity for the guanine nucleo-
tide (68). However, recent nuclear magnetic resonance studies
refute these hypotheses, showing that stably nitrosated Ras
has a similar structure to nonnitrosated Ras, and that ni-
trosated Ras has similar guanine nucleotide dissociation rates
as nonnitrosated Ras (115). These studies suggest that the
chemical process of nitrosation was responsible for Ras acti-
vation by NO, possibly via the formation of a thiyl radical on
Ras (39, 115). In spite of these advances in structural biology
and biochemistry, it is still unclear precisely how NO induces
Ras activity.

Recently, proteomic and genomic approaches have identi-
fied Ras as a major target of nitrosation in physiological
models of NO production, including endothelial shear stress
and neuronal signaling in the brain (43, 48). The recently dis-
covered Ras family member Dexras (for dexamethasone-
inducible Ras) is a nitrosated protein enriched in the brain,
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discovered by yeast two-hybrid screening of a hippocampal/
cortical rat brain cDNA library with the phosphotyrosine
binding domain of CAPON [C-terminal PDZ domain ligand
of neuronal NOS (nNOS)], a protein that complexes with
nNOS. The authors demonstrate that activation of Dexras, but
not H-Ras, is blocked by deletion of nNOS and that Dexras
forms a complex with nNOS and CAPON in vivo (18). In
spite of the diffusibility of NO, the authors suggest that spe-
cific signaling through Dexras is achieved by colocalization
with NOS. However, there is little evidence for the conse-
quence of Ras nitrosation given in these studies.

Indeed, there have been only a few examples in the pub-
lished literature of relevant downstream consequences of Ras
nitrosation. Lander and co-workers have described several
pathways activated by NO in neuronal PC12 cells, Jurkat T
cells, and human umbilical vein endothelial cells (68). Early
work described activation of nuclear factor-kB by NO in PC12
cells, which was blocked by the NO-nonresponsive Ras mu-
tant p21RasC118S (68). This was followed up in a subsequent
article in which the authors demonstrated that cells expressing
the mutant p21R=sC118S failed to sustain basal phosphoinosi-
tide 3-kinase (PI3K) activity over long-term neuronal growth
factor stimulation, leading to spontaneous apoptosis. These
observations indicated that NO production in response to
nerve growth factor (NGF) leads to cell survival through the
Ras/PI3K interaction. However, these cells had normal differ-
entiation characteristics and mitogen-activated protein (MAP)
kinase activity, indicating those pathways are NO-independent
in spite of being Ras-dependent in NGF stimulation (108).
Another study by the same group characterized the response
of the MAP kinases extracellular regulated kinase (ERK),
p38, and c-Jun NH,-terminal kinase, to NO in Jurkat T cells,
and found that all three pathways were inhibited in the pres-
ence of a farnesyl transferase inhibitor, indicating the involve-
ment of a farnesylated small GTPase (67). Finally, NO activa-
tion of Ras was demonstrated to be involved in ischemic
preconditioning of neurons by activation of the ERK pathway.
Exposure of cells to short nonlethal ischemic events protects
them against longer ischemic insult, and protection was re-
versed by NOS inhibitors, overexpression of a dominant nega-
tive Ras, Raf, MEK, and ERK, but not PI3K (30).

There remain many questions about the relevance of Ras ni-
trosation on downstream signaling. The NO-nonresponsive
mutant p21RasC118S holds great potential for differentiating
between nitrosation-dependent and -independent Ras signal-
ing in a number of cell systems. However, until the mechanism
of Ras activation by nitrosation is understood, the effects of
this mutant on cell signaling will remain unclear. The possi-
bility remains that the effects of NO on Ras activation is not,
in fact, due to nitrosation, but to the formation of a thiyl radi-
cal on Ras or another intermediate that may also be generated
by exposure to reactive oxygen species, and that nitrosation of
Ras is only a by-product of exposure to NO. However, nitrosa-
tion of Ras remains a convenient explanation of many cyclic
GMP-independent effects of NO on cell signaling.

Caspases, nitrosation, and denitrosation

The cysteine-containing aspartate-specific proteases (cas-
pases) play an essential role in regulating apoptosis (10).
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There are at least 14 isoforms identified to date, which con-
sist of three subfamilies: (a) the interleukin-1B-converting
enzyme (ICE) subfamily, comprising caspases 1, 4, and 5; (b)
the CED-3 (Caenorhabditis elegans cell death protein
3)/CPP32 (cysteine protease 32) subfamily, comprising cas-
pases 3, 6, 7, 8, 9, and 10; and (c) the ICH-1 (ice and ced-3
homologue)/NEDD2 (neural precursor cell expressed, devel-
opmentally down-regulated 2) subfamily, comprising cas-
pase-2. In general terms, caspases are synthesized as inactive
proenzymes, which are activated following cleavage at spe-
cific aspartate sites. Caspases 8, 9, and 10 are initiator cas-
pases that transduce apoptic signals by directly activating the
downstream executioner caspases 3, 6, and 7. Recent evi-
dence suggests that the activity of these proteins is inhibited
in cell-free systems upon nitrosation of specific cysteine
residues and that, in certain cell types, nitrosation reactions
may affect the activity, the association, and the cellular distri-
bution of caspases. It is the only example suggesting that the
removal of NO (or NO*) from cysteine residues—or denitro-
sation—impacts a signal transduction pathway.

In 1997, three groups determined that caspase-3 activity is
inhibited in cells upon exposure to NO produced either ex-
ogenously by addition of an NO donor or endogenously upon
activation of NOS (14, 59, 85). Because the active site of cas-
pase-3 located in the p17 subunit contains a functionally im-
portant cysteine residue (Cys163), it became evident that the
activity of this enzyme might be inhibited upon nitrosation of
this cysteine. In the study of Dimmeler ef al., the bacterially
expressed wild-type and Cys163-mutated p17 subunits were
purified (14). NO generated by sodium nitrite or sodium ni-
troprusside time-dependently nitrosated one thiol group per
p17 subunit and led to a complete inhibition of enzyme activ-
ity in vitro. When Cys163 was mutated to Alal63, no reactive
SH group was detectable, suggesting that Cys163 was the
main nitrosation site. Similar strategies were used in the other
studies to support an association between caspase-3 nitrosa-
tion, its inactivation, and inhibition of apoptosis. Evidence
for nitrosation was based on the reversibility of the modifica-
tion by reducing agents such as dithiothreitol or sensitivity to
mercury treatment because this metal decomposes RSNOs.
Direct evidence that caspase-3 could be indeed nitrosated in
cells came later when Réssig and co-workers utilized electron
spin resonance combined with immunoprecipitation of over-
expressed Myc-tagged p17 to identify the nitrosated subunit
at Cys163 (100).

Although the aforementioned studies clearly established a
relationship between apoptosis, caspase-3 activity, and RNS,
the direct implications of NO-mediated reactions on caspase-
3 structure and activity are unclear. Zech and co-workers
characterized NO-modified caspase-3 in vitro using mass
spectrometry (121). This study revealed that NO treatment
leads to a variety of modifications in addition to RSNO that
include oxidation and mixed disulfide formation if GSH is
present. Although the significance of the oxidative modifica-
tions was not examined, this study confirmed that Cys163 in
the p17 subunit is a primary site of nitrosation. Most interest-
ingly, this site is resistant to transnitrosation reactions with
physiologically relevant concentrations of GSH, indicating
that stable protein RSNOs might be formed in cells even in
the presence of large amounts of GSH. This is further sup-
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ported by the observation that NOS inhibition in cells does
not significantly decrease caspase-3 nitrosation at least for
the first 2 h (80). Overall, it is difficult to speculate as to the
actual structural impact of nitrosation because it is not associ-
ated with major changes, such as dissociation of the caspase-
3 multimer (121).

In addition to caspase-3, the activities of six other caspases
are inhibited in vitro, including upstream mediators such as
caspases 8 and 9 (72). Caspase-8 activity in tumor necrosis
factor-a (TNF-a)/actinomycin D-treated cultured hepato-
cytes is inhibited upon iNOS induction with a resultant de-
crease in the activation of downstream caspases 3 and 9 (60).
In an in vitro reconstitution system, the same authors showed
that nitrosation of recombinant caspase-8 can indeed inhibit
the downstream cleavage of procaspases 9 and 3. Thus, NO
may acutely regulate apoptosis through direct nitrosation of
active upstream and downstream caspases. However, there is
now evidence to suggest that procaspases are also nitrosated
in cells and that denitrosation occurs upon cleavage of the
different zymogens to the active caspase. Mannick and co-
workers directly demonstrated that nitrosation of procaspase-
3 in Jurkat cells expressing iNOS and denitrosation upon Fas
activation are associated with proteolytic activation of cas-
pase-3 (80). In a fashion similar to that of caspase-3, procas-
pase-9 nitrosation in cells is diminished by activation of the
TNF-a receptor (58). In cell-free systems, caspases 3 and 9
are maintained in their inactive zymogen form by NO treat-
ment, an effect reversed by reduction with dithiothreitol
(109). This indicates that NO-mediated nitrosation of cas-
pases 3 and 9 contributes to maintain these molecules in their
inactive form. Whether nitrosation of procaspase occurs in
the active site is still to be demonstrated.

The mechanism(s) of procaspase denitrosation and how
this would modulate proteolytic cleavage are unknown. The
reported stability of nitrosated Cys163 in the active site of
caspase-3 and the fact that the majority of nitrosated caspase
localizes in the mitochondria suggest mechanisms of nitrosa-
tion/denitrosation specific to caspases and to the mitocho-
drial environment (81). Zeigler and co-workers reported a
differential sensitivity of caspases to NO donors and LMW
RSNOs, and they indicated that there might be important dif-
ferences in terms of protein nitrosation between these two ap-
proaches (123). This is not, however, clearly supported by the
existing literature. There are also strong indications that some
of the effects associated with NO-mediated nitrosation are
also incorrectly interpreted because in some cases reducing
agents do not fully restore caspase activity (122). Of course,
the role of NO in modulating apoptosis is not restricted to ni-
trosation of specific residues in caspases. Clearly, under-
standing the impact of nitrosation and other associated reac-
tions on NO-mediated modulation of the apoptotic signal will
require the integration of multiple effects associated with NO
production, including changes in protein structure and activ-
ity, protein—protein interactions, and localization.

CONCLUSION

This review described some of the evidence in support of
the relevance of thiol nitrosation in cell signaling. An impor-
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tant question is whether the general principles that dictate ni-
trosation in vitro are applicable to the in vivo setting. This is
only beginning to be examined experimentally in cell systems
and in vivo, unraveling important new paradigms such as the
role of the GSH and thioredoxin systems in regulating protein
nitrosation. Independent of the mechanisms of nitrosation,
the studies outlined in this review would suggest that nitrosa-
tion by NOS-derived NO provides a general form of signaling
that is used in many different conditions in a fashion similar
to NADPH oxidase-derived O, — and hydrogen peroxide (88).
An important challenge will be to identify the specificity of
the nitrosative versus oxidative pathways because both
chemistries seem to be overlapping at least in vitro. Recent
advances in proteomics allowing for the detection of specific
modifications, such as nitration, oxidation, thiolation, and
nitrosation, will also provide the means to decipher NO-
mediated reactions at the level of specific proteins and to
shift the bulk of the research regarding nitrosation pathways
from the in vitro to the in vivo setting.
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