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Biochemistry of Nitric Oxide and Its
Redox-Activated Forms

Jonathan S. Stamler,* David J. Singel, Joseph Loscalzo

Nitric oxide (NO*®), a potentially toxic molecule, has been implicated in a wide range of
biological functions. Details of its biochemistry, however, remain poorly understood. The
broader chemistry of nitrogen monoxide (NO) involves a redox array of species with
distinctive properties and reactivities: NO* (nitrosonium), NO°, and NO~ (nitroxyl anion).
The integration of this chemistry with current perspectives of NO biology illuminates many
aspects of NO biochemistry, including the enzymatic mechanism of synthesis, the mode
of transport and targeting in biological systems, the means by which its toxicity is mitigated,
and the function-regulating interaction with target proteins.

Nitrogen monoxide (NO) has been impli-
cated in a number of diverse physiological
processes, including smooth muscle relax-
ation, platelet inhibition, neurotransmis-
sion, immune regulation, and penile erec-
tion (I, 2). The biochemical pathways in
these processes share two common features:
the enzymatic synthesis of NO from L-argi-
nine and the formation of an iron-nitrosyl
complex in a target (heme) protein to
evoke the functional response (I, 2).
Implicit in current perspectives of NO
biochemistry is the identification of NO with
the free radical nitric oxide. The broader
chemistry of NO, however, involves an array
of interrelated redox forms: nitrosonium cat-
ion (NO™), nitric oxide (NO"), and nitroxyl
anion (NO™). This array is reminiscent of the
redox forms of dioxygen—O,, O, and
0%~—the implications of which for O, bio-
chemistry are well understood. For example,
mammalian systems express superoxide dis-
mutase and catalase activities to prevent the
toxicities, which are distinct from O, itself, of
superoxide (O;7) and hydrogen peroxide
(H,0,), respectively. Fundamental to the
understanding of NO biochemistry is the in-
tegration of established concepts in NO
chemistry—the properties and reactivities of
NO*, NO°, and NO™—with current per-
spectives on the biological functions of NO.

Physical Properties of NO

Some of the physical properties that illus-
trate the distinctions among the nitrogen
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monoxides are presented in Table 1. Neu-
tral NO* has a single electron in its 2p-m
antibonding orbital (I). The removal of
this electron forms NO*; conversely, the
addition of an electron to this orbital forms
NO~ (3-7). Each electron added in going
from NO* to NO~ decreases the bond
order, as reflected in the serially increasing
bond lengths and decreasing vibrational
energies. The measurement of these prop-
erties (for example, by infrared spectrosco-
py) provides a means to assess the character
of the nitrosyl groups in compounds con-
taining NO (4-6). Iron-nitrosyl compounds
of biomedical interest have also been stud-
ied by electron paramagnetic resonance
(EPR) (8); the paramagnetism of these
complexes is a composite property of both
the metal and ligand electrons and not
simply a consequence of the paramagnet-
ism of the NO* radical. In addition to
paramagnetic differences, an obvious dis-
tinction among the nitrogen monoxides is
their charge (the pK for NO™ is 4.5)
(5-7). Although the charge neutrality of
NO* has been assumed to facilitate its free
diffusibility in aqueous medium and across
cell membranes (9), neither the diffusion
coefficient of NO* in water nor its phos-
pholipid membrane permeability has been
reported.

NO Reactivity

Nitric oxide (NO"). From a biological stand-
point, the important reactions of NO* are

Table 1. Properties of nitrogen monoxides (3-6).

those with (di)oxygen in its various redox
forms and with transition metal ions (Fig.
1). Nitric oxide may also participate in
reactions with other free radicals; for exam-
ple, NO* quenches the tyrosyl radical of
ribonucleotide reductase (10). Such reac-
tions, however, do not appear to dictate its
general aqueous phase chemistry (11).

The reaction of NO* with O, in both
the gas phase (1) and aqueous solution (12)
is a complicated process that is second order
in [NO] (kINO*?[0,]); the biological half-
life of NO*, generally assumed to be on the
order of seconds, thus depends critically on
its initial concentration. Nitric oxide also
reacts rapidly with O3~ in aqueous solution
(k ~ 3.7 x 10 M~1's7Y, yielding perox-
ynitrite (OONO™) (13).

Nitric oxide readily forms complexes
with the transition metal ions, including
those regularly found in metalloproteins.
The reactions with heme-containing pro-
teins have been widely studied, particularly
in the case of hemoglobin (14). The ratio of
rates of NO uptake and release for Fe(II)-
hemoglobin is five to six orders of magni-
tude greater than that of O, (14). The
association rate constants with deoxyhemo-
globin are comparable (~5 X 107 M™!
s~1), but the dissociation rate constants are
substantially different (~107° s~! for NO
and ~20 s7! for O,) (14). Nitric oxide,
unlike CO and O,, binds to Fe(III)-porphy-
rins (15). The association rate constants are
markedly influenced by the protein struc-
ture at the heme pocket and range from 10°
to 10" M~1s~1 (15). The Fe(III)NO"-heme
complex appears to undergo a charge trans-
fer reaction to form Fe(INNO* (16, 17).
Subsequent loss of NO* occurs readily by
attack of ambient nucleophiles (16, 17).
The net effect is that the Fe(IIl)-heme
adduct exhibits rapid loss of NO, with rate
constants in the range of 0.65 to 40 s~!
(15).

Nitric oxide also forms nonheme transi-
tion metal complexes. In the biochemical

Nitrogen Bond N-O stretch
Molecule oxidation number length (A) (em=")
Nitrosonium  (NO*) 3+ 0.95 2300
Nitric oxide  (NO") 2+ 1.15 1840
Nitroxyl anion (NO~) 1+ 1.26 1290
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Fig. 1. Summary of the chemistry of the redox-interrelated forms of NO of potential biological
significance. The primary reactions of NO* involve oxygen, superoxide, and redox metals (M). NO~
is reactive with metals and with sulfhydryls. Spontaneous dimerization of NO~ results in the
formation of N,O. Nitrosation reactions involve electrophilic aromatic substitutions (Ar) and addition

to bases (B™), including peroxide.

literature, interest has focused on its reac-
tivity toward iron-sulfur centers in proteins,
including several proteins involved in mi-
tochondrial electron transport and enzymes
such as aconitase (8). The cytotoxic effects
of cytokine-activated macrophages are ac-
companied by the formation of iron-dini-
trosyl-dithiolate complexes, with EPR spec-
tra (18) similar to those of model com-
pounds studied by Vanin and by Commoner
and colleagues (19). Many of the transition
metal nitrosyls are complexes where NO
donates formally as NO* (these are best
regarded as NO*-metal adducts) (6, 20).
Such complexes exhibit NO stretching fre-
quencies that range from ~1700 to 2000
cm™ !, reflective of the extent of charge
transfer (6, 20). Bottomly has suggested
that molecules with NO stretching frequen-
cies greater than 1886 cm™!, or where the
force constant for N-O is greater than 13.8
mdynA~!, may be thought of as NO*
carriers (21). In the context of NO* chem-
istry, such metal-nitrosyl complexes act as
electrophilic nitrosating agents—that is,
they transfer NO™* to electron-rich sub-
strates, as elaborated in the next section.
NO can also behave formally as NO~ (6,
20). The N-O stretching frequencies for
metal nitrosyls of this nature are generally
in the region of 1500 to 1700 cm™! (6, 20).
In this case, the complexes are susceptible
to attack by electrophiles (for example,
M-NO~ + H* — M-NOH, where M is a
metal) (20). In addition, the formal con-
version of NO® to NO~ is supported by
aqueous Fe(II) ions (22) and by Fe(Il)-
containing metalloenzymes (23). Thus,
metal nitrosylation provides a direct link
among the redox states of NO (Fig. 2).
Nitrosonium (NO*). The chemistry of
NO? is characterized by addition and sub-
stitution reactions with nucleophiles such
as electron-rich bases and aromatic com-
pounds, as indicated in Fig. 1. Nitrosation
in aqueous phase can occur at -S, -N, -O,
and -C centers in organic molecules and
appears to involve NO* or related NO*
equivalents (24) (Fig. 1). There is abun-

dant chemical evidence for the existence of
NO™ in aqueous media under stringent
acidic conditions. Acidified NO,~, a medi-
um used frequently in biomedical studies to
produce NO?*, is equivalent, through dehy-
dration, to NO*. The biological relevance
of NO* under weakly acidic or physiologic
conditions, however, has been disputed
(24). Nevertheless, a variety of nitroso-
compounds that form effectively under neu-
tral physiological conditions (8, 25, 26) can
be conveniently viewed as NO* carriers.
Important examples of such compounds are
the metal-nitrosyl complexes described
above, thionitrites (RS-NO), nitrosamines
(for example, RNH-NO), alkyl and aryl
nitrites (RO-NO), and dinitrogen tri- and
tetra-oxides (N,O; and N,O,) (6, 8, 24—
26). Similar to the metal-nitrosyl species,
the nonmetal X-NO compounds show a
variation in NO stretching frequency that
reflects their nitrosonium character and
correlates with their nitrosative reactivity
(4, 27). Forward reaction rates for the
nitrosation reactions involving these spe-
cies are thus not encounter-limited, in con-
trast to NO* (H,ONO™)-mediated nitro-
sation, but vary according to the electro-
negativity of X and the nucleophilicity of
the substrate.

In biological systems, there are numer-
ous nucleophilic centers whose potential
susceptibility to nitrosative attack is prece-
dented in in vitro studies. An extensive
literature exists on amine deamination (pri-
mary) and N-nitrosation (secondary and
tertiary) in the context of carcinogenesis
(25, 28). The propensity for thiol nitrosa-
tion (thionitrite formation) under physio-
logical conditions (26, 29) and in biological
systems (30) has been recognized more re-
cently. Nitrosation reactions sustained by
various other nucleophilic centers of bio-
logical importance—including amides, car-
boxyls, and hydroxyls—have also been
studied (24); however, their biological rel-
evance is more speculative. Aromatic ring
nitrosation has been suggested to involve
the formation of charge-transfer complexes

SCIENCE ¢ VOL. 258 ¢ 18 DECEMBER 1992

M+X M+X

R'S* R'SSR R'S R'SSR
Fig. 2. Interconversion of the redox-related
forms of NO. Three pathways of potential bio-
logical significance are shown, involving metal
(M) nitrosyl complexes, charge transfer to elec-
tron acceptors (A), and coupling to thiol/disul-
fide redox reactions.

between NO™ and aromatic electron do-
nors [Ar—NO* = Ar*—NO’] (4). Such
one-electron transfer processes may provide
a means, analogous to metal nitrosylation,
to interconvert redox-related forms of NO
(Fig. 2).

The enumeration of nitrosative chemis-
tries of biological importance must be
viewed within the context of relative reac-
tivities and product stabilities. Although
both amines and thiols are highly reactive
toward nitrosation, physiologic conditions
favor the formation of thiol adducts owing
to the propensity of basic amines to exist in
their unreactive protonated forms. This
overall relative reactivity has led to the use
of thiols as nitrous acid traps in reactions
involving amines (24). Moreover, thiols
are immune to the diazotization and deam-
ination processes that deplete the nitrosa-
mine product. The relative basicity of the
nitrosated products governs the relative rate
at which nitrosation is reversed by hydroly-
sis (31). The characteristic basicity of
amines, including nitrosamines, together
with the greater basicity of oxygen as com-
pared to sulfur render nitrosated thiols least
prone to hydrolytic degradation. These
facts rationalize the presence of S-nitro-
sothiol pools in biological systems and their
apparent predominance over other nitro-
sated forms (30). In further support of this
notion, in the presence of thiol S-nitrosa-
tion occurs preferentially, perhaps to the
exclusion of N- (or O-) nitrosation (32).
Additional complexity, with regulatory po-
tential for a chemically controlled process,
derives from the differential reactivities of
various thiolate anions and the stabilities of
the derivative thionitrites (24, 26, 27, 29,
33). These properties are functions of thiol

1899




pK, redox milieu, and molecular structure.
Nitroxyl anion (NO~). The chemistry of
NO™ has received significantly less atten-
tion, particularly in aqueous solution. Estab-
lished reactions under physiological condi-
tions are shown in Fig. 1. Nitroxyl anion
converts rapidly to N,O through dimeriza-
tion and dehydration (k ~ 2 X 10°M~1s71)
(34) and is known to react with Fe (IlI)heme
(k ~ 6.4 x 10° M~'s71) (9, 23), analogous
to the reaction of Fe(lll)heme with NO*
(15, 23). Nitroxyl anion also undergoes
reversible addition to low molecular weight
(35) and protein (23) thiols leading to sulf-
hydryl oxidation (23, 35), with the interme-
diate formation of RSNOH. The chemistry
of NO~ in the gas phase is rich and varied.
Electron transfer and collisional detachment
reactions are common and generally yield
NO* as a major product (3). S-nitrosothiols
are believed to be a (minor) product of the
reaction of NO~ with disulfides (3).

Enzymatic NO Generation

Nitrogen monoxide is generated enzymati-
cally in vertebrates by the family of enzymes
termed NO synthases, which are homolo-
gous to cytochrome P450 reductase (36).
Moreover, like P450 itself, the enzyme
contains iron-protopophyrin IX, probably
with cysteine as the axial ferric (III) iron
ligand (37). A five-electron oxidation of a
terminal guanidino nitrogen of arginine is
supported by reduced nicotinamide adenine
dinucleotide phosphate (NADPH) and fla-
vins; tetrahydrobiopterin and thiol are ad-
ditional enzyme cofactors (38). Assuming a
mechanistic analogy with the cytochrome
P450 (39), reduction of Fe(IlI) would be
required before the binding of molecular
oxygen. Current views hold that there is
successive activation of two O, molecules as
a means to insert a pair of oxygen atoms
into the arginine substrate, thus yielding
NO® and citrulline (40). N-hydroxy-argi-
nine is an early intermediate in the biosyn-
thesis of NO° (38); however, its oxidative
fate is not known in detail.

N-hydroxy-guanidines can also generate
NO~™(HNO) (41). This process presumably
involves a four-electron oxidation of the
guanidino nitrogen. The preferential gener-
ation of NO* or NO~ from the N-OH-
arginine intermediate is determined by the
oxidative conditions used (41); NO~ may
be subsequently oxidized to NO* by coupled
redox pathways (3, 7). Precedent for the
conversion of NO* to NO~ by enzymatic
pathways has been established for the bac-
terial NO* reductase (42).

Nitrosonium equivalents are also pro-
duced as a result of NO synthase activity
(26, 40); accordingly, NO synthase readily
effects nitrosation of thiols (26) and amines
(40). Nitrosation by way of N,O; and N, O,
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formed in the enzyme milieu is one possible
mechanism by which to explain this obser-
vation (43). An alternative mechanism
involves the oxidative activation of NO*
through binding to the Fe(IIl)-heme site
[Fe(IIHNO* — Fe(I)NO™], with subse-
quent attack by biological nucleophiles to
form nitroso adducts (17, 44). This chem-
istry is exhibited by other heme proteins,
including cytochrome P450 (17), and non-
heme metalloproteins, such as bacterial
NO, reductases (42, 44). For NO synthase,
redox activation of NO* might (i) establish
a means for binding molecular oxygen to
heme through reduction of iron to the
ferrous (II) state; (ii) establish a cofactor
function for reduced thiol (38) that can
react with the redox-activated NO complex
to form an S-nitrosothiol (17); (iii) facili-
tate liberation of NO, by way of formed
adduct, from an active site environment
necessarily accessible to O, and containing
heme; and (iv) at the same time provide an
autoprotective function by limiting the tox-
icity of NO* in the cell of the synthesis that
is attributed to oxidative reactions with O,
and O3, which result in the formation of
NO; and OONO™, respectively. These
species are highly cytotoxic as a result of
initiating free radical-mediated lipid perox-
idation and sulfhydryl oxidation (45).
Moreover, under circumstances of arginine
depletion, NO synthase reduces O, with
preferential generation of H,O, (46). The
oxidative conditions produced by H,O,
would directly support the oxidation of NO*
to NO* (redox potential ~ +0.5 V),
which in turn could react nitrosatively with
H,0,, giving OONO~ (24). The presence
of thiol (cofactor) would effectively limit
this undesired reaction (47). Thus, one
might conceive of situations in which sub-
strate availability influences the redox state
of the enzymatic NO product and where
available reducing equivalents modify the
toxic potential of the species.

Intermediary NO Equivalents in
Biological Systems

The form in which NO is released from
cells has been much debated. The identity
of endothelium-derived relaxing factor
(EDRF) in particular remains in dispute,
the major contenders being NO* (48) and a
short-lived nitroso-compound, perhaps
S-nitroso-cysteine (33). However, more re-
cently a case has been made for NO~ (7,
41) and iron-nitrosyl complexes (49) [the
latter possibly liberated from the heme
complex by displacement of a weakly bound
trans-imidazole ligand (50)]. Notwithstand-
ing the fact that EDRF shows close physio-
chemical and pharmacological resemblance
to NO® (48), this controversy highlights
the potential impact that redox conditions
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may have on EDRF identity and activity.

The predominant redox forms of NO in
(human) plasma are S-nitrosothiols (RS-
NO, where RS is a thiyl group), mostly as
S-nitrosoproteins  (30). These S-nitrosyl-
ated proteins, the most abundant of which
is serum albumin, are present in micromolar
concentrations in normal subjects (30).
This bioactive pool is thought to serve as a
source and sink of NO, buffering the con-
centration of free NO (30). The S-NO
bond can participate in both homolytic
(27, 31, 51) and heterolytic (27, 30, 31,
51) cleavage mechanisms and thereby reg-
ulate the free plasma concentrations of NO*
and NO™ adducts (30); under strong reduc-
ing conditions, RS-NO may also liberate
NO~ (52) (Fig. 2). Products of N-nitrosa-
tion are found in the urine of normal
subjects but are not readily detected in
blood or plasma (28, 30). The NO-gener-
ating species N,O; and N,O, likely form as
intermediates in plasma, urine, saliva, and
cells (25, 28, 30, 43). Although both are
potent nitrosating species, reflecting their
NO™ character (24), they are also in equi-
librium with NO* [N,0; = NO* + NO3;
NO; = 1/2N,0,].

The nitrosyl Fe(Il)-hemoglobin adduct
is measurable in blood during sepsis (53)
and allograft rejection (54), but concentra-
tions of this compound are otherwise below
the limits of detection (55, 56). Iron-ni-
trosyl complexes form intracellularly in
macrophages (8, 18) and in cocultured
target cells (55) as a consequence of cyto-
kine-induced NO synthesis; they have also
been detected in tissues undergoing rejec-
tion (54). Nitrosylation of Fe-S centers is
generally associated with loss of protein
activity and is believed to participate in
modulation of the immune response (I, 8).
More recently, these complexes were iden-
tified in activated endothelial cells (56) and
were proposed as candidates for the NO
storage pool, loosely defined as a source of
NO not immediately dependent on NO
synthase activity. The iron-nitrosyl com-
plexes share the potential stabilizing func-
tion of the protein S-nitrosothiol reservoir
(26, 30), both of which are generated
intracellularly in response to cell activation
1. )

Implicit in the stability of S-nitrosothiols
is the relative lack of reactivity of NO in this
form toward O, and reactive oxygen species,
therein limiting the generation of toxic
NO,. Thus, the formation of RS-NO may
provide a means to control the toxicity of
NO’. Supporting this notion, RS-NO have
recently been identified in human airway-
lining fluid, under the high ambient concen-
trations of O, and O™ in the lung (51). In
addition, modulation of thiol groups on the
N-methyl-D-asparate (NMDA)—type gluta-
mate receptor by RS-NO (NO™) can afford



L-Arginine + O, + NADPH

RSH
Synthesis NOS IE:‘/I?\I

Biopterin

Citrulline + "NO" + NADP
Packaging, .
transport RS-NO NO M-E\JO
Effector
interactions CGMP RS-NO ADP- Fe(NO), (RS),
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Fig. 3. Extended paradigm of NO biochemistry. NO synthase (NOS) converts L-arginine in the
presence of oxygen, requisite cofactors, and NADPH to citrulline and a redox form of NO.
Production of distinct NO-containing compounds, either accompanying or occurring after the action
of NOS, may provide a means of packaging NO to tailor its lifetime and transport properties and to

elicit specific biological responses.

protection from receptor-mediated neuro-
toxicity that is dependent on NO* genera-
tion (57). Accordingly, the form in which
NO is delivered and transported may deter-
mine its toxic potential and resolve the
apparent paradoxical observations of both
cytotoxic and cytoprotective actions of NO.

The generation of NO-containing com-
pounds may be viewed as a means to “pack-
age” NO in forms that are better suited to
its intermediary roles. Specifically, the ap-
propriate packaging of NO might serve to
facilitate its transport, prolong its life in the
blood and tissues, target its delivery to
specific effectors, and mitigate its adverse-
cytotoxic potential. Moreover, the exis-
tence of various types of NO pools, with
relative abundance determined, for exam-
ple, by pH and redox potential of the
microenvironment, provides a means
through which the transport, lifetime, and
targeting properties of the various redox
forms of NO can be tailored to evoke
specific biological responses. An overview
of these concepts is presented in Fig. 3.

Target Interactions

Nitrogen monoxide has the capacity to
modulate the activity of proteins through
reversible reaction with available function-
al groups, notably cofactor Fe and thiols (1,
8, 26, 29, 50, 58). The activation of
guanylyl cyclase by the binding of NO to its
heme iron is a particularly important exam-
ple of this principle: many target cell re-
sponses to NO, including vasorelaxation
and platelet inhibition, are the result of
guanylyl cyclase—mediated increases in gua-
nosine 3',5’-monophosphate (cyclic GMP)
(1, 29, 50). It has been conjectured that

the binding of NO* induces a structural
change, reminiscent of the effect of O,
binding in hemoglobin, that activates the
enzyme (29). This mechanism requires
some means of deriving NO* from NO*-
containing vasodilators (for example, RS-
NO and -Fe-NO). The spontaneous libera-
tion of NO* from the latter compounds to
account for enzyme activation has been
invalidated in certain experiments (59).
The activation of guanylyl cyclase by NO~
(41) is similarly unexplained. Moreover,
redox conditions—specifically the redox
state of protein thiol groups—are an impor-
tant determinant of guanylyl cyclase activa-
tion (60). Thus, thiol alone can activate
the enzyme (60), and activation of guanylyl
cyclase by peroxides and OH® may result
from interaction with regulatory thiol
groups as opposed to the heme-iron (61).
Taken together, these observations suggest
that the oxidation state of both NO and the
enzyme itself critically affect the NO-de-
pendent activation of guanylyl cyclase.
Nitrosylation of free thiols has been
shown to modulate the activity of certain
enzymes (26, 58). In view of the presence
of critical thiols in proteins of diverse func-
tion, this chemistry may have broad regu-
latory implications. The reaction of NO
with cell-surface thiols, for example, has
been associated with antimicrobial effects
(62), modulation of ligand-gated receptor
(NMDA) activity (57), and alterations of
smooth muscle cell function (51, 59). In
addition, signal transduction mediated by
adenosine diphosphate (ADP)-ribosylation
of protein sulfhydryls may be regulated by
S-nitrosylation and thus link NO biohem-
istry to cyclic GMP-independent processes
(63). In related observations, S-nitrosyla-
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tion of glyceraldehyde-3-phosphate dehy-
drogenase promotes ADP-ribosylation of
the enzyme and is associated with inhibi-
tion of its activity (63). Nitroxyl has also
been implicated in the inhibition of sulfhy-
dryl-dependent enzyme activity (64).

The redox state of NO influences its
preference for various target functional
groups. This is exemplified in the important
case of hemoglobin, which reacts with NO*
at the heme site (to inactivate NO) (I, 14,
29, 48) and by way of alternative redox
forms of NO at intramolecular amine
(NO™) and sulthydryl (NO* and NO7)
centers (23, 65). These observations raise
the question as to whether NO* or NO~
equivalents (or both) activate guanylyl cy-
clase and, if so, whether through reaction
with thiol or redox metal.

Conclusion

Under physiological conditions, NO can be
interconverted among different redox forms
with distinctive chemistries. We have dis-
cussed the impact of this redox versatility
on fundamental aspects of NO biochemis-
try: the enzymatic mechanism of NO pro-
duction; the packaging of NO in forms
suited to its intermediary roles; and the
function-regulating interaction of NO with
proteins (Fig. 3). Given the ultimate goal
of therapeutic intervention, the distinction
among the different NO species assumes
added importance. The current teaching is
that nitroso-vasodilators carry out their
physiological functions by releasing NO". It
is notable that by far the most widely
studied of the nitroso-compounds in clini-
cal use, nitroprusside, is an iron-nitrosyl
with strong NO* character (20); nitrosa-
tion reactions, in fact, dominate its chem-
istry (20). Thus, nitroprusside provides a
cogent reminder that the term NO neither
adequately identifies its redox form nor
delineates the chemical reactivity of nitro-
gen monoxide in biological systems.
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