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Nitric oxide, oxidants, and protein tyrosine nitration
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The occurrence of protein tyrosine nitration under disease conditions is now firmly established and represents a shift from the signal
transducing physiological actions of “NO to oxidative and potentially pathogenic pathways. Tyrosine nitration is mediated by reactive ni-
trogen species such as peroxynitrite anion (ONOO™) and nitrogen dioxide (*NO), formed as secondary products of *NO metabolism in the
presence of oxidants including superoxide radicals (O3 ), hydrogen peroxide (H,0,), and transition metal centers. The precise interplay be-
tween °NO and oxidants and the identification of the proximal intermediate(s) responsible for nitration in vivo have been under contro-
versy. Despite the capacity of peroxynitrite to mediate tyrosine nitration in vitro, its role on nitration in vivo has been questioned, and al-
ternative pathways, including the nitrite/H,0,/hemeperoxidase and transition metal-dependent mechanisms, have been proposed. A
balanced analysis of existing evidence indicates that (i) different nitration pathways can contribute to tyrosine nitration in vivo, and (ii)
most, if not all, nitration pathways involve free radical biochemistry with carbonate radicals (CO3) and/or oxo-metal complexes oxidizing
tyrosine to tyrosyl radical followed by the diffusion-controlled reaction with *NO, to yield 3-nitrotyrosine. Although protein tyrosine nitra-
tion is a low-yield process in vivo, 3-nitrotyrosine has been revealed as a relevant biomarker of *“NO-dependent oxidative stress; addition-
ally, site-specific nitration focused on particular protein tyrosines may result in modification of function and promote a biological effect.
Tissue distribution and quantitation of protein 3-nitrotyrosine, recognition of the predominant nitration pathways and individual identifi-

cation of nitrated proteins in disease states open new avenues for the understanding and treatment of human pathologies.

arly after the discovery of the sig-
nal transducing physiological func-
tions of the free radical nitric ox-
ide ("NO) in the vasculature and
nervous system (e.g., vasodilation and
neurotransmission), it became evident that
*NO could also participate as a cytotoxic
effector molecule and/or a pathogenic
mediator when produced at high rates by
either inflammatory stimuli-induced nitric
oxide synthase (iNOS) or overstimulation
of the constitutive forms (eNOS and
nNOS) (1). Much of *“NO-mediated
pathogenicity depends on the formation
of secondary intermediates such as per-
oxynitrite anion (ONOO™) and nitrogen
dioxide (*"NO;) that are typically more
reactive and toxic than *NO per se (2).
The formation of reactive nitrogen species
from *NO requires the presence of oxi-
dants such as superoxide radicals (05 "),
hydrogen peroxide (H>O,), and transition
metal centers, the concentration of which
can be increased either by "NO itself or
by the same mediators that up-regulate
*NO production. Nitrogen dioxide can
also be formed in hydrophobic environ-
ments from the reactions of *“NO with
molecular oxygen, where these species
concentrate (3, 4). One of the molecular
footprints left by the reactions of reactive
nitrogen species with biomolecules is the
nitration (i.e., addition of nitro group,
—NO,) of protein tyrosine residues to
3-nitrotyrosine. The formation of protein
3-nitrotyrosine was originally addressed in
early protein chemistry studies with tetra-
nitromethane aimed at establishing the
function of tyrosines in proteins (5). This
now-established posttranslational modifi-
cation attracts considerable interest to
biomedical research, because it can alter
protein function, is associated to acute
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and chronic disease states, and can be a
predictor of disease risk.

Seminal work by Beckman et al. (6) and
Ischiropoulos et al. (7) demonstrated the
capacity of peroxynitrite to cause protein
tyrosine nitration in vitro and established
the concept that biologically produced
intermediates could promote nitration in
vivo (8, 9), as was also suggested in an
earlier work by Ohshima et al. (10). How-
ever, the role of peroxynitrite as a central
species in biological nitration has been
more recently questioned (11, 12), and
alternative pathways, most notably mecha-
nisms that depend on the formation of
*NO; by the action of hemeperoxidases
and/or transition metal complexes on a
main product of *NO metabolism, nitrite
(NO;), have been presented as contribu-
tors (12-15).

In addition to nitration, inflammatory
conditions promote other oxidative modi-
fications in tyrosine such as chlorination,
bromination, and hydroxylation to
3-chloro-, 3-bromo-, or 3-hydroxytyrosine,
the detection of which may assist in iden-
tifying preferential nitration pathways.
The extent of these oxidative modifica-
tions in vivo can reach similar values per
milligram of tissue protein (e.g., 10-100
pmol/mg) and are comparable to the lev-
els of protein S-nitrosation. It is also im-
portant to appreciate that other oxidative
processes triggered by reactive nitrogen
species such as thiol and methionine oxi-
dation, disruption of iron—sulfur clusters,
and oxidation of transition metal centers
(2) can, in many cases, be more relevant
than nitration in the promotion cell dys-
function/death.

A balanced analysis of all of the exist-
ing in vitro and in vivo evidence indicates
that more than one pathway can contrib-
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ute to protein tyrosine nitration. Interest-
ingly, the alternative nitration pathways
share common characteristics, because
they involve free radical biochemistry with
the participation of transient tyrosyl,
*NO,, and carbonate (CO; ") radicals
and/or oxo-metal complexes.

NO Reaction with Superoxide and the
Formation of Peroxynitrite

A relevant debate in the field has been
whether peroxynitrite can be produced
biologically at levels high enough to play a
significant role in *NO-dependent pathol-
ogy (16, 17). Because peroxynitrite is a
transient species with a biological half-life
[10-20 ms (18)] even shorter than that of
*NO [1-30 s (1)], it cannot be directly
measured, and its presence must be in-
ferred from a combination of analytical,
pharmacological, and/or genetic ap-
proaches (19)." The biological reactions of
‘NO with O; were initially proposed dur-
ing studies that characterized the chemical
nature of the endothelial-derived relaxing
factor as *"NO (20-22). Indeed, the bio-
logical half-life and actions of *NO in the
vasculature were prolonged by superoxide
dismutase (SOD), the enzyme that elimi-
nates O; " at diffusion-controlled rates,

Abbreviations: NOS, NO synthase; MPO, myeloperoxidase;
EPO, eosinophil peroxidase; SOD, superoxide dismutase;
LMW, low molecular weight.

*E-mail: rradi@fmed.edu.uy.

*The debate on the biological production and measure-
ment of peroxynitrite is analogous to a previous one on
O3~ that arose after the discovery of SOD by J. M. McCord
and 1. Fridovich. The recurring discussions during the first
decade led I. Fridovich and associates to invest large re-
search efforts into fully (and redundantly) establishing the
concept that O3~ was a biologically relevant reactive in-
termediate.
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and were decreased by enhanced O;~ for-
mation by redox-cycling molecules or high
oxygen tensions. Thus, early data firmly
established the existence of *NO and O~
interactions, although at the time the re-
action was perceived as one to just limit
the biological half-life of *NO to yield
relatively inert nitrate (NO3).

The rate constant of the reaction of
O;~ with *NO is larger (~10'° M~1s™1)
than with SOD (1-2 x 10° M~!s™1), and
therefore *“NO sometimes outcompetes
SOD for O; . The reaction of “NO with
O; " leads to the diffusion-controlled for-
mation of peroxynitrite anion (ONOO™)
(Eq. 1; for a review, see ref. 2):

"NO + 0} ->ONOO~ [1]

The influence of SOD on the half-life of
*NO and the formation of peroxynitrite
under various fluxes of "NO and O, (23)
and in different vascular tissue layers (24)
have been recently analyzed. Being O; ",
one of the factors controlling the half-life,
for instance, of vascular- (20-22) and in-
flammatory cell- (25) derived “NO, the
subsequent formation of peroxynitrite is
obligatory.¥ However, "NO and O;~ reac-
tions do not necessarily result in tissue
oxidative injury and in some cases can
even be cytoprotective (30, 31). Indeed,
low levels of peroxynitrite could be detox-
ified by enzymatic and nonenzymatic sys-
tems (32-35) and then, direct toxic effects
of either *NO or O;  neutralized. Forma-
tion of peroxynitrite might also play subtle
roles in signal transduction processes (36—
39). However, identification of oxidation
and nitration products in conjunction with
pharmacological and/or genetic ap-
proaches has substantiated direct toxicity
of peroxynitrite in pathophysiologically
relevant conditions (see ref. 19 and refer-
ences therein and below). Peroxynitrite is
a strong one- and two-electron oxidant
and can also evolve to *OH, "NO,, and
COj; ™ radicals. Peroxynitrite does not re-
act directly with tyrosine (2) but oxidizes
and nitrates it through its radical products.
Revisions on the biological chemistry of
peroxynitrite and its derived radicals have
been published recently (2, 19, 40).

*Under some circumstances, SOD could augment the bio-
availability of *NO by 03 -independent mechanisms such
as (i) the SOD-mediated oxidation of nitroxyl anion (NO~)
to *NO (26);. and (ii) the SOD-mediated reduction of S-
nitrosothiols (27). These alternative mechanisms for the
actions of SOD could mainly operate intracellularly (28).
The immediate vascular responses to extracellularly added
SOD are due to the prevention of the oxidative inactiva-
tion of readily diffusible *NO. NO/O5 ™ interactions in the
vasculature are viewed as contributions to the develop-
ment of vascular disease states, including atherogenesis,
hypertension, and hyperglycemia (29).

The Transition Metal-Dependent
Formation of Strong Oxidants and
Nitrogen Dioxide

Elevations of redox active metals systems
such as iron (Fe), copper (Cu), and man-
ganese (Mn) contribute to oxidative dam-
age in disease states (12, 14). Also, in-
flammatory conditions trigger the release
of leukocyte peroxidases, including myelo-
peroxidase (MPO) and eosinophil peroxi-
dase (EPO), which play central roles in
tissue oxidant formation (13, 15, 41). Oxi-
dative stress promotes metal mobilization
from proteins by mechanisms that include
O; -mediated oxidation of labile iron—
sulfur clusters [e.g., aconitase and other
dehydratases (42)], redox-dependent
metal release from storage or transport
proteins (transferrin, ferritin, and cerulo-
plasmin), oxidative modifications of heme
proteins that result in heme release
and/or degradation (myoglobin and cyto-
chrome c), and histidine oxidation with
disruption of metal coordination sites (i.e.,
Cu-Zn SOD), among others. Metals re-
leased from proteins are trapped by low
molecular-weight (LMW) chelators such
as adenine nucleotides (ATP*and ADP?),
tri- and dicarboxylic acids (citrate, isocit-
rate, and piruvate), or phosphate or bind
to macromolecules and in conjunction
with free hemin (12, 14) become more
readily accessible to undesired redox bio-
chemistry (43). Typically, in the reductive
environment of tissues, these metal com-
plexes become reduced, and in particular
ferrous iron can react with hydrogen per-
oxide to form variable amounts of free
*OH and oxoferryl species [Fenton reac-
tion (43); Eq. 2]:

X-Fe3* + "OH
X-Fe2* + H,0,”
N

[2a]

X-Fe*'=0  [2b]
The large reactivity of free *“OH with
most biomolecules and its minimal diffu-
sion distance (three to four molecular di-
ameters) makes it unselective for protein
modification unless site-specifically formed
within metal-binding sites; oxo—iron com-
plexes live longer and are more selective
in substrate/target reactions. Oxidized
transition metals also react with H,O; to
form secondary oxidizing species, e.g.,
ferric heme reaction with H,O, yields an
oxoferryl intermediate plus a porphyrin
radical cation (14).

Oxo-metal complexes, in turn, favor
formation of “NO,. Indeed, NO; evolves
to "NO; via a one-electron oxidation. For
instance, MPO (and EPO) can oxidize
NO; by compounds I (k = 2 X 10°
M~ s71) (44) and I (k = 5.5 X 10?
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M~!s™1) oxo-iron intermediates (14, 15)
(Egs. 3-5):

MPO (Fe**) + H,0, —
MPO "™ (Fe**) (compound I) [3]
MPO "™ (Fe**) + NO; —
MPO (Fe*") + "NO, (compound II)
[4]
MPO (Fe*') + NO; —
MPO (Fe**) + 'NO, [5]

Other hemeproteins, free hemin, and
LMW complexes can undergo similar re-
actions to produce *NO,, although pre-
sumably at lower rates (12).

The reactions of peroxynitrite with oxi-
dized transition metal centers including
MPO (45) can sometimes concomitantly
yield oxo-metal complexes and *NO,. In-
deed, the O—O bond in ONOO™ is sig-
nificantly weakened by association with
Lewis acids such as H*, CO,, or transition
metal centers (Me"X), which favor its ho-
molysis (ref. 46; Eq. 6):

ONOO™ + Me"X —
ONOO-Me"X — "‘NO, + ‘'O-Me"X —
‘NO, + O=Me""'X [6]

Although the H*- or CO,-catalyzed ho-
molysis results in radical yields of ~30%
and 35%, respectively, oxidant yield from
metals (Eq. 6) can, in some cases, reach
up to 100% (6, 46). Thus, there is positive
feedback among redox active metals and
oxidants and "NO to facilitate the produc-
tion of the mediators of nitration.

Iron Regulatory Proteins, *NO, and
Oxidant Stress

NO and oxidants influence the biochemi-
cal mechanisms that regulate cell iron ho-
meostasis and that involve iron regulatory
proteins 1 and 2 (IRP-1/2). IRPs play
pivotal roles in assuring the maintenance
of iron in the LMW pool at levels suffi-
cient for the biosynthesis of heme- and
nonheme proteins but not exceeding
amounts that may impose a risk of metal-
dependent oxidative damage (47). IRP-1
in its inactive state contains a cubane
4Fe-4S cluster with a labile iron (Fea)
and displays aconitase activity. Total dis-
assembly of the cluster to the apoprotein
yields a fully active IRP-1, which in turn
promotes down-regulation of ferritin and
up-regulation of the transferrin receptor
with an overall increase of LMW iron.
Mild oxidative stress and/or *“NO levels
lead to IRP-1 activation, whereas over-
production of reactive oxygen species or
peroxynitrite extends their action beyond
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Fig. 1.

reversible cluster disassembly and pro-
duces irreversible inactivation via oxida-
tion of critical thiols. IRP-2 does not con-
tain the iron—sulfur cluster, and its activity
is controlled by level of expression and
oxidant-stimulated proteolytic
degradation.

The oxidant-dependent inactivation of
IRPs may be viewed as a negative feed-
back to inhibit the amplification of oxida-
tive damage but, in fact, it disrupts the
reversible mechanisms for controlling iron
homeostasis and may render the cell more
vulnerable. Also, an increase of the labile
iron pool by "NO may favor, on initiation
of oxidant stress, nitration reactions in
target cells before the homeostatic re-
sponses for iron sequestration at the pro-
tein expression level are achieved. Inter-
estingly, during inflammatory conditions,
IRP-1 is found to be not only inactivated
but also nitrated (48). The role of IRPs in
the regulation of iron-dependent nitration
reactions remains to be elucidated.

The Free Radical Pathways to
Tyrosine Nitration

The very existence of 3-nitrotyrosine in
vivo supports free radical biochemistry
(Fig. 1). In fact, the two most widely in-
voked mechanisms of biological nitration,
namely the peroxynitrite and the heme-
peroxidase pathways, lead to the concomi-
tant formation of tyrosyl radicals and
*NO,, which combine at diffusion-
controlled rates to form 3-nitrotyrosine
(Fig. 1).

The oxidants leading to tyrosyl radical
are either CO3 ™~ or oxo-metal complexes
and, to a lesser extent, *OH. Importantly,
*NO, alone is inefficient in promoting
nitration, because it must react first with
tyrosine to yield tyrosyl radical, a reaction
that is slow compared to other processes
that *NO; undergoes, for example, with

Radi

The free radical pathways of tyrosine nitration.

thiols. The dimerization of tyrosyl radicals
to 3,3'-dityrosine competes with the for-
mation of 3-nitrotyrosine. However, pro-
tein tyrosyl radicals can be stabilized, with
intra- and intermolecular dimerization
limited due to spatial and diffusional con-
straints, both in aqueous and hydrophobic
compartments, in which case their reac-
tion with *NO, is favored. Another com-
peting pathway is the formation of 3-hy-
droxytyrosine, which can be mediated by
*OH and oxo-metal complexes (15). An
alternative radical mechanism for tyrosine
nitration involves the reaction of a tyrosyl
radical with "NO to form 3-nitrosotyro-
sine followed by a sequential two-electron
oxidation to 3-nitrotyrosine via tyrosine
iminoxyl radical; this mechanism may
operate in transition metal-containing
proteins that can readily oxidize
3-nitrosotyrosine before the latter can
reversibly generate tyrosyl radicals and
*NO, such as in the case of prostaglandin
H synthase-2 (49).

Is Electrophilic Aromatic Nitration a
Biological Mechanism?

The reactions of peroxynitrite with transi-
tion metal centers may promote tyrosine
nitration by a free radical-independent
chemistry, namely electrophilic aromatic
nitration (6, 7). In this mechanism, per-
oxynitrite would first form a complex with
the transition metal to yield a polarized
carrier of nitronium cation (NO3'), which
may then decompose to free NO3 by het-
erolysis (Eq. 7):

ONOO™ + Me"X —
ONOO-Me"X —
NOS*-0°"-Me"X —

NO; + 0=Me"X [7]
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Then, the polarized carrier or NO3 itself
could attack tyrosine as a two-electron
acceptor to yield a nitroarenium ion inter-
mediate, which then evolves to 3-nitroty-
rosine and a proton (50) (Egs. 8-10):

NO,-O-Me"™X + TyrH —
[TyrH-NO,-O-Me"X] —
NO,-Tyr + O=Me"X + H"  [8]
NO; + TyrH —
[NO,-TyrH*] — NO,-Tyr + H" [9]
O=Mn"X + 2H" — Me"X + H,0
[10]

The half-life of NO5 is too short in aque-
ous systems because of its fast reaction
with H,O and subsequent decay to NOs,
and therefore the metal-bound NOJ com-
plex would be the proximal reactant (Eq.
8). This mechanism of nitration® may op-
erate for some metal complexes such as in
the peroxynitrite-dependent nitrations of
Tyr-108 of bovine CuZn SOD (6) or
Tyr-34 of human MnSOD (51), although
current data cannot rule out a free radical
mechanism.

Electrophilic aromatic nitration can also
occur in vitro by the action of nitryl chlo-
ride (NO,Cl), formed from the relatively
slow reaction of MPO-derived hypochlor-
ous acid with NO, . However, the role of
NO,(I as a nitrating molecule in vivo is
highly unlikely (52). In summary, present
evidence cannot yet confirm that electro-
philic aromatic nitration is a biologically
relevant mechanism.

The Limited Efficiency of the Nitration
Reactions in Biology

Biological nitration yields are low, and,
under inflammatory conditions, one to
five 3-nitrotyrosine residues per 10,000
tyrosine residues (100-500 wmol/mol) are
detected (15, 53). This is due to a multi-
plicity of processes (reactions, diffusion)
that the precursors of nitrating species
(057, H,0,, "NO) and the proximal in-
termediates of nitration (*"NO,, CO;~,
oxo-metal complexes) can undergo,

to repair mechanisms of the tyrosyl
radical such as reduction by glutathione
and, presumably, by metabolism of
3-nitrotyrosine.”

§In the electrophilic aromatic nitration mechanism, there is
no net redox change in the metal center (Egs. 7-10). How-
ever, direct and unambiguous spectroscopic observation is
sometimes difficult due to low steady-state concentrations
and/or the absorption of peroxynitrite-metal complexes;
additionally, there is no formation of *NO>.

TNitrated proteins can also undergo enhanced proteolytic
degradation (54), and reports have suggested that a deni-
trase activity may be present in vivo (55).
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The idea of peroxynitrite as a mediator
of biological nitration was challenged by
observations demonstrating that the oxi-
dative biochemistry of peroxynitrite could
be strongly modulated by the relative
fluxes of "NO and O;~ (56-58). Indeed,
in homogenous systems, reasonable nitra-
tion yields are obtained only at an optimal
*NO/O; ™ flux ratio ~ one (11, 58), be-
cause excess of either "NO or O~ reacts
with tyrosyl radicals and *NO, and deacti-
vates the process. Also, under low radical
fluxes, the direct reaction of tyrosine with
*NO; competes with the recombination
reaction of “NO, with the tyrosyl radical.
The observations demonstrated that free
radical processes triggered by pure per-
oxynitrite may result in outcomes different
than those initiated by the simultaneous
production of *“NO and O;~ (11, 58) do
not reconcile well with solid biological
evidence (see below), supporting per-
oxynitrite-mediated nitration in vivo. This
apparent conflict can be solved by appre-
ciating the role of two key factors present
in cells and tissues: first, SOD, which sig-
nificantly lessens increases in the steady-
state levels of O; ", despite large varia-
tions of O, production rates; and
second, the rapid transmembrane diffu-
sion and/or cell consumption of “NO that
operates as a drain of excess *NO; thus,
augmentation of either "NO or O;~
fluxes in vivo will serve to trap more of
the partner radical, which otherwise is
being consumed by other processes in-
stead of accumulating and interfering with
the nitration process. Experimental con-
founding factors have also obscured this
discussion, including, in some works, the
presence of uric acid (see below) and the
lack of consideration of the diffusional
properties of extracellular peroxynitrite
and CO; . Thus, a modest nitration but
one that is responsive to the increase on
the absolute “NO and/or O;~ production
rates can be generated by peroxynitrite in
vivo. As examples at the cell level, the role
of endogenous peroxynitrite in protein
nitration has been substantiated by thor-
ough studies on motoneurons (59) and
smooth muscle cells (60) undergoing bio-
logically relevant challenges.

In inflammatory cells, the hemeperoxi-
dase nitration pathway (MPO, EPO) ap-
pears to more important extra- than intra-
cellularly, because intracellular
peroxidases may have limited supply of
NO, (61, 62). However, after polymor-
phonuclear cell degranulation, MPO can
be taken up by nonphagocytic cells, and a
strong codistribution of MPO and 3-nitro-
tyrosine is observed in different inflam-
matory processes (63). Excess *NO can
also modulate the hemeperoxidase-medi-
ated nitration; indeed, *NO readily reacts
with resting state MPO as well as with
compounds I and II, and therefore peroxi-
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dases may serve as catalytic sinks of "NO
and influence nitration yields (64).

The Biological Significance of Protein
Tyrosine Nitration

The small fraction of nitrated protein in
the context of total tissue protein ques-
tions its possible biological relevance. It is
noteworthy to indicate, however, that (i) a
relatively limited number of proteins are
preferential targets of nitration, and (i)
within these proteins, only one or a few
specific tyrosines can be nitrated (65);
because the species participating in nitra-
tion have short diffusion distances and
site-specific nitration occurs at metal- or
hemeperoxidase-binding sites, nitration
reactions can be concentrated on proteins,
cell, or tissue compartments as revealed
by immunochemical (with antibodies
against protein 3-nitrotyrosine) and pro-
teomic-based methods. Thus, although
there is a dilutional effect in quantitating
total nitrated protein by analytical tech-
niques in tissues, nitration can be focused
on specific tyrosines and potentially result
in modification, loss, or gain of function.

Addition of a —NO, group to tyrosine
lowers the pK, of its phenolic —OH by
2-3 units and adds a bulky substituent; if
placed in relevant tyrosines, nitration can
alter protein function and conformation,
impose steric restrictions, and also inhibit
tyrosine phosphorylation. However, to
have biological significance, a loss-of-func-
tion modification requires a large fraction
of protein to become nitrated at specific
critical tyrosines and result in 3-nitroty-
rosine to tyrosine ratios in the range of
0.1-1.0; documentation of these large ra-
tios for a given protein in vivo is scanty,
and it is doubtful that many proteins will
undergo such an extent of nitration. An
alternative scenario is a gain-of-function
modification, in which case a small frac-
tion of nitrated protein can elicit a sub-
stantive biological signal. This attractive
concept has been shown in a few proteins
such as cytochrome ¢, which acquires a
strong peroxidase activity after nitration
(66), in nitrated fibrinogen, which acceler-
ates clot formation (67) and in protein
kinase Ce, which becomes activated and
translocates on nitration (68).

A notable example of loss of enzyme
activity linked to nitration in vivo is the
mitochondrial enzyme MnSOD. This pro-
tein is nitrated by peroxynitrite in Tyr-34
by a Mn-catalyzed process, which leads to
enzyme inactivation. Nitrated and inacti-
vated MnSOD is found in acute and
chronic inflammatory processes both in
animal models and human diseases (69).
Interestingly, MnSOD nitration via the
hemeperoxidase/*NO, pathway does not
lead to significant inactivation (70), sug-
gesting that nitration occurs at tyrosines
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that are more superficial than the metal-
adjacent Tyr-34, and that the association
of nitration plus inactivation of MnSOD
may serve to unravel the chemical nature
of the nitrating species. A recent quantita-
tion of the extent of MnSOD nitration in
rat kidneys during angiotensin II infusion
provided support for the hypothesis of
nitration as a direct cause of enzyme inac-
tivation (71). Similarly, the vascular en-
zyme prostacyclin synthase (PGI,) syn-
thase becomes site-specifically nitrated by
peroxynitrite at heme-adjacent Tyr-430 in
a process catalyzed by the active site
heme-thiolate involving transient ferryl-
species (72, 73). Note that the subcellular
distribution of PGI, synthase in vascular
endothelium, colocalized with eNOS at
the caveola, may further contribute for it
to be a sensitive and critical target of per-
oxynitrite.| Recent experiments indicate
that inflammation of artery walls results
in rapid PGI, synthase nitration by a per-
oxynitrite-dependent mechanism (73).
Examples of MnSOD and PGI, synthase
affirm the concept that transition metal
catalysis provides selectivity and efficiency
to peroxynitrite as a biological nitrating
agent. Finally, it is relevant to note that
actin, which can constitute 5% or more of
cell protein, is heavily nitrated in sickle
cell disease and that the extents of nitra-
tion observed in tissues are sufficient to
induce defective cytoskeletal polymeriza-
tion (53).

The clinical relevance of protein ty-
rosine nitration has been recently under-
scored by the observation of a strong as-
sociation between protein 3-nitrotyrosine
levels and coronary artery disease risk
(75). Circulating levels of protein 3-nitro-
tyrosine may serve as a biomarker to as-
sess atherosclerosis risk as well as to mon-
itor the vasculoprotective action of drugs.
Interestingly, circulating MPO levels may
also serve as predictor of cardiovascular
risk (76). Thus, enhanced *NO consump-
tion by either vascular wall/inflammatory
cell-derived O;~ and/or MPO provides a
common link between decreases in "NO
bioavailability and increases in protein
tyrosine nitration.

Mitochondrial Nitration and Its
Relevance to Cell Death

Mitochondria have been recognized as
critical sources and targets of nitrating
species (reviewed in ref. 77). Although the
formation of *“NO mainly occurs at extra-
mitochondrial sites, the facile diffusion of
*NO to mitochondria and its combination

ISome metabolic conditions favor the role of NOS as a
significant source of peroxynitrite (74). NOS, in turn, can
be nitrated and potentially inactivated both in vitro and
in vivo.

Radi



z
/|
~ |

with mitochondrial-derived O™ results in
the formation of peroxynitrite, which ac-
counts for much of the disruption of mito-
chondrial metabolism initially attributed
to direct actions of "NO and to the nitra-
tion of mitochondrial proteins. A cyto-
chrome c-dependent peroxidase-like
mechanism of nitration may also operate
(70). Mitochondrial proteins are nitrated
in vitro and in vivo, including MnSOD,
aconitase, cytochrome ¢, voltage-depen-
dent anion channel, ATPase, and succi-
nyl-CoA oxoacid-CoA transferase (77, 78).
The nitration/inactivation of MnSOD op-
erates as a positive loop for enhanced in-
tramitochondrial peroxynitrite formation,
which in turn triggers apoptotic signaling
of cell death, in part by the thiol oxida-
tion-dependent assembly of the perme-
ability transition pore (77). Detection of
nitrated mitochondrial proteins and even
nitrated cytochrome ¢ in the cytosol may
serve to reflect extents of mitochondrial
*NO-dependent oxidative stress (66, 77,
78). Importantly, the enhanced peroxi-
datic activity of nitrated cytochrome c (66,
77) may further contribute to oxidative
damage.

Red Blood Cell Hemoglobin as a Sink of
Nitrating Species

Not all hemeproteins promote peroxyni-
trite-dependent nitration under biologi-
cally relevant conditions, because some
reduce it by two electrons to NO, or
isomerize it to NO5 (79-82). In this con-
text, oxyhemoglobin (oxyHb), present at 5
mM in red blood cells, serves as a sink to
capture intravascularly formed nitrating
species. Indeed, a fraction of intravascu-
larly formed peroxynitrite could diffuse
into red blood cells before enacting target
molecule reactions with plasma compo-
nents (83) and could undergo a fast reac-
tion with oxyHb, which results in its
isomerization to NOj3, without significant
formation of nitrating species (82). Hemo-
globin nitration is observed only under
excess peroxynitrite over hemoglobin. Be-
cause "NO and NO, are also oxidized by
oxyHb to rather unreactive NO5 | oxyHb
may ultimately serve to inhibit the intra-
vascular formation of "“NO,. A similar
inhibitory role on the formation of
nitrating species may be played by deoxy-
hemoglobin, which reduces NO, to

*NO (84) and, presumably, peroxynitrite
to NO, .

Lessons from Pharmacology

Pharmacological experiments have been
instrumental in defining the biological
mechanisms of nitration. Inhibition of
NOS consistently leads to inhibition of
nitration, and the sources of O~ /H,O,
can be discriminated with inhibitors of
NAD(P)H oxidases, xanthine oxidase, or

Radi

respiratory chain uncouplers, among
others. If the mechanism is peroxynitrite-
dependent, it should be inhibited SOD
(native, modified, or liposome-entrapped)
or SOD-mimics, as long as the enzyme is
located in the same compartment where
O, is formed, and is unaffected by MPO
inhibitors and catalase (60, 85). In cases
where SOD is not close enough to O5
sources, it can enhance peroxynitrite-
dependent nitration (7, 8). On the other
hand, hemeperoxidase-dependent path-
ways can be stimulated by SOD, inhibited
by catalase and MPO inhibitors, as ob-
served in HO»-producing inflammatory
cells in the presence of NO, (13). The
participation of LMW iron in the nitration
reactions can be assessed by metal chela-
tors, which block Fenton chemistry, al-
though experiments in this line are scarce.
Importantly, desferrioxamine can also di-
rectly trap *“NO, and CO;~ and prevent
tyrosine nitration (86).

Uric acid inhibits nitration reactions
and has been used as a scavenger of per-
oxynitrite in vitro and in vivo (87). Al-
though uric acid does not react at appre-
ciable rates with peroxynitrite (2), it
readily reacts with peroxynitrite-derived
radicals and oxo—-metal complexes. Unfor-
tunately, the presence of uric acid has
confounded the analysis of nitration yields
by peroxynitrite in various reports when
xanthine /xanthine oxidase has been used
as a source of O, and can be easily over-
come with the use of alternative sub-
strates (88). LMW porphyrin complexes
with Mn and Fe have SOD-mimic and
peroxynitrite-reductase activities and react
quickly with CO3™ (89). They have been
successfully used to inhibit "NO-depen-
dent injury and nitration in cell and ani-
mal models of inflammation (90, 91). The
redox and kinetic properties of these
SOD-mimics and peroxynitrite decompo-
sition catalysts can be modulated by
changes in the porphyrin substituents,
which can also affect its cellular/tissue
distribution, aspects that require further
research.

Lessons from Genetics: Knockouts,
Transgenics, and Human Deficiency
Syndromes

Knockout and transgenic animals and ge-
netically engineered cells of the enzymes
that participate in the formation or elimi-
nation of nitrating species are available.
The preferential nitration pathways under
various pathologically relevant conditions
have been assessed by genetic approaches
that involve SODs, namely overexpression
of MnSOD or CuZnSOD or heterozygous
MnSOD knockouts and MPO and EPO
knockouts. MnSOD or CuZnSOD over-
expressors decreased *NO-dependent in-
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jury and nitration in neurotoxicity and
vascular injury models (92, 93).** On the
contrary, heterozygous MnSOD knock-
outs resulted in larger extents of brain
nitration in a model of neurotoxicity, con-
sistent with enhanced mitochondrial for-
mation and reactions of peroxynitrite (94).

MPO and EPO knockouts have evi-
denced the peroxidase-dependent nitra-
tion pathway in models of inflammation
(15), but the relative contribution was
highly model-dependent. The inability of
MPO from human neutrophils to cause
nitration in some models may result from
lack of H,O, substrate, because all O3~
can react with *NO to form peroxynitrite
(25) and/or because the nitration capabili-
ties of hemeperoxidases may vary accord-
ing to their access to NO, and peroxyni-
trite (61, 62, 95). In this context, release
and sequestration of neutrophil-derived
MPO in specific tissue compartments dur-
ing inflammation are important aspects of
MPO distribution and nitration capacity in
vivo (63). However, results involving MPO
in mice should be cautiously extrapolated
to human inflammatory disease; indeed,
surprisingly, whereas MPO levels posi-
tively correlate with cardiovascular risk in
humans (76), MPO knockout mice de-
velop atherosclerosis more rapidly than
WT (96). MPO or EPO overexpresses are
not available yet, but in the future they
may also provide clues to the role of
MPO and EPO in pathology. Enhanced
removal of H,O, by stable transfection of
cells with catalase can also be useful to
assess the contribution of the hemeperoxi-
dase pathway (60). The hemeperoxidase-
independent nitration observed in MPO
and EPO knockouts (15) may be due, in
addition to peroxynitrite, to the LMW
metal-dependent pathway (12). The recent
development of IRPs knockout mice (97)
offers opportunities to study inflammatory
models and nitration in the context of
altered iron homeostasis.

Circulating immune system cells (i.e.,
monocytes and neutrophils) from patients
suffering from genetic deficiencies of
NADPH oxidase (chronic granulomatous
disease) or MPO (MPO deficiency) have
altered interactions of “NO with oxidants
(25, 62). Future studies on cells and tis-
sues from these patients may offer impor-
tant opportunities to understand the
mechanisms of biological protein nitration
in humans.

**0n the contrary, expression of amyotrophic lateral scle-
rosis-associated mutants of CuZnSOD leads to increased
motoneuron nitration and apoptosis (59), possibly due to
a toxic gain of function of SOD that promotes peroxyni-
trite formation and nitration reactions.
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