
INTRODUCTION

SINCE THE IDENTIFICATION OF NITRIC OXIDE (NO) as the en-
dothelium-derived relaxing factor (EDRF) (41, 50, 51,

71), the physiological functions discovered for this diatomic
radical have been expansive. In the vascular system, NO is
an important mediator of vascular tone, controlling platelet
function, cellular adhesion (76), and extravasation of leuko-
cytes into tissue. NO also modulates neuronal transmission
(36), is an essential signaling agent in the immune system
(63), influences basic cellular functions such as mitochon-
drial respiration (8–10), and regulates nutrients and minerals
such as iron (42).

In addition to its normal role in modulating physiological
functions, NO has also been implicated as a participant in
pathophysiological conditions ranging from neurodegenera-
tive and cardiovascular diseases to cancer (59). The proposed
mechanisms of tissue injury involving NO are varied and
often controversial. Because of its initial association with the

deleterious effects of air pollution, NO became regarded as an
environmental toxin (79). This became a primary barrier
when assigning beneficial properties to NO, and generally the
presence of NO was concluded to denote cellular death. How-
ever, significant evidence suggests that NO is a powerful an-
tioxidant, protecting cells from injury caused by reactive oxy-
gen species (ROS) (99). Cellular injury may therefore be a
result of impaired function or lack of protection due to dis-
ruption of NO biosynthesis.

Although the lifetime of NO is considered short-lived
under biological conditions (89) and its primary target is sol-
uble guanylate cyclase (sGC), many studies have shown that
prolonged exposure at higher NO fluxes will influence longer
downstream events. Activation of signal-transduction path-
ways, such as p53, hypoxia-inducible factor (HIF), nuclear
factor-kB (NFkB), JNK-1, and others, has been shown to en-
compass a NO-mediated regulatory component (11). In addi-
tion, NO affects the activity of caspases and cell-cycle pro-
teins like p28 (55). The diverse, often opposing, responses to
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NO biosynthesis make clear the challenges in evaluating and
understanding the biology of this diatomic molecule.

The most important determinant of the outcome of NO
biosynthesis is the chemical interactions of NO, which are
dictated by the local redox environment. Although the chemi-
cal reactions in which NO participates are quite varied, the
limitations imposed by biological conditions narrow the rele-
vant reactions considerably. The kinetically viable reactions,
summarized as the “chemical biology of NO,” can be catego-
rized into the two classes of direct and indirect effects (96,
97). Direct chemical reactions are those in which NO binds
directly with biological targets. Although NO is a radical, it is
relatively inert biologically, interacting primarily with heme
proteins and other radicals. However, NO can be activated to
higher nitrogen oxides by oxygen or superoxide (O2

2). The
resulting reactive nitrogen oxide species (RNOS) are then
able to modify a larger variety of biomolecules through indi-
rect mechanisms. Direct reactions are the basis for most of
the biological effects of NO as they are generally quite rapid
(k > 106 M21 s21) and therefore only require low concentra-
tions of NO. Although the reactions involved in indirect ef-
fects may be fast, they require significantly higher concentra-
tions of NO because the reactants involved are usually in low
relative concentrations and are therefore competitively scav-
enged by other species. Indirect effects, as a rule, are limited
to areas where high local NO concentrations are sustained for
prolonged periods of time.

NO is produced by isozymes of nitric oxide synthase
(NOS) (38). Constitutively expressed NOS, particularly in
endothelial cells and neurons (83), is thought to generate NO
in the submicromolar range for short periods of time (69).
Production of NO by inducible NOS, for example in macro-
phages, is higher and significantly sustained relative to the
constitutive isozymes. Therefore, the type of NOS expressed
will dictate the chemistry and the ultimate biological out-
come of NO production.

Another factor to consider is the proximity of the biologi-
cal target to the NO source. As NO is highly diffusible, once
produced, it will rapidly migrate away from its source of ori-
gin, thus producing a local concentration gradient (60). For
instance, macrophages producing high levels of NO will in-
duce both direct and indirect effects on adjacent targets,
whereas cells further away will experience mostly direct ef-
fects as the concentration of NO diminishes. This two-level,
concentration-dependent model partially explains the pathol-
ogy observed under disease conditions resulting in excess NO
production or in conditions with depleted levels of NO (39).

Indirect reactions can be further subdivided into nitrosative
and oxidative chemistry (96). Nitrosation in vivo appears to
be mediated primarily by dinitrogen trioxide (N2O3), whereas
oxidative chemistry can result from formation of a variety of
RNOS, including peroxynitrite (ONOO2), nitrogen dioxide
(NO2), and nitroxyl (HNO) (98). It is becoming increasingly
evident that the biological and pathological effects differ
widely depending on the chemistry that occurs (96). Although
both nitrosative stress and oxidative stress originate from NO
biosynthesis, they are produced by different chemical mecha-
nisms. Because of this balanced orthogonal relationship, the
chemistry of one generally precludes the other (96).

Much of the NO biochemistry literature is concentrated
on reactions with O2

2 and O2 as they relate to stress (24),
whereas the interaction of NO and its related RNOS with
heme proteins is often overlooked. Although these reactions
can be kinetically facile, they may be largely responsible for
the majority of the biology of NO, influencing important cel-
lular processes ranging from respiration to pathogen control.
In this review, the chemical biology of NO is explored from a
metal-oriented perspective.

METAL-BASED CHEMISTRY OF NO AND
BIOLOGICAL CONSEQUENCES

Under biological conditions, the kinetically relevant chem-
istry of NO can be summarized simply as either involving re-
actions with metal complexes and radicals leading to direct
effects, or reactions with O2 and O2

2 leading to indirect ef-
fects. The metal-based reactions are primarily comprised of
either simple nitrosylation reactions with metal-oxo species,
such as found in the peroxidase and monoxygenase systems,
or redox-active metals.

Metal nitrosyl complexes

Nitrosylation involves addition of NO directly to a metal
center, or to a radical, to form a nitrosyl complex with no net
change in redox state (43, 78).

Mn+ + NO ® MNOn+ (1)

Unfortunately, the term nitrosylation is often used errone-
ously in the literature to represent the process of thiol modifi-
cation leading to S-nitrosothiols. This mechanism involves
either nitrosation (NO+ donation), generally by N2O3, or ox-
idative nitrosylation in which the thiol is f irst oxidized to a
radical (25). Although oxidative nitrosylation is a potential
mechanism for the formation of S-nitrosothiols, it is an im-
probable biological mechanism because thiyl radical reacts
with O2 at a nearly diffusion-controlled rate (1.6 2 109 M21

s21) (75, 88), and thus O2 outcompetes NO because of its
much higher concentration.

Although metal nitrosyl complexes can be formed with many
of the transition metals, the required conditions and stability of
the products favor only a few such complexes in biological sys-
tems (16). The reaction rate and stability of these products de-
pend on the oxidation state and ligand field of the metal. For ex-
ample, in aqueous solution, nitrosylation of iron results in stable
complex formation for the ferrous but not the ferric state (94).

Fe(II)(H2O)6
2+ + NO ® Fe(II)(H2O)5NO2+ + H2O (2)
k = 1.42 2 106 M21 s21

When the aqueous coordination sphere is replaced with the
metal chelator EDTA, the rate constant for the reaction of NO
with ferrous iron increases to >107 M21 s21 (102).

The rate of nitrosylation of iron porphyrins such as TPPS
(tetraphenyl porphyrins) is also enhanced over free iron, but
the ligand field allows ready formation of both ferrous and
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ferric nitrosyl complexes. Again, the facility of formation is
significantly higher for the ferrous state as illustrated by a
model system (Fig. 1) (45).

Fe(III)(TPPS) + NO ® Fe(III)(TPPS)NO (3)
k = 7.2 2 106 M21 s21

Fe(II)(TPPS) + NO ® Fe(II)(TPPS)NO (4)
k = 1.8 2 109 M21 s21

Similar trends are observed with heme proteins. The dissocia-
tion rates, and thus the stability of the resulting complexes,
are also dependent upon the redox state. In general, the rate
constant for dissociation of NO from a ferric heme protein
exceeds that of the corresponding ferrous state by four orders
of magnitude [koff >10 s21 for ferric (81) and koff <1023 s21 for
ferrous (54, 82)]. Coupled with the trend toward faster asso-
ciation rate constants for the ferrous state, ferric nitrosyl
complexes in heme proteins are, in most cases, reversible,
whereas ferrous complexes are stable. However, the protein
itself can significantly affect both binding and dissociation of
NO due to distal and proximal influences (30).

The most well studied example of nitrosylation of a bio-
molecule is that of sGC, which leads to membrane transloca-
tion and activation of the enzyme (68). This critical regu-
latory enzyme participates in the control of vascular tone,
neurotransmission, and platelet aggregation, as well as nu-
merous other processes. sGC, which converts GTP into cyclic
GMP (cGMP), is a heterodimer sequestering a single heme
prosthetic group (68). NO activates sGC by binding to the
ferrous iron in the heme pocket (kon >105 M21 s21) (21, 32,
48, 49, 85). Nitrosylation results in displacement of the iron
out of the plane of the porphyrin ring toward NO to such an
extent that the axial histidine ligand is decoupling from the
heme (84). The subsequent conformational change of the pro-
tein improves substrate access to the catalytic site.

One unique feature of the ferrous state of sGC is its low af-
finity for O2 relative to NO. Generally, heme proteins in the
ferrous state will bind strongly to NO, CO, and O2. However,
it appears that the heme pocket in sGC uniquely minimizes
O2 binding due either to polarity or to the inability of the
proximal histidine ligand to adequately bind and stabilize the
hexacoordinate Fe(II)O2 complex (19).

Another important aspect of heme nitrosyl formation is
regulation of cytochrome P450 and other monoxygenases.
Unlike sGC, which is activated upon nitrosylation, NO bind-
ing potently inhibits monoxygenase function. The presence of
axial thiols rather than the usual histidine imidazoles in P450s
results in stabilization of the nitrosyl complex in both the fer-
ric and ferrous states, and submicromolar amounts of NO are
sufficient to inhibit P450 function in the liver under septic
conditions (87).

Regulation of O2 concentration

Except in special circumstances such as found in sGC, NO
will compete with O2 or peroxide for the metal center. The
outcome of this competition will depend on the concentration
of each ligand, the relative reaction rates with the metal cen-
ter, and the stability of each respective complex. Frequently,
a ferrous ion is involved, and in general, NO binds more
strongly to these centers than O2.

This competition is critical to O2 utilization and sensing.
Several decades ago, NO was shown to bind reversibly to cy-
tochrome aa

3 (cytochrome c oxidase; complex IV), which is
the terminal enzyme in the electron transport chain (5, 8–10,
86). Prevention of O2 binding not only reduces electron trans-
port, but increases local O2 tension because O2 is being con-
tinually received, but not consumed, by the tissue (89).

Interestingly, NO has also been shown to enhance stabiliza-
tion of HIF-1a (11, 80), which usually occurs, as the name
suggests, in response to tissue hypoxia. Stabilization of HIF-1a

by NO occurs indirectly through nitrosylative inactivation of
the non-heme [2-histidine-1-carboxylate iron coordination
motif (23)] enzyme prolyl hydroxylase, which tags HIF-1a for
degradation through an O2-dependent hydroxylation (14, 52).
As discussed above, most non-heme ferrous nitrosyl com-
plexes are significantly less stable than heme nitrosyl com-
plexes. In these complexes, stabilization is dependent upon
the electron-withdrawing characteristics of the coordinated
metal. The histidine and aspartate residues around the ferrous
iron of prolyl hydroxylase produce a relatively hard ligand
field, similar to bipyridine or EDTA, resulting in both facile
complex formation and dissociation. This highly labile and
easily oxidized nitrosyl complex suggests that local NO lev-
els must be higher to exert an effect on prolyl hydroxylase
than on heme proteins. Additionally, the equilibrium between
NO and O2 binding becomes more competitive, and thus
more sensitive to the relative concentrations of NO and O2
(Fig. 2). NO can have a dichotomy of function in that it can
increase local tissue oxygenation through interruption of mi-
tochondrial O2 consumption and concomitantly induce ex-
pression of HIF-1a associated factors (e.g., hypoxia-responsive
elements). In this manner, NO may transiently fix tissue O2
levels during rapid hypoxia, but may also ensure a longer
term compensatory response if the hypoxia is prolonged.

Regulation of NO concentration

Due to the myriad of effects NO has on biological pathways,
numerous consumptive mechanisms, both metal-dependent
and -independent, exist for tight regulation and control of NO
concentration (Fig. 3). Part of this regulation, which warrants
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FIG. 1. Comparison between the relative rates of NO reac-
tivity with different redox states and ligand fields of iron.
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particular mention, is the rate of cellular NO consumption,
which is directly proportional to the immediate O2 concentra-
tion (89). This dependence provides a feedback mechanism to
counterbalance increases in O2 via mitochondrial inhibition
of NO. The concentration interdependence in conjunction
with the competition parameters between NO and O2 binding
discussed above and the reversible binding of these ligands
provide an autoregulatory mechanism able to respond quickly
and transitorily to cellular conditions. Induction of HIF-1a

and the consequent changes in cellular metabolism can then
be viewed as a necessary compensation by the cell to ensure
homeostasis under a variety of conditions.

Metal-nitrosyl complexes. Metal-mediated consump-
tion of NO primarily involves heme proteins. Nitrosyl com-
plexes can be subsequently reduced to hydroxylamine and am-
monia through electron transfer reactions. This is a common
pathway under anaerobic conditions and is especially important
in the nitrogen cycle of certain bacteria. Mitochondria can also
consume NO by reduction at the cytochrome c oxidase site,
and NO was initially thought to be directly reduced and thus
consumed in this fashion, analogously to O2 (73). However, the
reduction potential for NO was later determined to be too high
for direct reduction in mammalian systems (3). Aerobic con-
sumption of NO by cytochrome c oxidase has been proposed to
occur via a three-electron reduction to form NO2

2 (73).

Cytochrome c oxidase + NO + O2 ® (5)
ONO2

2 + H+ ® NO2
2 + H2O

Reaction of NO with metal-O2 complexes. Reac-
tion of NO with oxyhemoglobin or oxymyoglobin results in ox-
idation of the heme and production of nitrate.

Fe(II)O2 + NO ® Fe(III) + NO3
2 (6)

Oxidation of NO to NO3
2 is generally considered to be the

primary consumptive pathway in vivo (95) (Fig. 4). At first
approximation, the fast rates [k = 3 2 107 M21 s21 for oxyhe-
moglobin (61)] and high concentrations of these O2-binding
proteins [4–8 mM oxyhemoglobin in blood vessels (61)]
should lead to rapid and nearly complete scavenging of NO.
The question then arose as to how endothelial-derived NO
could activate sGC in adjacent smooth muscle cells when its
half-life should be exceedingly short as a consequence of its
proximity to a vast heme pool. Lancaster and coworkers re-
solved this seeming paradox by observing that sequestering
oxyhemoglobin within a red blood cell altered the rate-limit-
ing step from diffusion of NO through the globin to diffusion
of NO into the cell (61). By having hemoglobin contained
within a red blood cell, the rate of its reaction with NO (NO3

2

formation by Eq. 6) is ,1,000 times slower than with the
same corresponding amount of free hemoglobin. The result-
ing longer lifetime of NO in the tissue bed and in the lumen
of the blood vessel allows establishment of local NO concen-
trations sufficient to elicit a response at a target several cell
lengths away from the releasing cell.
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FIG. 2. Mechanisms of HIF-1a stabilization by NO or hy-
poxia. HIF-1a is stabilized by two mechanisms, NO and/or
hypoxia, leading to a common end point: nuclear translocation
and initiation of transcription. Under normoxic conditions,
HIF-1a is maintained at low basal levels through an O2-depen-
dent hydroxylation by prolyl hydroxylase. ARNT, aryl hydro-
carbon receptor nuclear translocator; HRE, hypoxia-responsive
element; VEGF, vascular endothelial growth factor; VHL, von
Hippel–Lindau.

FIG. 3. The multiplicity of biological pathways for NO
consumption and cellular responses. HRE, hypoxia-respon-
sive element. FIG. 4. Metal-mediated consumptive pathways for NO.
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Metal-independent consumption of NO. Another
important control mechanism for NO involves interaction with
ROS. Analogous to O2 itself, many studies suggest that NO and
ROS serve to counter the effects of the other. This balance was
first observed by Matsunaga and Furchgott, who showed that
removal of superoxide dismutase (SOD) preserved EDRF ac-
tivity (64).

The rate of the reaction between O2
2 and NO to form

ONOO2 is near diffusion control (k = 4.3–6.7 2 109 M21 s21)
(18). Scavenging by O2

2 can significantly affect the vasoac-
tive response to NO and thus alter intercellular communica-
tion. For instance, stimulation of cGMP formation by NO was
shown to prevent apoptotic death in motor neurons (12, 13).
Scavenging of NO by O2

2 led to decreased cGMP formation
and subsequently to neuronal death (27). Additionally, in a
small population of patients with the fatal neurodegenerative
disorder familial amyotrophic lateral sclerosis, a single-site
mutation in the Cu,Zn superoxide dismutase gene (SOD1) is
observed (20). These mutants may be partially responsible for
the toxic effects associated with the disease by compromising
removal of O2

2, thereby resulting in increased NO scaveng-
ing and reduced cGMP formation.

The NO/O2
2 reaction has been hypothesized to elicit cell

death and to propagate many neuronal diseases through for-
mation of the toxic species ONOO2 (91). The resulting chem-
istry of this reaction is extremely dependent upon the reaction
conditions. In the presence of physiological bicarbonate con-
centrations, ONOO2 is rapidly converted to NO3

2 (62). In
addition, ONOO2 reacts with both NO and O2

2, resulting in
less toxic species (90). The tight control of the chemistry of
ONOO2 by the relative concentrations of NO and O2

2 leads
to the conclusion that SOD plays an important role, not
through prevention of the chemistry of ONOO2, but by alter-
ing the balance of cellular signaling processes (25).

Reaction of NO with metal-oxo complexes. Con-
sumption of NO and subsequent inhibition of cGMP activity in
vessels has been observed upon exposure to hydrogen peroxide
(H2O2). H2O2 does not react directly with NO, and scaveng-
ing of NO has been attributed to formation of hypervalent
metal-oxo complexes following reactions between hemes and
peroxides.

Fe(II) + H2O2
® Fe(IV)O or Fe(III) + H2O2

® Fe(V)O (7)
Fe(IV)O + NO ® Fe(II) + NO2

2 or (8)
Fe(V)O + NO ® Fe(III) + NO2

2

As these reactions are fast (k ~ 107 M21 s21), they likely repre-
sent a viable mechanism for consumption of NO and provide
an alternate means to balance NO and ROS levels (Fig. 4).

Formation of hypervalent metal-oxo complexes is an inte-
gral stage in the catalytic cycles of peroxidases, such as glu-
tathione peroxidase, catalase, heme oxygenase 1, myeloper-
oxidase, and others (46). Peroxidases can serve as catalytic
sites for degradation of both NO and peroxide (Eqs. 7 and 8),
which can lead to alterations in the signaling mediated by NO
and/or ROS. Additionally, binding of NO can affect the per-
oxidase activity (37), again demonstrating the duplicity in
outcome of NO binding.

METAL-BASED CHEMISTRY OF OTHER
NITROGEN OXIDES AND BIOLOGICAL

CONSEQUENCES

Reactions with metal-oxo complexes

Other products of NOS, such as the end product NO2
2 and

the decoupled intermediate NG-hydroxy-L-arginine (NOHA),
can be oxidized by hypervalent heme species (Fig. 5). Oxidation
of NO2

2 results in formation of the strong oxidant NO2 (93).

Fe(V)O + NO2
2 ® Fe(IV) + NO2 or (9)

Fe(IV)O + NO2
2 ® Fe(III) + NO2

Following a careful comparison, this chemistry has recently
been suggested to be the primary source of nitrated tyrosine
residues in vivo rather than the NO/O2

2 reaction (90). Fur-
ther, the diffusibility and surprisingly long lifetime of NO2 in
dilute solution, coupled with its differential toxicity toward
eukaryotic organisms and mammalian cells (26, 56, 101),
may make NO2 production by Eqs. 8 and 9 an ideal antipatho-
genic agent during inflammation. In summary, when NO is
synthesized for prolonged periods of time, it will be con-
sumed and converted to nitrite by local peroxidase activity.
Subsequently, as the nitrite concentration builds up, its oxida-
tion to NO2 is favored and the resultant pathophysiologic re-
sponses ensue.

Oxidation of L-arginine to L-citrulline by NOS proceeds
through the intermediate NOHA, and decoupled NOHA can
account for as much as 50% of the total product (2). With an
oxidation potential of <0.5 V (57), NOHA may serve as an
antioxidant. In addition, hypervalent metal-oxo species could
oxidize NOHA through a two-electron oxidation resulting in
production of HNO (Fig. 5) (31).

Fe(V)O + NOHA ® Fe(IV)O + 
[NOHA + e2] ® Fe(III) + HNO (10)

Although production of HNO in vivo is still a major source of
debate, it has been found to have unique pharmacological prop-
erties, such as modulation of calcium channels (15) and release
of the neuropeptide, calcitonin gene-related peptide (72).

Alternative chemistry of NOS

The peroxidase reaction (Eq. 7) in monoxygenases such as
NOS may be an alternate mechanism for RNOS production
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FIG. 5. Oxidation of NO2
2 and NOHA by peroxidase-like

hypervalent metal-oxo species to produce NO2 and HNO.



through a peroxide shunt. Accumulation of the end products
NO2

2 and NO3
2 following exposure of NOS to peroxide (66)

indicated that oxidation of L-arginine by NOS could in fact be
mediated by peroxide. The normal catalytic cycle involves
enzymatic reduction of O2. Peroxide is proposed to form this
intermediate directly through electron transfer in a compara-
ble pathway to the peroxide shunt in cytochrome P450 (70).

Although the peroxide shunt may not be the primary func-
tion of NOS, it may be an important component of the chem-
istry of the monomeric form of the enzyme. The monomer-to-
dimer ratio varies with specific biological conditions, and
in particular with deficiencies in the cofactor tetrahydro-
biopterin (92). Both peroxidases and tetrahydrobiopterin-
deficient NOS have been proposed to oxidize NOHA to HNO.

The potential for oxidation of NO2
2 and NOHA to give

NO2 and HNO, respectively, through a peroxidase pathway
warrants reevaluation of the supposed inactivity of the NOS
monomer. This pathway could not only result in production of
the oxidative species NO2 and HNO (Eqs. 9 and 10), but also
consume NO (Eqs. 7 and 8), thereby altering the redox bal-
ance and possibly facilitating the deleterious effects of NO.

It is conceivable that mitochondrial NOS (mtNOS) can par-
ticipate in the peroxide shunt pathway. mtNOS, which is lo-
cated in the inner membrane of the mitochondria, is a trun-
cated form of NOS (Ghafourifar, personal communication;
53). Although initially controversial, the location and func-
tional characteristics of mtNOS and its f irm identification as
neuronal NOSa has been established by multiple investiga-
tors (22, 35) . Transfer of electrons from complex I of the mi-
tochondria is linked to production of NO through oxidation of
L-arginine by mtNOS, and inhibition of complex I prevents
NO release (33, 34). Production of low, steady-state levels of
NO by mtNOS is a basic component of mitochondrial respira-
tion and may also participate in a feedback system, regulating
the electron transport chain, cellular O2 utilization, and intra-
cellular energy stores (40). By reducing complex IV function,
NO decreases mitochondrial oxidative phosphorylation and,
as mentioned previously, increases tissue O2 content by de-
creasing O2 consumption (Fig. 6A). Mitochondrial membrane
polarization is also preserved by NO, likely through its action
on mitochondrial K+ channels (100). At the same time, this
regulatory feedback loop is predicted to extend to regulation
of Ca2+ uptake and release by mitochondria. Activation of
mtNOS is dependent on the level of mitochondrial Ca2+ (33),
which, in turn, is dependent on the cytosolic Ca2+ concentra-
tion. Ca2+ released from the endoplasmic reticulum (ER) is a
readily available supply for mitochondria, and the close appo-
sition of ER Ca2+ release sites to mitochondria provides a lo-
cational advantage (65). NO has been shown to both activate
and inhibit Ca2+ release channels such as the ryanodine re-
ceptor on the ER membrane (28), allowing for strict control.
Release of Ca2+ from mitochondria is also regulated by NO.
At nanomolar levels of NO, Ca2+ efflux via the low conduc-
tance state of the mitochondrial permeability transition pore
(PTP) is decreased (7). Increasing levels of NO, however, in-
crease mitochondrial Ca2+ efflux (17, 28, 33, 35, 53), initially
preventing overcalcification of the mitochondria (6, 7, 47,
74), but if continued, lead to cytochrome c release and poten-
tial disruption of cellular Ca2+ balance (29, 35). Return of the

system to the physiological steady state is brought about by
consumption of NO and a decreased effective competition
with the rising level of tissue O2.

The scenario shifts dramatically when mitochondrial com-
plex I is inhibited by agents such as rotenone (Fig. 6B). In
this case, mtNOS is likely to serve as a peroxidase. Increased
leakage of O2

2 from the electron transport system and its dis-
mutation catalyzed by MnSOD located in the mitochondrial
matrix provide a ready source of H2O2 for the peroxide shunt.
Nitrite would also be available, having been formed from the
aerobic consumption of NO by cytochrome c oxidase or other
reactions, as previously discussed. The resultant production
of NO2 and HNO by the mtNOS (Eqs. 9 and 10) is then likely
to initiate a number of reactions that may have very differ-
ent outcomes to mitochondrial function. Rather than normal
physiological feedback control over mitochondrial Ca2+ lev-
els and the PTP as seen in the presence of NO, these newly
formed RNOS may initiate oxidative or other modifications
of the mitochondrial PTP. Oxidation of the PTP causes stabi-
lization into an open configuration and is associated with the
loss of mitochondrial membrane potential, efflux of cyto-
chrome c, and ultimately cell death (4, 44, 47, 58, 77). Simi-
lar functional changes are observed in other types of calcium
channels exposed to RNOS. For example, HNO is known to
interact with the N-methyl-D-aspartate channel in the pres-
ence of O2, stabilizing the inward current by blocking desen-
sitization (15). This effect involves an oxidizing intermediate
formed from the reaction of O2, metals, and HNO (67). As O2
consumption by the mitochondria is inhibited when the elec-
tron transport system is blocked, cellular O2 content would be
high, thus providing sufficient levels of local O2 for these re-
actions. The effect of RNOS on calcium channels, although
controversial, is further supported by studies in cardiac my-
ocytes. For example, L-type calcium channels in rat cardiac
myocytes demonstrates an increased inward current in the
presence of NO donors that does not require cyclic AMP (1).
Paolocci et al. (72) have observed an increased positive in-
otropy of HNO in cardiac muscles. The extensive nitrotyro-
sine formation detected in mitochondria treated with complex
I inhibitors may also be explained by the formation of NO2
and other RNOS (Gharfourifar, personal communication). In
summary, conversion of mtNOS (92) to a peroxidase may be
important in the initiation of mitochondrial changes, which
can have major effects on cell survival during pathological
events.

CONCLUSION

Direct reactions of NO are dictated by two main character-
istics: the oxidation state of the metal and the ligand environ-
ment. Reaction of NO with metals and metalloproteins can
have either a stimulatory or inhibitory effect on protein activ-
ity and may result in consumption of NO. Once NO is synthe-
sized, its ultimate fate and the resultant physiological outcome
will vary greatly, depending on the diverse intermediates, end
products, and consumptive pathways. Additionally, the seem-
ingly straightforward oxidation of L-arginine by NOS has the
potential to generate more than just L-citrulline and NO, de-
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pending on substrate and cofactor availability and on cellular
redox status. Although NO would be preferentially formed
from functional intact NOS dimers, the presence of abundant
substrates, lack of cofactors, and O2 or increases in peroxides
might favor formation of HNO or NO2, which may have im-
portance in the regulation of coronary function, neurotrans-
mission, and other pathophysiologic states.

ABBREVIATIONS

cGMP, cyclic GMP; EDRF, endothelium-derived relaxing
factor; ER, endoplasmic reticulum; HIF, hypoxia-inducible
factor; HNO, nitroxyl; H2O2, hydrogen peroxide; mtNOS, mi-
tochondrial nitric oxide synthase; NFkB, nuclear factor-kB;
NO, nitric oxide; NO2, nitrogen dioxide; N2O3, dinitrogen tri-
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FIG. 6. (A) Potential modulation of normal respiration by feedback control of mtNOS and NO levels. (B) Generation of alter-
native products by mtNOS when complex I is inhibited, promoting cytoplasmic calcium imbalance and cell damage. IP3, inositol
trisphosphate.



oxide; NOHA, NG-hydroxy-L-arginine; NOS, nitric oxide
synthase; O2

2, superoxide anion; ONOO2, peroxynitrite;
PTP, permeability transition pore; RNOS, reactive nitrogen
oxide species; ROS, reactive oxygen species; sGC, soluble
guanylate cyclase; SOD, superoxide dismutase.

REFERENCES

1. Abi-Gerges N, Szabo G, Otero AS, Fischmeister R,
and Mery PF. NO donors potentiate the beta-adrenergic
stimulation of I(Ca,L) and the muscarinic activation of
I(K,ACh) in rat cardiac myocytes. J Physiol 540: 411–
424, 2002.

2. Adak S, Wang Q, and Stuehr DJ. Arginine conversion to
nitroxide by tetrahydrobiopterin-free neuronal nitric-
oxide synthase. Implications for mechanism. J Biol Chem
275: 33554–33561, 2000.

3. Bartberger MD, Liu W, Ford E, Miranda KM, Switzer C,
Fukuto JM, Farmer PJ, Wink DA, and Houk KN. The re-
duction potential of nitric oxide (NO) and its importance
to NO biochemistry. Proc Natl Acad Sci U S A 99:
10958–10963, 2002.

4. Bernardi P and Petronilli V. The permeability transition
pore as a mitochondrial calcium release channel: a criti-
cal appraisal. J Bioenerg Biomembr 28: 131–138, 1996.

5. Borutaite V and Brown GC. Rapid reduction of nitric
oxide by mitochondria, and reversible inhibition of mito-
chondrial respiration by nitric oxide. Biochem J 315 (Pt
1): 295–299, 1996.

6. Bringold U, Ghafourifar P, and Richter C. Peroxynitrite
formed by mitochondrial NO synthase promotes mito-
chondrial Ca2+ release. Free Radic Biol Med 29: 343–
348, 2000.

7. Brookes PS, Salinas EP, Darley-Usmar K, Eiserich JP,
Freeman BA, Darley-Usmar VM, and Anderson PG.
Concentration-dependent effects of nitric oxide on mito-
chondrial permeability transition and cytochrome c re-
lease. J Biol Chem 275: 20474–20479, 2000.

8. Brown GC. Nitric oxide regulates mitochondrial respira-
tion and cell functions by inhibiting cytochrome oxidase.
FEBS Lett 369: 136–139, 1995.

9. Brown GC. Nitric oxide inhibition of cytochrome oxidase
and mitochondrial respiration: implications for inflamma-
tory, neurodegenerative and ischaemic pathologies. Mol
Cell Biochem 174: 189–192, 1997.

10. Brown GC and Cooper CE. Nanomolar concentrations of
nitric oxide reversibly inhibit synaptosomal respiration
by competing with oxygen at cytochrome oxidase. FEBS
Lett 356: 295–298, 1994.

11. Brune B, von Knethen A, and Sandau KB. Transcription
factors p53 and HIF-1alpha as targets of nitric oxide. Cell
Signal 13: 525–533, 2001.

12. Ciani E, Guidi S, Bartesaghi R, and Contestabile A. Ni-
tric oxide regulates cGMP-dependent cAMP-responsive
element binding protein phosphorylation and Bcl-2 ex-
pression in cerebellar neurons: implication for a survival
role of nitric oxide. J Neurochem 82: 1282–1289, 2002.

13. Ciani E, Guidi S, Della Valle G, Perini G, Bartesaghi R,
and Contestabile A. Nitric oxide protects neuroblastoma
cells from apoptosis induced by serum deprivation
through cAMP-response element binding protein (CREB)
activation. J Biol Chem 277: 49896–49902, 2002.

14. Cockman ME, Masson N, Mole DR, Jaakkola P, Chang
GW, Clifford SC, Maher ER, Pugh CW, Ratcliffe PJ, and
Maxwell PH. Hypoxia inducible factor-alpha binding and
ubiquitylation by the von Hippel–Lindau tumor suppres-
sor protein. J Biol Chem 275: 25733–25741, 2000.

15. Colton CA, Gbadegesin M, Wink DA, Miranda KM,
Espey MG, and Vicini S. Nitroxyl anion regulation of the
NMDA receptor. J Neurochem 78: 1126–1134, 2001.

16. Cotton FA and Wilkinson G. Advanced Inorganic Chem-
istry. 6th edition, pp. 128–160. New York: Wiley & Sons,
1988.

17. Csordas G, Thomas AP, and Hajnoczky G. Calcium sig-
nal transmission between ryanodine receptors and mito-
chondria in cardiac muscle. Trends Cardiovasc Med 11:
269–275, 2001.

18. Czapski G and Goldstein S. The role of the reactions of
?NO with superoxide and oxygen in biological systems: a
kinetic approach. Free Radic Biol Med 19: 785–794, 1995.

19. Deinum G, Stone JR, Babcock GT, and Marletta MA.
Binding of nitric oxide and carbon monoxide to soluble
guanylate cyclase as observed with resonance raman
spectroscopy. Biochemistry 35: 1540–1547, 1996.

20. Deng HX, Hentati A, Tainer JA, Iqbal Z, Cayabyab A,
Hung WY, Getzoff ED, Hu P, Herzfeldt B, Roos RP, et al.
Amyotrophic lateral sclerosis and structural defects in
Cu,Zn superoxide dismutase. Science 261: 1047–1051,
1993.

21. Edwards JC, Barry BK, Gruetter DY, Ohlstein EH, Bari-
cos WH, and Ignarro LJ. Activation of hepatic guanylate
cyclase by nitrosyl-heme complexes. Comparison of un-
purified and partially purified enzyme. Biochem Phar-
macol 30: 2531–2538, 1981.

22. Elfering SL, Sarkela TM, and Giulivi C. Biochemistry of
mitochondrial nitric-oxide synthase. J Biol Chem 277:
38079–38086, 2002.

23. Epstein AC, Gleadle JM, McNeill LA, Hewitson KS,
O’Rourke J, Mole DR, Mukherji M, Metzen E, Wilson
MI, Dhanda A, Tian YM, Masson N, Hamilton DL,
Jaakkola P, Barstead R, Hodgkin J, Maxwell PH, Pugh
CW, Schofield CJ, and Ratcliffe PJ. C. elegans EGL-9
and mammalian homologs define a family of dioxyge-
nases that regulate HIF by prolyl hydroxylation. Cell 107:
43–54, 2001.

24. Espey MG, Miranda KM, Thomas DD, Xavier S, Citrin
D, Vitek MP, and Wink DA. A chemical perspective on
the interplay between NO, reactive oxygen species, and
reactive nitrogen oxide species. Ann N Y Acad Sci U S A
962: 195–206, 2002.

25. Espey MG, Thomas DD, Miranda KM, and Wink DA. Fo-
cusing of nitric oxide mediated nitrosation and oxidative
nitrosylation as a consequence of reaction with superox-
ide. Proc Natl Acad Sci U S A 99: 11127–11132, 2002.

26. Espey MG, Xavier S, Thomas DD, Miranda KM, and
Wink DA. Direct real-time evaluation of nitration with

314 THOMAS ET AL.



green fluorescent protein in solution and within human
cells reveals the impact of nitrogen dioxide vs. peroxyni-
trite mechanisms. Proc Natl Acad Sci U S A 99: 3481–
3486, 2002.

27. Estevez AG, Spear N, Thompson JA, Cornwell TL, Radi
R, Barbeito L, and Beckman JS. Nitric oxide-dependent
production of cGMP supports the survival of rat embry-
onic motor neurons cultured with brain-derived neuro-
trophic factor. J Neurosci 18: 3708–3714, 1998.

28. Eu JP, Xu L, Stamler JS, and Meissner G. Regulation of
ryanodine receptors by reactive nitrogen species. Biochem
Pharmacol 57: 1079–1084, 1999.

29. Fiskum G. Mitochondrial participation in ischemic and
traumatic neural cell death. J Neurotrauma 17: 843–855,
2000.

30. Ford PC and Lorkovic IM. Mechanistic aspects of the re-
actions of nitric oxide with transition-metal complexes.
Chem Rev 102: 993–1018, 2002.

31. Fukuto JM, Stuehr DJ, Feldman PL, Bova MP, and Wong
P. Peracid oxidation of an N-hydroxyguanidine com-
pound: a chemical model for the oxidation of N omega-
hydroxyl-L-arginine by nitric oxide synthase. J Med Chem
36: 2666–2670, 1993.

32. Gerzer R, Hofmann F, and Schultz G. Purification of a sol-
uble, sodium-nitroprusside-stimulated guanylate cyclase
from bovine lung. Eur J Biochem 116: 479–486, 1981.

33. Ghafourifar P and Richter C. Nitric oxide synthase activ-
ity in mitochondria. FEBS Lett 418: 291–296, 1997.

34. Ghafourifar P and Richter C. Mitochondrial nitric oxide
synthase regulates mitochondrial matrix pH. Biol Chem
380: 1025–1028, 1999.

35. Ghafourifar P, Schenk U, Klein SD, and Richter C. Mito-
chondrial nitric-oxide synthase stimulation causes cyto-
chrome c release from isolated mitochondria. Evidence
for intramitochondrial peroxynitrite formation. J Biol
Chem 274: 31185–31188, 1999.

36. Gonzalez-Zulueta M, Dawson VL, and Dawson TM.
Neurotoxic actions and mechanisms of NO. In: Nitric
Oxide: Biology and Pathobiology, edited by Ignarro LJ.
New York: Academic Press, 2000, pp. 695–710.

37. Goodwin DC, Landino LM, and Marnett LJ. Effects of
nitric oxide and nitric oxide-derived species on prosta-
glandin endoperoxide synthase and prostaglandin biosyn-
thesis. FASEB J 13: 1121–1136, 1999.

38. Griffith OW and Stuehr DJ. Nitric oxide synthases: prop-
erties and catalytic mechanism. Annu Rev Physiol 57:
707–736, 1995.

39. Grisham MB, Pavlick KP, Laroux FS, Hoffman J, Bhar-
wani S, and Wolf RE. Nitric oxide and chronic gut in-
flammation: controversies in inflammatory bowel dis-
ease. J Invest Med 50: 272–283, 2002.

40. Grozdanovic Z. NO message from muscle. Microsc Res
Tech 55: 148–153, 2001.

41. Gryglewski RJ, Palmer RM, and Moncada S. Superoxide
anion is involved in the breakdown of endothelium-derived
vascular relaxing factor. Nature 320: 454–456, 1986.

42. Hanson ES and Leibold EA. Regulation of the iron regu-
latory proteins by reactive nitrogen and oxygen species.
Gene Expr 7: 367–376, 1999.

43. Henry YA, Guissani A, and Ducastel B. Nitric Oxide Re-
search from Chemistry to Biology: EPR Spectroscopy of
Nitrosylated Compounds (Molecular Biology Intelligence
Unit Series). New York: Chapman & Hall, 1997.

44. Horn TF, Wolf G, Duffy S, Weiss S, Keilhoff G, and
MacVicar BA. Nitric oxide promotes intracellular calcium
release from mitochondria in striatal neurons. FASEB J
16: 1611–1622, 2002.

45. Hoshino M, Ozawa K, Seki H, and Ford PC. J Am Chem
Soc 115: 9568–9575, 1993.

46. Hurst JK, Spallholz JE, and Boylan M. Peroxidases in
Chemistry and Biology, Boca Raton, FL: CRC Press,
2002, pp. 37–292.

47. Ichas F and Mazat JP. From calcium signaling to cell
death: two conformations for the mitochondrial perme-
ability transition pore. Switching from low- to high- con-
ductance state. Biochim Biophys Acta 1366: 33–50, 1998.

48. Ignarro LJ, Degnan JN, Baricos WH, Kadowitz PJ, and
Wolin MS. Activation of purified guanylate cyclase by
nitric oxide requires heme. Comparison of heme-deficient,
heme-reconstituted and heme-containing forms of solu-
ble enzyme from bovine lung. Biochim Biophys Acta 718:
49–59, 1982.

49. Ignarro LJ, Wood KS, and Wolin MS. Activation of puri-
fied soluble guanylate cyclase by protoporphyrin IX.
Proc Natl Acad Sci U S A 79: 2870–2873, 1982.

50. Ignarro LJ, Buga GM, Wood KS, Byrns RE, and Chaud-
huri G. Endothelium-derived relaxing factor produced
and released from artery and vein is nitric oxide. Proc
Natl Acad Sci U S A 84: 9265–9269, 1987.

51. Ignarro LJ, Byrns RE, Buga GM, and Wood KS. Endo-
thelium-derived relaxing factor from pulmonary artery
and vein possesses pharmacologic and chemical proper-
ties identical to those of nitric oxide radical. Circ Res 61:
866–879, 1987.

52. Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J,
Gaskell SJ, Kriegsheim A, Hebestreit HF, Mukherji M,
Schofield CJ, Maxwell PH, Pugh CW, and Ratcliffe PJ.
Targeting of HIF-alpha to the von Hippel–Lindau ubiqui-
tylation complex by O2-regulated prolyl hydroxylation.
Science 292: 468–472, 2001.

53. Kanai AJ, Pearce LL, Clemens PR, Birder LA, VanBibber
MM, Choi SY, de Groat WC, and Peterson J. Identifica-
tion of a neuronal nitric oxide synthase in isolated cardiac
mitochondria using electrochemical detection. Proc Natl
Acad Sci U S A 98: 14126–14131, 2001.

54. Kharitonov VG, Sharma VS, Magde D, and Koesling D. Ki-
netics of nitric oxide dissociation from five- and six-
coordinate nitrosyl hemes and heme proteins, including sol-
uble guanylate cyclase. Biochemistry 36: 6814–6818, 1997.

55. Kim YM, Chung HT, Simmons RL, and Billiar TR. Cel-
lular non-heme iron content is a determinant of nitric
oxide-mediated apoptosis, necrosis, and caspase inhibi-
tion. J Biol Chem 275: 10954–10961, 2000.

56. Kirsch M, Korth HG, Sustmann R, and de Groot H. The
pathobiochemistry of nitrogen dioxide. Biol Chem 383:
389–399, 2002.

57. Korth HG, Sustmann R, Thater C, Butler AR, and Ingold
KU. On the mechanism of the nitric oxide synthase-

HEME PROTEINS AND NO 315



catalyzed conversion of N omega-hydroxyl-L-arginine to
citrulline and nitric oxide. J Biol Chem 269: 17776–
17779, 1994.

58. Kushnareva YE and Sokolove PM. Prooxidants open
both the mitochondrial permeability transition pore
and a low-conductance channel in the inner mitochon-
drial membrane. Arch Biochem Biophys 376: 377–388,
2000.

59. Lala PK and Chakraborty C. Role of nitric oxide in car-
cinogenesis and tumour progression. Lancet Oncol 2:
149–156, 2001.

60. Lancaster JR Jr. A tutorial on the diffusibility and reactiv-
ity of free nitric oxide. Nitric Oxide 1: 18–30, 1997.

61. Liu X, Miller MJ, Joshi MS, Sadowska-Krowicka H,
Clark DA, and Lancaster JR Jr. Diffusion-limited reac-
tion of free nitric oxide with erythrocytes. J Biol Chem
273: 18709–18713, 1998.

62. Lymar SV, Jiang Q, and Hurst JK. Mechanism of carbon
dioxide-catalyzed oxidation of tyrosine by peroxynitrite.
Biochemistry 35: 7855–7861, 1996.

63. MacMicking J, Xie QW, and Nathan C. Nitric oxide and
macrophage function. Annu Rev Immunol 15: 323–350,
1997.

64. Matsunaga K and Furchgott RF. Interactions of light and
sodium nitrite in producing relaxation of rabbit aorta. J
Pharmacol Exp Ther 248: 687–695, 1989.

65. Meldolesi J. Rapidly exchanging Ca2+ stores in neurons:
molecular, structural and functional properties. Prog
Neurobiol 65: 309–338, 2001.

66. Milligan SA, Owens MW, and Grisham MB. Augmenta-
tion of cytokine-induced nitric oxide synthesis by hydro-
gen peroxide. Am J Physiol 271: L114–L120, 1996.

67. Miranda KM, Espey MG, Yamada K, Krishna M, Lud-
wick N, Kim S, Jourd’Heuil D, Grisham MB, Feelisch M,
Fukuto JM, and Wink DA. Unique oxidative mechanisms
for the reactive nitrogen oxide species, nitroxyl anion. J
Biol Chem 276: 1720–1727, 2001.

68. Murad F. The nitric oxide–cyclic GMP signal transduc-
tion system for intracellular and intercellular communi-
cation. Recent Prog Horm Res 49: 239–248, 1994.

69. Nathan C and Xie QW. Regulation of biosynthesis of ni-
tric oxide. J Biol Chem 269: 13725–13728, 1994.

70. Nordblom GD, White RE, and Coon MJ. Studies on hy-
droperoxide-dependent substrate hydroxylation by puri-
fied liver microsomal cytochrome P-450. Arch Biochem
Biophys 175: 524–533, 1976.

71. Palmer RM, Ferrige AG, and Moncada S. Nitric oxide re-
lease accounts for the biological activity of endothelium-
derived relaxing factor. Nature 327: 524–526, 1987.

72. Paolocci N, Saavedra WF, Miranda KM, Martignani C,
Isoda T, Hare JM, Espey MG, Fukuto JM, Feelisch M,
Wink DA, and Kass DA. Nitroxyl anion exerts redox-
sensitive positive cardiac inotropy in vivo by calcitonin
gene-related peptide signaling. Proc Natl Acad Sci U S A
98: 10463–10468, 2001.

73. Pearce LL, Kanai AJ, Birder LA, Pitt BR, and Peterson J.
The catabolic fate of nitric oxide: the nitric oxide oxidase
and peroxynitrite reductase activities of cytochrome oxi-
dase. J Biol Chem 277: 13556–13562, 2002.

74. Piantadosi CA, Tatro LG, and Whorton AR. Nitric oxide
and differential effects of ATP on mitochondrial perme-
ability transition. Nitric Oxide 6: 45–60, 2002.

75. Quintiliani M, Badiello R, Tamba M, Esfandi A, and
Gorin G. Radiolysis of glutathione in oxygen-containing
solutions of pH7. Int J Radiat Biol Relat Stud Phys Chem
Med 32: 195–202, 1977.

76. Rees DD. Cardiovascular actions of nitric oxide. In: Ni-
tric Oxide and Infection, edited by Fang FC. New York:
Academic/Plenum, 1999, pp. 151–174.

77. Reichert SA, Kim-Han JS, and Dugan LL. The mitochon-
drial permeability transition pore and nitric oxide syn-
thase mediate early mitochondrial depolarization in as-
trocytes during oxygen-glucose deprivation. J Neurosci
21: 1029–1032, 2001.

78. Richter-Addo GB and Legzdins P. Metal Nitrosyls. Ox-
ford: Oxford University Press, 1997.

79. Rowland A, Murray AJ, and Wellburn AR. Oxides of ni-
trogen and their impact upon vegetation. Rev Environ
Health 5: 295–342, 1985.

80. Sandau KB, Zhou J, Kietzmann T, and Brune B. Regula-
tion of the hypoxia-inducible factor 1alpha by the inflam-
matory mediators nitric oxide and tumor necrosis factor-
alpha in contrast to desferroxamine and phenylarsine oxide.
J Biol Chem 276: 39805–39811, 2001.

81. Scheele JS, Bruner E, Kharitonov VG, Martasek P,
Roman LJ, Masters BS, Sharma VS, and Magde D. Ki-
netics of NO ligation with nitric-oxide synthase by flash
photolysis and stopped-flow spectrophotometry. J Biol
Chem 274: 13105–13110, 1999.

82. Sharma VS and Magde D. Activation of soluble guanylate
cyclase by carbon monoxide and nitric oxide: a mecha-
nistic model. Methods 19: 494–505, 1999.

83. Star RA. Intrarenal localization of nitric oxide synthase
isoforms and soluble guanylyl cyclase. Clin Exp Pharma-
col Physiol 24: 607–610, 1997.

84. Stone JR and Marletta MA. Soluble guanylate cyclase
from bovine lung: activation with nitric oxide and carbon
monoxide and spectral characterization of the ferrous and
ferric states. Biochemistry 33: 5636–5640, 1994.

85. Stone JR and Marletta MA. The ferrous heme of soluble
guanylate cyclase: formation of hexacoordinate complexes
with carbon monoxide and nitrosomethane. Biochemistry
34: 16397–16403, 1995.

86. Takehara Y, Kanno T, Yoshioka T, Inoue M, and Utsumi
K. Oxygen-dependent regulation of mitochondrial en-
ergy metabolism by nitric oxide. Arch Biochem Biophys
323: 27–32, 1995.

87. Takemura S, Minamiyama Y, Imaoka S, Funae Y, Hiro-
hashi K, Inoue M, and Kinoshita H. Hepatic cytochrome
P450 is directly inactivated by nitric oxide, not by inflam-
matory cytokines, in the early phase of endotoxemia. J
Hepatol 30: 1035–1044, 1999.

88. Tamba M, Simone G, and Quintiliani M. Interactions of
thiyl free radicals with oxygen: a pulse radiolysis study.
Int J Radiat Biol Relat Stud Phys Chem Med 50: 595–
600, 1986.

89. Thomas DD, Liu X, Kantrow SP, and Lancaster JR Jr. The
biological lifetime of nitric oxide: implications for the

316 THOMAS ET AL.



perivascular dynamics of NO and O2. Proc Natl Acad Sci
U S A 98: 355–360, 2001.

90. Thomas DD, Espey MG, Vitek MP, Miranda KM, and
Wink DA. Protein nitration is mediated by heme and free
metals through Fenton-type chemistry: an alternative to
the NO/O2

2 reaction. Proc Natl Acad Sci U S A 99:
12691–12696, 2002.

91. Torreilles F, Salman-Tabcheh S, Guerin M, and Torreilles
J. Neurodegenerative disorders: the role of peroxynitrite.
Brain Res Brain Res Rev 30: 153–163, 1999.

92. Tzeng E, Billiar TR, Robbins PD, Loftus M, and Stuehr
DJ. Expression of human inducible nitric oxide synthase
in a tetrahydrobiopterin (H4B)-deficient cell line: H4B
promotes assembly of enzyme subunits into an active
dimer. Proc Natl Acad Sci U S A 92: 11771–11775, 1995.

93. van der Vliet A, Eiserich JP, Halliwell B, and Cross CE.
Formation of reactive nitrogen species during peroxi-
dase-catalyzed oxidation of nitrite. A potential additional
mechanism of nitric oxide-dependent toxicity. J Biol
Chem 272: 7617–7625, 1997.

94. Wanat A, Schneppensieper T, Stochel G, van Eldik R, Bill
E, and Wieghardt K. Kinetics, mechanism, and spec-
troscopy of the reversible binding of nitric oxide to aquated
iron(II). An undergraduate text book reaction revisited.
Inorg Chem 41: 4–10, 2002.

95. Wennmalm A, Benthin G, and Petersson AS. Dependence
of the metabolism of nitric oxide (NO) in healthy human
whole blood on the oxygenation of its red cell haemoglo-
bin. Br J Pharmacol 106: 507–508, 1992.

96. Wink DA and Mitchell JB. Chemical biology of nitric
oxide: insights into regulatory, cytotoxic, and cytoprotec-
tive mechanisms of nitric oxide. Free Radic Biol Med 25:
434–456, 1998.

97. Wink DA, Hanbauer I, Grisham MB, Laval F, Nims RW,
Laval J, Cook J, Pacelli R, Liebmann J, Krishna M, Ford
PC, and Mitchell JB. Chemical biology of nitric oxide:

regulation and protective and toxic mechanisms. Curr
Top Cell Regul 34: 159–187, 1996.

98. Wink DA, Cook JA, Kim SY, Vodovotz Y, Pacelli R,
Krishna MC, Russo A, Mitchell JB, Jourd’Heuil D, Miles
AM, and Grisham MB. Superoxide modulates the oxida-
tion and nitrosation of thiols by nitric oxide-derived reac-
tive intermediates. Chemical aspects involved in the bal-
ance between oxidative and nitrosative stress. J Biol Chem
272: 11147–11151, 1997.

99. Wink DA, Miranda KM, Espey MG, Pluta RM, Hewett
SJ, Colton C, Vitek M, Feelisch M, and Grisham MB.
Mechanisms of the antioxidant effects of nitric oxide. An-
tioxid Redox Signal 3: 203–213, 2001.

100. Xu W, Liu Y, Wang S, McDonald T, Van Eyk JE, Sidor A,
and O’Rourke B. Cytoprotective role of Ca2+-activated
K+ channels in the cardiac inner mitochondrial mem-
brane. Science 298: 1029–1033, 2002.

101. Yu K, Mitchell C, Xing Y, Magliozzo RS, Bloom BR, and
Chan J. Toxicity of nitrogen oxides and related oxidants
on mycobacteria: M. tuberculosis is resistant to peroxyni-
trite anion. Tuber Lung Dis 79: 191–198, 1999.

102. Zang V, Kotowski M, and van Eldik R. Kinetics and
mechanism of the formation of FeII(edta)NO in the sys-
tem FeII(edta)/NO/HONO/NO2

– in aqueous solutions.
Inorg Chem 27: 3279–3283, 1988.

Address reprint requests to:
David A. Wink, Ph.D.

Radiation Biology Branch
National Cancer Institute

National Institutes of Health
Building 10, Room B3-B69

Bethesda, MD 20892

Received for publication September 26, 2002; accepted March
7, 2003.

HEME PROTEINS AND NO 317



This article has been cited by:

1. David G. Harrison, James M. LutherVascular Pharmacology 75-93. [CrossRef]

2. Kumpal Madrasi, Mahesh S. Joshi, Tushar Gadkari, Konstantinos Kavallieratos, Nikolaos M. Tsoukias.
2012. Glutathiyl radical as an intermediate in glutathione nitrosation. Free Radical Biology and
Medicine . [CrossRef]

3. Juan Pellegrino, Ralph Hübner, Fabio Doctorovich, Wolfgang Kaim. 2011. Spectroelectrochemical
Evidence for the Nitrosyl Redox Siblings NO+, NO., and NO- Coordinated to a Strongly Electron-
Accepting FeII Porphyrin: DFT Calculations Suggest the Presence of High-Spin States after Reduction
of the FeII-NO- Complex. Chemistry - A European Journal 17:28, 7868-7874. [CrossRef]

4. Juan F. Reyes, Yifan Fu, Laurel Vana, Nicholas M. Kanaan, Lester I. Binder. 2011. Tyrosine Nitration
within the Proline-Rich Region of Tau in Alzheimer's Disease. The American Journal of Pathology
178:5, 2275-2285. [CrossRef]

5. C. B. Pattillo, S. Bir, V. Rajaram, C. G. Kevil. 2011. Inorganic nitrite and chronic tissue ischaemia: a
novel therapeutic modality for peripheral vascular diseases. Cardiovascular Research 89:3, 533-541.
[CrossRef]

6. Fabio Doctorovich, Damian Bikiel, Juan Pellegrino, Sebastián A. Suárez, Marcelo A. Martí. 2010.
Stabilization and detection of nitroxyl by iron and cobalt porphyrins in solution and on surfaces. Journal
of Porphyrins and Phthalocyanines 14:12, 1012-1018. [CrossRef]

7. Juan Pellegrino, Sara E. Bari, Damia#n E. Bikiel, Fabio Doctorovich. 2010. Successful Stabilization
of the Elusive Species {FeNO} 8 in a Heme Model. Journal of the American Chemical Society 132:3,
989-995. [CrossRef]

8. Claudia Penna, Daniele Mancardi, Raffaella Rastaldo, Pasquale Pagliaro. 2009. Cardioprotection: A
radical view. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1787:7, 781-793. [CrossRef]

9. C. Vecoli, N. Paolocci. 2007. When the heart sleeps... Is the vagus resetting the myocardial 'redox
clock'?. Cardiovascular Research 77:4, 609-611. [CrossRef]

10. Molly E. Beckers-Trapp, Louise Lanoue, Carl L. Keen, Robert B. Rucker, Janet Y. Uriu-Adams. 2006.
Abnormal development and increased 3-nitrotyrosine in copper-deficient mouse embryos. Free Radical
Biology and Medicine 40:1, 35-44. [CrossRef]

11. Nathan S Bryan, Bernadette O Fernandez, Selena M Bauer, Maria Francisca Garcia-Saura, Alexandra
B Milsom, Tienush Rassaf, Ronald E Maloney, Ajit Bharti, Juan Rodriguez, Martin Feelisch. 2005.
Nitrite is a signaling molecule and regulator of gene expression in mammalian tissues. Nature Chemical
Biology 1:5, 290-297. [CrossRef]

12. Tracy Chen, Linda L. Pearce, Jim Peterson, Detcho Stoyanovsky, Timothy R. Billiar. 2005. Glutathione
depletion renders rat hepatocytes sensitive to nitric oxide donor-mediated toxicity. Hepatology 42:3,
598-607. [CrossRef]

13. N. S. Bryan. 2004. Cellular targets and mechanisms of nitros(yl)ation: An insight into their nature and
kinetics in vivo. Proceedings of the National Academy of Sciences 101:12, 4308-4313. [CrossRef]

14. Pedram Ghafourifar , Carol A. Colton . 2003. Compartmentalized Nitrosation and Nitration in
Mitochondria. Antioxidants & Redox Signaling 5:3, 349-354. [Abstract] [Full Text PDF] [Full Text
PDF with Links]

15. Pedram Ghafourifar , Carol A. Colton . 2003. Mitochondria and Nitric Oxide. Antioxidants & Redox
Signaling 5:3, 249-250. [Citation] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1016/B978-1-4377-2930-6.00006-9
http://dx.doi.org/10.1016/j.freeradbiomed.2012.08.013
http://dx.doi.org/10.1002/chem.201003516
http://dx.doi.org/10.1016/j.ajpath.2011.01.030
http://dx.doi.org/10.1093/cvr/cvq297
http://dx.doi.org/10.1142/S1088424610002914
http://dx.doi.org/10.1021/ja905062w
http://dx.doi.org/10.1016/j.bbabio.2009.02.008
http://dx.doi.org/10.1093/cvr/cvn009
http://dx.doi.org/10.1016/j.freeradbiomed.2005.08.020
http://dx.doi.org/10.1038/nchembio734
http://dx.doi.org/10.1002/hep.20813
http://dx.doi.org/10.1073/pnas.0306706101
http://dx.doi.org/10.1089/152308603322110913
http://online.liebertpub.com/doi/pdf/10.1089/152308603322110913
http://online.liebertpub.com/doi/pdfplus/10.1089/152308603322110913
http://online.liebertpub.com/doi/pdfplus/10.1089/152308603322110913
http://dx.doi.org/10.1089/152308603322110823
http://online.liebertpub.com/doi/pdf/10.1089/152308603322110823
http://online.liebertpub.com/doi/pdfplus/10.1089/152308603322110823

