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Abstract
Nitric oxide (NO)-related species include different redox
states of the NO group, which have recently been reported
to exist endogenously in biological tissues including the
brain. The importance of these different NO-related species
is that their distinct chemical reactivities can influence the
life and death of neurons in response to various insults. In
the case of NO+ equivalents (having one less electron than
NO.), the mechanism of reaction often involves S-
nitrosylation or transfer of the NO group to the sulfhydryl
of a cysteine residue (or more properly to a thiolate anion)
to form an RS-NO; further oxidation of critical thiols can
possibly then form disulfide bonds from neighboring
cysteine residues. We have mounted both physiological
and chemical evidence that N-methyl-D-aspartate receptor
(NMDAR) activity and caspase enzyme activity can be
decreased by S-nitrosylation, as can other signaling
molecules involved in neuronal apoptotic pathways, to
afford neuroprotection. Over the past 5 years, beginning
with our report on the NMDAR, evidence has accumulated
that S-nitrosylation can regulate the biological activity of a
great variety of proteins, in some ways akin to phosphor-
ylation. Thus, this chemical reaction is gaining acceptance
as a newly-recognized molecular switch to control protein
function via reactive thiol groups, such as those
encountered on the NMDAR and in the active site of
caspases. One method of producing S-nitrosylation of the
NMDAR and caspases is the administration of nitroglycerin,
and nitroglycerin can be neuroprotective in acute focal
ischemia/reperfusion models via mechanisms other than
increasing cerebral blood flow. In contrast, NO. itself does
not appear to react with thiol under physiological
conditions. In fact, the favored reaction of NO. is with
O2

.7 (superoxide anion) to form ONOO7 (peroxynitrite),
which can lead to neurotoxicity. A third NO-related species
with one added electron compared to NO. is nitroxyl anion

(NO7). NO7 ± unlike NO. but reminiscent of NO+

transfer ± reacts with critical thiol groups of the NMDA
receptor to curtail excessive Ca2+ influx and thus provide
neuroprotection from excitotoxic insults.
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Redox reagents and NO-related species
can react with cysteine sulfhydryls to
regulate protein function

Redox modulation by covalent modification of sulfhydryl (thiol)
groups on protein cysteine residues can regulate protein
function. If they possess a sufficient redox potential, oxidizing
agents can react to form adducts on single sulfhydryl groups
or, if two free sulfhydryl groups are vicinal (in close proximity),
disulfide bonds may possibly be formed. Reducing agents can
regenerate free sulfhydryl (7SH) groups by donating
electron(s). One example of a protein possessing the
potential for physiological regulation by redox agents is the
NMDA receptor; another is the family of caspase enzymes
which have a critical cysteine residue in their active site. The
redox modulatory sites of the NMDA receptor consist of
critical cysteine residues which, when chemically reduced,
increase the magnitude of NMDA-evoked responses. In
contrast, after oxidation, NMDA-evoked responses are
decreased in size. Considering endogenous redox agents,
in addition to the usual suspects including glutathione, lipoic
acid, and reactive oxygen species, nitric oxide-related species
have recently come to the fore. This has occurred largely
because of the rediscovery and application to biological
systems of work from the early part of this century showing the
organic synthesis of nitrosothiols (RS-NO).1 NO-related
species include nitric oxide (NO.) and nitrosonium ion
equivalents (NO+), with one less electron than NO., as well
as nitroxyl anion (NO7) with one additional electron
compared to NO..1 Recent evidence suggests these redox-
related forms or their functional equivalents are important
pharmacologically and physiologically, participating in dis-
tinctive chemical reactions. NO+ can be transferred (not as
free NO+ but as an intermediate that functionally donates
NO+) from either endogenous or exogenous donors to thiol.
This reaction is termed S-nitrosylation and forms nitrosothiols,
for example, we believe on the NMDA receptor (NMDAR-
SNO). The reaction of the NO group with NMDAR thiol
decreases NMDA-evoked responses similar to an oxidizing
agent. A consensus motif of amino acids comprised of
nucleophilic residues surrounding a critical cysteine, which
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increase the cysteine sulfhydryl's susceptibility to S-nitrosyla-
tion by NO+ donors, has been proposed; NMDAR subunits
contain multiple typical consensus motifs for S-nitrosylation,2

and site-directed mutagenesis work on recombinant NMDAR
subunits indicate that these cysteine residues indeed react
with NO+ donors, but only if the cysteine residues are in the
reduced (free sulfhydryl) state. NO7 in its singlet or high-
energy state can also react with thiol, for example, on the
NMDAR.3 However, NO. in general will not react with thiol,
and instead can lead to a neurodestructive pathway via
reaction with O2

.7 to form ONOO7 (peroxynitrite).4 This
review summarizes these processes and the evidence for and
against their existence in the nervous system.

Reactive nitrogen intermediates (RNI) as
physiological messenger or pathological
mediator of apoptosis

RNI are generated by the progressive oxidation of the terminal
guanidine residue of L-arginine by nitric oxide synthase (NOS)
to produce the NO group, although the exact NO-related
species generated is still contentious. Further oxidation leads
ultimately to nitrate, with RNI including NO2, N2O3, N2O4, and
physiological NO adducts such as S-nitrosothiols and
peroxynitrite (ONOO7). Three different forms of NOS have
been identified, two of which are constitutive and occur in
neurons nNOS (or NOS1) and possibly eNOS (or NOS3;
eNOS was originally cloned from endothelial cells). Inducible
NOS (iNOS or NO2) occurs in the nervous system in
astrocytes and microglia. The constitutive forms of NOS are
activated by Ca2+ via calmodulin.

The NO group has a dual role as physiological
messenger and as a contributor to lethal processes.
Classically, `NO' mediates endothelium-dependent relaxa-
tion, takes part in neurotransmission, and is a key player in
the cellular immune response.5 Multiple reactions occur
between oxygen, superoxide, and transition metals with the
following products: N2O3 [equivalent to (NO2

7)(NO+)],
peroxynitrite (OONO7), and metal-NO adducts, respec-
tively. These reactions determine the biological activity of
the NO group in its various redox-related forms. Other
reactions involving the transfer of NO+ equivalents (with
one less electron than NO.) result in nitrosative reactions at
nucleophilic centers with critical cysteine sulfhydryls,
producing S-nitrosothiol formation. This reaction, termed
S-nitrosylation, occurs preferentially at specific consensus
motifs of amino acid residues centered around a critical
cysteine sulfhydryl which reacts with the NO group, and
serves to regulate protein function akin to phosphorylation
of critical serine, threonine, or tyrosine residues.2,4

Accordingly, thiol- and transition metal-containing proteins
serve as major target sites for NO-related species.6 NO-
target interaction achieves both cGMP-dependent and
cGMP-independent transducing mechanisms. Cyclic GMP-
independent NO-induced responses account for the
antimicrobial, the cytostatic, and in many cases the
cytotoxic capacity of NO-related species. Excess produc-
tion of NO. has been shown to underlie, at least in part,
glutamate-induced neuronal toxicity in cultures of cortical
and striatal neurons.7 Finally, radicals generated by the

interaction of NO. with oxygen species can induce DNA
damage.8 Our own studies have recently focused on the
cytotoxicity of nitric oxide in conjunction with reactive
oxygen species in cerebrocortical neurons.

NO induced neuronal cell death:
contribution to apoptosis

Excessive activation of excitatory amino acid receptors and
the subsequent generation of free radical species has been
implicated as a mechanism for neurotoxicity in both acute and
chronic neurological diseases, ranging from stroke and head
trauma to Alzheimer's disease and amyotrophic lateral
sclerosis to Huntington's disease and AIDS dementia.9 ± 13

This form of neuronal cell death has been termed
`excitotoxicity' by John Olney. The underlying process
responsible for neuronal cell death after overactivation of
glutamate receptor subtypes ± of which the NMDAR plays a
prominent role because of its high permeability to Ca2+ ± have
only recently begun to be clarified. In a wide variety of
neurologic disorders, such as stroke, head trauma, AIDS
dementia, and glaucoma, excitotoxicity may be related to
excessive glutamate release and/or lack of clearance, which
results in excessive stimulation of NMDARs.13 This can result
in either an acute or chronic process, possibly dependent on
the level of NMDA receptor stimulation and NO./peroxynitrite
generation.14 Other excitatory amino acid receptor subtypes
also contribute to these processes, but in many cases the
NMDA receptor has a prominent role.

The interaction of glutamate with excitatory amino acids
receptors initiates a cascade of events involving excessive
Ca2+ entry and activation of several enzymes, including
phospholipases, proteases, and NOS.9 ± 13 Phospholipase
A2 activation leads to the generation of arachidonic acid
and other metabolites as well as to the formation of oxygen
free radicals. This can lead to a combination of oxidative
and nitrosative stress, culminating in peroxynitrite formation
and neuronal cell death.4,15 The cell death pathway can be
either necrotic or apoptotic, depending on the intensity of
the insult.14 To show this, we investigated whether
apoptosis or necrosis can be induced in cerebrocortical
neurons in culture by overstimulation of glutamate
receptors, with consequent influx of excessive Ca2+, and
downstream production of NO. and O2

.7. We used high
and low concentrations of glutamate agonists (such as
NMDA), NO-donors [such as 3-morpholinosydnonimide
(SIN-1) and S-nitrosocysteine (SNOC)], or peroxynitrite
(OONO7). We found that exposure of cortical cultures to
relatively short durations or low concentrations of NMDA,
SNOC, SIN-1, or peroxynitrite induced delayed neuronal
cell death characterized by apoptotic features. In contrast,
intense exposure to high concentrations of NMDA or
peroxynitrite induced relatively rapid necrotic cell death in
neurons.14 Superoxide dismutase (SOD) and catalase
attenuated neuronal cell death, most likely by reducing
the formation of peroxynitrite since they were only effective
if peroxynitrite had not yet formed. These findings suggest
that the intensity of the original insult may determine the
ensuing pathway to either necrotic or apoptotic neuronal
cell death. The nature of the original insult as well as the
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decision to enter the necrotic versus the apoptotic pathway
might have therapeutic implications in terms of the possible
effectiveness of SOD/catalase or NMDAR-antagonists, as
well as the necessary timing of such interventions.

NO and inhibition of cell death

In addition to the contribution of NO to neuronal cell death
described above, it is important to outline the mechanisms
whereby NO-related species can also be neuroprotective.
Recent work has suggested that S-nitrosylation of critical
cysteine sulfhydryl groups of the NMDA receptor, of p21ras
during MAP kinase signaling, and in the active site of caspase
enzymes can decrease the activity of these proteins, thereby
contributing to neuroprotection. For example, curtailing
excessive activity of the NMDA receptor by S-nitrosylation is
neuroprotective.2 ± 4 Similarly, downstream from NMDA
receptor activation, S-nitrosylation of a critical cysteine
residue in p21ras or of the cysteine residue in the active site
of all known caspase enzymes decreases their activity and
also affords protection to neurons from NMDA receptor-
mediated apoptotic events.16 ± 18 Thus, depending on its
redox state, the NO group can contribute to excitotoxicity
(via formation of peroxynitrite in conjunction with superoxide
anion) or provide neuroprotection (by down-regulating the
activity of both the NMDA receptor and its downstream
activation of p21ras and caspases).

Besides directly inhibiting p21ras and caspases, NO
may interfere with the execution of apoptosis at different
steps, without necessarily affecting the rate of cell death
(e.g., by changing the mode of demise from apoptosis to
necrosis).17 For example, NO can inhibit caspase activation
by mechanisms in addition to S-nitrosylation, for example,
by NO-dependent formation of cGMP that can interfere with
cell death signaling upstream from caspase activation.19 ± 21

Moreover, since a well documented action of NO is
inhibition of the mitochondrial respiratory chain, it seems
conceivable that the resulting ATP-depletion might be
relevant to the effects of NO on cell death. In fact, recent
results have suggested that NO prevents caspase
activation by inhibiting mitochondrial respiration, and
thereby lowering intracellular ATP levels (Leist et al,
submitted). The prevention of cell death in this system is
only ephemeral. Cell demise is delayed, and doomed cells
die eventually by necrosis. When non-mitochondrial,
glycolytic ATP generation was supported via glucose
supplementation to the culture medium, death reverted to
its apoptotic form.

In vivo, halting the apoptotic program may have two
possible implications: (1) neurons protected by NO via
stopping the apoptotic execution cascade would have time
to recover from a transient or mild insult, and thus survive;
or (2) neurons exposed to a lethal, normally apoptotic insult
would eventually lyse without being removed by phagocy-
tosis. Thus, depending on the situation, endogenous
mediators, such as NO, either may prevent cell demise
entirely or convert an apoptotic insult into a necrotic one. In
the latter case, the release of factors from dead cells and
the ensuing inflammation would further aggravate tissue
damage.

Cysteine sulfhydryls react with NO-related
species

As alluded to above, may of the neuroprotective actions of
`NO' are mediated by S-nitrosylation of proteins critical for
neuronal survival. A key question is determining the life or
death outcome concerns the mechanism and conditions that
favor this reaction. This section outlines some of those
conditions. Free endogenous nitrosonium (NO+) exists only at
low pH. However, functional equivalents of NO+ can be
transferred to thiol, or more properly perhaps, thiolate anion
(RS7), at physiological pH. For example, transfer of NO+

equivalents occurs from one nitrosothiol to another, a reaction
termed transnitrosylation, i.e., R-SH+R'-SNO>R-SNO+R'-
SH. Since transfer of NO+ involves thiolate anion (R-S7), it is
pH dependent.22 Endogenous nitrosothiols, such as S-
nitrosoglutathione, have been demonstrated to react in this
manner and to exist in brain and in lung at concentrations
approaching tens of micromolar.22 ± 24 Additionally, recent
evidence has shown that nNOS can, in conjunction with
glutathione, produce S-nitrosoglutathione,25 an NO+ equiva-
lent and endogenous donor. The enzymatic machinery
underlying the formation and breakdown of nitrosothiols is
just beginning to be characterized. For example, thioredoxin
reductase was shown to catalyze the homolytic cleavage of
nitrosothiol (R-SNO) to nitric oxide (NO.+RS.).26

Classically, there was no precedent for direct reaction of
NO. with thiols under anaerobic conditions.27,28 Recently,
however, Ischiropoulos and co-workers demonstrated that
under particular conditions, e.g., in the presence of an
electron acceptor such as O2, NO. could react with thiol to
form a nitrosothiol.29 However, this reaction may have been
artificially facilitated by nominal amounts of copper that
contaminated the solutions (J Beckman, personal commu-
nication). Thus, the consensus opinion is that the reaction
of NO. with thiol does not proceed directly, as previously
thought. In any event, the reaction of NO. and O2

.7 to form
peroxynitrite is kinetically favored if both of these reactants
are present.30

Another important concept in considering the possible
chemical reactions of the NO group involves our image of
the local diffusion and ephemeral nature of NO.. Recently,
David Bredt and colleagues demonstrated that nNOS is
located in close proximity to potential targets of NO by
virtue of its PDZ domain.31 For example, nNOS interacts
via its PDZ domain with the carboxyl-terminal tail of NR1,
the subunit of the NMDA receptor that is essential for
functional activity. Therefore, restricted diffusional con-
straints and the need for high local concentrations to
facilitate NO reactions should not present a problem.

With some of the chemical reactions of these NO-related
species in hand, we now turn our attention to the
mechanism of S-nitrosylation or transfer of the NO moiety
to cysteine sulfhydryl groups on the NMDA receptor. In the
six years since we first proposed that S-nitrosylation can
modulate protein function using the NMDA receptor as the
archetypal protein,4 S-nitrosylation has also been shown to
regulate the activity of various other ion channels, G-
proteins, growth factors, enzymes, and transcription
factors.2 These reactions of NO-related species do not
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involve the well-known activation of guanylate cyclase by
reaction with heme to increase cGMP formation. Rather
they involve reactions with cysteine sulfhydryls on an
increasing number of protein targets to provide modulation
of function, analogous to phosphorylation of critical serine,
threonine, or tyrosine residues. S-Nitrosylation may be
more versatile than phosphorylation in regulating protein
activity since S-nitrosylation can occur on either extra-
cellular or intracellular cysteine sulfhydryl groups, whereas
phosphorylation and similar post-translational events are
exclusively intracellular. The chemical reactivity of NO-
related species is related to the local redox milieu and
peptide environment, pH, temperature, and the presence of
catalytic amounts of transition metals.

Previously, we had suggested that reaction of the NO
group with regulatory sulfhydryl(s) of the NMDA receptor's
redox modulatory site(s) results in downregulation of
receptor activity.4 In addition to our group, other groups
had also shown that NO donors could decrease NMDA
function,32 ± 34 but the exact mechanism of the reaction has
remained contentious.35 The redox basis for this reaction
will be presented below for both endogenous and
recombinant NMDA receptors.

S-nitrosylation, NMDA receptor activity,
and neuroprotection

We believe that the NO group can decrease NMDA receptor
activity,32,33,36 at a redox modulatory site(s) of the receptor,
consisting of critical cysteine sulfhydryls or thiol
groups.4,33,37,38 In native neurons (e.g. cerebrocortical
cells), we measured the amplitude of NMDA-evoked
responses, monitored by whole-cell and single-channel
recording with a patch electrode or by digital calcium imaging
with the Ca2+ sensitive dye fura-2.4,33 We found that sulfhydryl
reducing agents, such as dithiothreitol (DTT) which promote
the formation of free thiol groups, increased NMDA
responses, predominantly by increasing the opening
frequency of NMDA receptor-operated channels. In contrast,
oxidizing agents, such 5,5'dithio(2-bisnitrobenzoic acid)
(DTNB) decreased NMDA responses, by forming thiobenzo-
ate protein conjugates at single sulfhydryl groups or perhaps
by facilitating disulfide bond formation. Additionally, taken
together with the DTT and DTNB results, we knew that thiols
on the NMDA receptor were involved because under our
conditions N-ethylmaleimide (NEM), a relatively specific
agent for alkylating thiols, irreversibly blocked the effects of
these redox reagents while itself slightly decreasing
responses to NMDA.4,33 Importantly, under our specific
conditions, NEM also prevented the subsequent effects of
NO donors, indicating that reactions of thiol and NO groups
were involved. Recently, both our group and that of JoeÈ l
Bockaert34 have also demonstrated that endogenous
production of NO can decrease NMDA receptor activity,
indicating the potential physiological importance of this effect.
In these experiments implicating the involvement of en-
dogenous NO, inhibition of NOS was found to enhance
subsequent NMDA receptor responses. Heretofore, however,
there has not been universal consensus on the mechanism of
action of NO in this system.

As an example of an NO+ chemical reaction at the
NMDA receptor, we found that S-nitrosocysteine decreases
NMDA receptor activity as demonstrated by whole-cell
recording or by digital calcium imaging.4 During single-
channel recording, S-nitrosocysteine (SNOC) decreased
the opening frequency of NMDA receptor-operated chan-
nels in outside-out patches from cerebrocortical neurons.39

In the presence of copper, zinc-superoxide dismutase
(Cu,Zn-SOD), SNOC attenuated NMDA-evoked Ca2+

influx, a prerequisite for NMDA receptor-mediated neuro-
toxicity. Not surprisingly therefore, under the same
conditions, application of SNOC ameliorated NMDA
receptor-mediated neurotoxicity. These findings can be
explained best by SNOC donating NO+ equivalents. Thus,
S-nitrosylation or facile transfer of an NO+ equivalent to
thiol groups of the NMDA receptor results in a nitrosothiol
derivative of the NMDA receptor, which decreases receptor
activity. Under these conditions, any NO. produced by
alternative homolytic cleavage of SNOC is prevented from
entering a neurotoxic pathway of peroxynitrite formation
(ONOO7) via reaction with O2

.7 because of the presence
of excess SOD.3,4 Rather, NO group transfer leads to
down-regulation of NMDA receptor activity, possibly
through facilitation of disulfide formation. The fact that
EDTA can prevent the effects of the NO group on NMDA
receptor activity35 supports rather than refutes this
chemistry. In particular, metals can facilitate nitrosative
reactions involving NO. and O2.1,40 In general, nitrosation
of redox sites is facilitated by oxygen, transition metals, and
perhaps O2

.7 (superoxide anion).6,29 The common event is
transfer of an NO+ equivalent or another intermediate with
NO+-like character to form an RS-NO, in this case on the
NMDA receptor.

S-nitrosylation of recombinant NMDA
receptors

In order to better understand redox mechanisms postulated to
exist based on the above experiments on primary neurons
with native NMDA receptors, we have turned to recombinant
systems. Our work on nitrosylation and other redox reactions
of recombinant NMDA receptors in the Xenopus oocyte
expression system is instructive but also must be interpreted
with a degree of caution.38,41 We do not yet appreciate how to
form recombinant NMDA receptors that exactly mimic native
receptors and therefore conclusions based on site-directed
mutagenesis studies of cysteine residues must be viewed
with tempered enthusiasm. In fact, in the course of performing
PCR reactions based on primers containing the cysteines
known to be unique to NMDA receptor subunits, our group
discovered a new NMDA receptor subunit (originally termed
NMDAR-L or w71, but more recently named NR3A).42 ± 44

Additional unidentified NMDAR subunits probably remain to
be identified. Thus, it is not yet possible to definitively
understand native NMDA receptor responses based on
recombinant subunits. This statement notwithstanding, our
data show that the cysteines at position 744 and 798 are not
only important to redox reactions in general, but also have
some (albeit minor) influence on the effect of NO and Zn2+ on
the NMDA receptor; however, this can only be seen after
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chemical reduction of the receptor with DTT because of
disulfide bond formation at this site (two cysteine residues on
GluR2, which are homologous to Cys 744 and Cys 798 of
NR1, were also recently shown to form a disulfide bond45).
Aizenman et al,46 did not chemically reduce the NMDA
receptor and thus failed to see the effect of S-nitrosylation at
cysteine residues 744 and 798 of NR1. In an extensive series
of experiments using site-directed mutagenesis of all
cysteines on the known NMDAR subunits, we found that
additional cysteine residues on the NR2A subunit contribute
in a more important manner to the NO effect than Cys 744 and
Cys 798 of NR1, indicating that the NMDAR is polynitrosy-
lated to modulate its physiological function in a manner
resembling the ryanodine receptor.47 In brief, our site-directed
mutagenesis results show that (1) specific NMDA receptor
subunit combinations manifest larger NO-induced decreases
in activity than other receptor subunit combinations (e.g., a
greater effect NO is observed for NR1/NR2A than NR1/NR2B
receptors),41,48 and (2) seven cysteine residues on NR1 and
NR2A mediate the effects of NO, Zn2+, or redox agents on the
NMDA receptor; six of these cysteine residues work in pairs,
i.e., apparently forming three disulfide bonds after exposure to
oxidizing agents or, in the case of four of these cysteine
residues, after reaction with NO+ donors. One additional
cysteine residue appears to be S-nitrosylated only and does
not apparently form a disulfide. The effects of NO group
transfer would be expected to be either relatively long lasting
(in the case of disulfide formation) or more transient (in the
case of reaction with a single thiol), and indeed both such
effects have been observed on primary neurons. While it
appears that the NO effects are predominantly due to reaction
with the single cysteine sulfhydryl on the NR2A subunit, the
four other cysteine residues also contribute somewhat by
reacting with NO+, but only if they are in the reduced state
(Y-B Choi, H-SV Chen, and SA Lipton, unpublished
observation). In contrast, the voltage-independent effects of
Zn2+ on NR1/NR2A receptors are influenced by all of the
aforementioned six cysteine residues that act in pairs and
whose redox status can be modulated by DTT and DTNB.

Other effects of `NO' are of course not ruled out by these
findings. It is also true that the effects of Zn2+ on the NMDA
receptor and that of redox agents can be confused because
some reducing agents (such as DTT) bind Zn2+, because
EDTA chelates Zn2+, and because Zn2+ may also be
coordinated, at least in part, by cysteine residues. It had
been proposed that NO can react with a Zn2+ site of the
NMDA receptor by JoeÈ l Bockaert's group.35 However, we can
now explain all of these previous findings with our more
recent work showing that the effect of Zn2+ can be influenced
by the redox state of the six cysteine residues on the NMDAR
that are discussed above, four of which can also react with
NO+. Hence, it appears that at least some sites of NO+ and
Zn2+ action may share common cysteine residues.

Nitroglycerin decreases NMDA receptor
activity and attenuates neurotoxicity

Based on the above findings, the ideal NO group donor drug
would be one that reacts readily with critical thiol groups of the
NMDA receptor to inhibit excessive Ca2+ influx but does not

produce NO. to react with O2
.7 so it will not lead to the

formation of peroxynitrite (ONOO7). We therefore studied
nitroglycerin (NTG) as an exemplary compound. Specifically,
alkyl nitrates such as NTG do not directly liberate nitric oxide
(NO.) to any significant extent; rather, they react readily with
thiol groups forming derivative thionitrites (RS-NO) or
thionitrates (RS-NO2) (together, these are represented as
RS-NOx, x=1 or 2; Figure 1).4,33 Using whole-cell recording
with patch clamp electrodes and digital calcium imaging with
fura-2 on primary cerebrocortical neurons, we found that NTG
inhibited NMDA-evoked currents and Ca2+ influx.4,33 Strong
evidence that this effect of NTG is mediated by its reactions
with thiol in the above-illustrated manner came from a series
of chemical experiments. These studies showed that under
our conditions specific alkylation of thiol groups with NEM
completely abrogated the inhibitory effect of NTG on
subsequent NMDA-evoked responses.33

The finding that NTG could inhibit NMDA-evoked
responses was consistent with the demonstration that
similar concentrations of NTG could also significantly
ameliorate NMDA-induced neuronal killing in cerebrocor-
tical cultures.4,33 Additional in vivo data show that high
doses of nitroglycerin are neuroprotective in rat models of

a

b

Figure 1 Schematic model of S-ntirosylation of the NMDA receptor.
Chemical mechanism of action of nitroglycerin (NTG) with thiol groups (a)
and S-nitrosocysteine (an RS-NO) with thiol groups (b) on the NMDA receptor.
NTG itself does not directly generate nitric oxide NO.. Instead, NTG transfers
NOX

+ (where x = 1 or 2) to critical thiol groups of NMDA receptor cysteine
residues (in some cases this may facilitate disulfide bond formation, indicated
by a dashed line). In the case of RS-NO, NO+ is transferred to thiol. This
reaction results in decreased activity of NMDA receptor-operated channels
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focal ischemia under conditions of constant systemic blood
pressure and modestly increased cerebral blood flow in the
penumbra.49 These parameters are held stable either by
inducing tolerance to the systemic effects of NTG through
chronic transdermal application,50 or by intravenous
infusion of a pressor agent concurrently with nitroglycer-
in.49 Although difficult to prove in vivo, it appears likely that
the decrease in stroke size observed after treatment with
NTG is at least in part due to its effect on decreasing
NMDA receptor activity although several other beneficial
actions also occur.49

S-nitrosylation of caspases

As introduced earlier, another example of beneficial NTG and
S-nitrosylation reactions that can prevent neuronal cell death
involves caspases. Caspases are members of the interleukin-
1b-converting enzyme (ICE)-CED-3 protease family of
enzymes that play a crucial role in mammalian apoptosis
during development or due to growth factor deprivation.
Additionally, caspases have been recently implicated in the
pathway to neuronal apoptosis from mild excitotoxic
insults.16,51 More intense excitotoxic injuries evoke rapid
and irreversible energy compromise, leading to the failure of
ionic homeostasis with consequent swelling and lysis;14,52

this form of cell death represents necrosis and is not
dependent on caspases.51 One new regulatory pathway of
caspase activity involves S-nitrosylation. In a recent devel-
opment in the apoptosis field, in primary neurons16 and in
other cells,17,53,54 caspase activity has been found to be
decreased by S-nitrosylation or transfer of an NO+-like group
to a critical cysteine sulfhydryl that is located in the active site
in all caspase enzymes. This finding has important
implications for the regulation of apoptosis by the NO group:
under specific redox conditions that favor nitrosylation of
caspases, apoptosis can be attenuated by decreasing
caspase activity, whereas conditions favoring the generation
of NO. will lead, via reaction with O2

.7, to the production of
peroxynitrite (ONOO7) and consequent cell death (either
apoptotic or necrotic depending on the intensity of the insult).

A variety of targets for S-nitrosylation

After NMDA receptor activity was shown to be regulated by
NO-related species, similar data were presented for the Ca2+-
activated K+ channel of cardiac muscle.55 In this case, donors
of NO+ equivalents were shown to activate the channel, and,
similar to findings at the NMDA receptor in our laboratory,
NEM blocked the effect by irreversibly alkylating thiol groups.
Along similar lines, several other ion channels, enzymes, G-
proteins, transcription factors, and other proteins are either
up-regulated or down-regulated by similar mechanisms of S-
nitrosylation or donation of NO+ equivalents to regulatory
sulfhydryl centers.2 The list will undoubtedly grow just as in
recent years phosphorylation, myristolation, and palmitoyla-
tion have become recognized as important biochemical
processes for regulatory function. Interestingly, palmitoyla-
tion may be aimed at similar critical thiol group targets,
resulting in thioester bond formation. In fact, on some proteins
such as SNAP-25 it is possible that S-nitrosylation and

palmitoylation may compete for the same sulfhydryl group,
possibly with different physiological outcomes.56

In contrast to better-known intracellular regulatory
processes such as phosphorylation, S-nitrosylation of
critical cysteine residues can occur extracellularly, intracel-
lularly, or possibly even within the putative membrane
spanning region of a protein. From this point of view, S-
nitrosylation may offer additional versatility in the location of
control that can be exerted compared to phosphorylation
and other better known post-translational forms of modifica-
tion.

Proposed consensus motif for
S-nitrosylation

The primary amino acid sequence of functionally important
sites for post-translational modification of proteins are
distinguished by the occurrence of certain patterns or motifs.
In many cases such motifs constitute only a very minor part of
the entire protein primary sequence. Thus, small patterns
often are not detected by overall alignment of protein
sequences that are only distantly or not at all related. Such
motifs, however, can be identified by the occurrence of a
particular cluster of residue types in the primary sequence. A
collection of such sequence fingerprints has been developed
for PROSITE, a database of biologically significant sites and
patterns that can be used to identify families of functionally
related proteins or sites for post-translational modification.
Examples of such motifs are the consensus sequence
patterns required for glycosylation or phosphorylation.

In an attempt to define a possible consensus motif that
might be required or at least be facilitatory for S-
nitrosylation, in collaboration with the laboratories of
Nikolaus Sucher and Jonathan Stamler, we initially
examined the putative target sites for redox modulation of
NMDA receptors. Most importantly, cysteine residues in
similar motifs to that described below for the NMDA
receptor have been shown by various chemical criteria to
be nitrosylated on proteins such as hemoglobin, p21ras,
cyclooxygenase and others.2 As discussed above, two
cysteines (abbreviated C in the single letter amino acid
code) in the NR1 subunit have been found by site-directed
mutagenesis to be necessary for the persistent component
of redox modulation of that receptor38 and in the reduced
state they can be S-nitrosylated (Choi et al, submitted).
Unexpectedly, however, these cysteines, C744 and C798,
appear to be conserved in all ionotropic glutamate
receptors when the sequences are aligned by overall
homology.42,57 Nonetheless, among the ionotropic gluta-
mate receptors, only NMDA receptors are exquisitely
sensitive to redox modulation and `NO' effects.33,58

Inspection of the immediate amino acid neighbors of these
cysteines revealed that the NR1 cysteines are distin-
guished from the cysteines conserved in the other
ionotropic glutamate receptors in that they are preceded
at position 72 by a polar amino acid (G,S,T,C,Y,N,Q), an
acidic (D,E) or basic (K,R,H) amino acid at position 71,
and an acidic amino acid at position +1. Based on this
observation, we constructed the degenerate amino acid
pattern designated (G,S,T,C,Y,N,Q)(K,R,H,D,E)C(D,E) in
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standard single letter amino acid code and used it in a
search of the Protein Identification Resource (PIR) and
Swiss Protein (SW) databases with the program Findpat-
terns of the GCG software package (Program Manual for
the Wisconsin Package, Version 8, September 1994,
Genetics Computer Group, 575 Science Drive, Madison,
Wisconsin, 53711 USA). In the PIR database (Release
44.0; March 1995), 3878 sequences out of 77 573
contained this pattern at least once, in the SW database
(Release 31.0; March 1995), 2383 out of 43 470 sequences
contained this pattern. Viral, bacterial, plant and animal
sequences contained this motif.

Among candidates for regulation by S-nitrosylation that
were identified by the database search were ion channels
(NMDA receptor, voltage sensitive Na+ channel, cyclic
nucleotide-gated channel), transporters (Ca-ATPase, K-
transporter), receptors (inositol trisphosphate receptor,
nerve growth factor receptor), enzymes (oxidoreductases,
dehydrogenases, adenylate and guanylate cyclases,
proteases, DNA topoisomerases, DNA and RNA poly-
merases, kinases, phosphatases), transcription factors
(helix loop helix proteins, NF-kB, zinc finger proteins),
small GTP binding proteins (rab, ras, sas, ypt), cell
adhesion molecules (integrins, neural cell adhesion
molecule), cell adhesion substrates (laminin, collagen),
cyclins and coagulation factors (IXa, Xa, XIII).

In fact, 20 out of 27 proteins that had been listed in a
recent review6 as bioregulatory targets of nitrosylation
contain the full motif. The presence of the putative
nitrosylation motif in guanylate cyclase suggests that the
NO-group may regulate the functional activity of
guanylate cyclase by S-nitrosylation in addition to the
interaction with the heme group of this enzyme. It is
possible, however, that S-nitrosylation might occur at
sites other than the proposed motif or that the motif may
only be evident in the tertiary rather than the primary
structure of some proteins. Moreover, it appears that a
certain subset of the motif (basic amino acid residue-
cysteine residue-acidic residue) may bear the highest
statistical correlation to the propensity for nitrosylation.2

While the proposed motif was defined post-hoc based on
our results with redox modulation of the NMDA receptor,
it should allow us to identify additional possible target
proteins for S-nitrosylation. Most importantly, this motif
predicts a target sequence that can be subjected to site
directed mutagenesis in order to experimentally verify its
importance for S-nitrosylation.

Proposed nitroxyl (NO7) reactions with
cysteine thiol

It has been proposed that NO7 can be generated in two
forms, NOH or HNO, both of which may exist in the triplet or
singlet states.59,60 For example, in the singlet state, two
antibonding electrons occupy a single outer P* (pi antibond-
ing molecular orbital), with spins opposed. In the triplet state
the two P* antibonding orbitals each contain an electron with
spins aligned (with a z-component of electron spin of +1, 0, or
71; hence, the designation `triplet state'). In the singlet state,
we have found evidence that NO7/HNO (pKa 4.7) can react

with critical thiols of the NMDA receptor to yield either an R-
SNH-OH derivative or possibly a disulfide, in which case
hydroxylamine (NH2OH) is also formed (Figure 2).22,61 These
reactions decrease NMDA receptor activity.3,4

Conclusions

Possible chemical reactions of the NO group are dictated by
its redox state. In the case of NO+ equivalents, this
mechanism appears to involve S-nitrosylation and possibly
further oxidation of critical thiols to disulfide bonds on the
NMDA receptor to decrease channel activity; a cysteine
residue, known to be present in the active site of all known
caspase enzymes, can also be S-nitrosylated, resulting in
inhibition of enzyme activity. These effects of S-nitrosylation,
and undoubtedly others, can lead to neuroprotection by `NO
donors', such as NTG, which favor S-nitrosylation or related
reactions. In contrast, NO. kinetically prefers to react with
O2

.7 to yield peroxynitrite (ONOO7), which is neurodestruc-
tive.

It is becoming increasingly evident that in addition to
NMDA receptors and caspase enzymes, biological activities
of many other proteins containing critical cysteine residues
can be regulated by S-nitrosylation and other redox
reactions, in a sense similar to the type of control exerted
by phosphorylation.4 This type of chemical reaction may
represent a new and ubiquitous pathway for the molecular
control of protein function by potentially reactive sulfhydryl
centers.
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