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CONSPECTUS

n proteins, the nitration of tyrosine residues to 3-nitro-

tyrosine represents an oxidative post-translational mod-
ification that disrupts nitric oxide ("NO) signaling and skews
metabolism towards pro-oxidant processes. Indeed, excess OH
levels of reactive oxygen species in the presence of *NO or
*NO-derived metabolites lead to the formation of nitrating
species such as peroxynitrite. Thus, protein 3-nitrotyrosine
has been established as a biomarker of cell, tissue, and systemic
“nitroxidative stress”. Moreover, tyrosine nitration modifies key

-ONOO"™
properties of the amino adid: phenol group pK;, redox potential,
hydrophobicty, and volume. Thus, the incorporation of a nitro
group (-NO,) into protein tyrosines can lead to profound NO, b 09
structural and functional changes, some of which contribute to oH H

altered cell and tissue homeostasis.

In this Account, | describe our current efforts to define (1)
biologically-relevant mechanisms of protein tyrosine nitration and
(2) how this modification can cause changes in protein structure
and function at the molecular level. First, | underscore the relevance
of protein tyrosine nitration via free-radical-mediated reactions (in both peroxynitrite-dependent and -independent pathways) involving a
tyrosyl radical intermediate (Tyr"). This feature of the nitration process is aitical because Tyr” can follow various fates, induding the
formation of 3-nitrotyrosine. Fast kinetic techniques, electron paramagnetic resonance (EPR) studies, bioanalytical methods, and kinetic
simulations have all assisted in characterizing and fingerprinting the reactions of tyrosine with peroxynitrite and one-electron oxidants and
its further evolution to 3-nitrotyrosine. Recent findings show that nitration of tyrosines in proteins assodated with biomembranes is linked to
the lipid peroxidation process via a connecting reaction that involves the one-electron oxidation of tyrosine by lipid peroxyl radicals (LOO").

Second, immunochemical and proteomic-based studies indicate that protein tyrosine nitration is a selective process in vitro and in vivo,
preferentially directed to a subset of proteins, and within those proteins, typically one or two tyrosine residues are site-spedfically modified.
The nature and site(s) of formation of the proximal oxidizing or nitrating spedes, the physicochemical characteristics of the local
microenvironment, and the structural features of the protein account for part of this selectivity. How this relatively subtle chemical modification
in one tyrosine residue can sometimes cuse dramatic changes in protein activity has remained elusive. Herein, | analyze recent structural
biology data of two pure and homogenously nitrated mitochondrial proteins (i.e, cytochrome ¢ and manganese superoxide dismutase,
MnSOD) to illustrate regioselectivity and structural effedts of tyrosine nitration and subsequent impact in protein Joss- or even gairrof-function.

Introduction and hydrogen oxoperoxonitrate, respectively) in the early
With the emergence of peroxynitrite (the term peroxynitrite 1990s as a biologically relevant oxidant arising from the
refers to both peroxynitrite anion and peroxynitrous acid; diffusion-controlled reaction of nitric oxide (‘NO) and super-
IUPAC-recommended names are oxoperoxonitrate (1-) oxide radical (O,*~), additional oxidative post-translational
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FIGURE 1. Tyrosine, tyrosyl radical, and 3-nitrotyrosine. The one-
electron oxidation of tyrosine yields Tyr", which upon reaction with *“NO»
evolves to 3-nitrotyrosine. To note, while the phenolic —OH group in
free tyrosine is almost 100% protonated at physiological pH, nitration
causes a drop of 3 pH units in the pKj value resulting in a significant fraction
(ca. 50%) of the corresponding phenolate. Tyr* can be reduced back to
tyrosine by reductants (Rd) in competition with the nitration reaction.

modifications in proteins were recognized: indeed, perox-
ynitrite can evolve into oxidizing and nitrating species that
cause nitration of amino acids, most notably, tyrosine (ref 1
and references therein). Later, it was found that nitrating
species such as nitrogen dioxide ("NO>) could be also formed
by peroxynittite-independent pathways, most notably by
the hemeperoxidase/hydrogen peroxide (H,O,)-dependent
oxidation of nitrite (NO, )" (relevant hemeperoxidases in-
clude myeloperoxidase and eosinophil peroxidase). The
main mechanism of protein tyrosine nitration in vivo relies
on free radical reactions (Figure 1). The nitration of protein
tyrosine residues to 3-nitrotyrosine uncovers the disruption of
nitric oxide ("NO) sighaling and metabolism toward pro-oxidant
processes, in a condition also defined as “nitroxidative stress”.
Tyrosine nitrated proteins have been detected in a large
variety of disease conditions and are also associated with
the aging process.? While immunochemically based studies
using antibodies against protein 3-nitrotyrosine have been
useful for detection and cellular and tissue distribution of
nitrated proteins, proteomic-based analyses have been fun-
damental to identify preferential protein targets of nitration,
and bioanalytical methods have assisted quantitation of the
extents of nitration. The collected information indicates that
(a) protein tyrosine nitration occurs under basal physiologi-
cal conditions and is several-fold enhanced under circum-
stances that lead to augmented rates of oxidants and "NO
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formation (e.g., inflammation), (b) the distribution of tyrosine
nitrated proteins is largely dependent on the sites of forma-
tion of nitrating species, and () protein tyrosine nitration is
preferentially directed to a subset of proteins, and within
those proteins, typically one or at the most two specific
tyrosine residues are nitrated, part of which depends on the
nitration mechanism.

Despite tyrosine nitration now being a well-established
biomarker of nitroxidative stress, a fundamental question
has been whether tyrosine nitration in specific proteins can
lead to substantial changes in their biological function and
be part of pathophysiological processes. While it is relatively
simple to demonstrate changes in protein function after
nitration in vitro, the in vivo relevance of this process is a
rather challenging task. First, it is arduous to unambiguously
establish direct and quantitative relationships between ex-
tents of tyrosine nitration in specific proteins and biological
responses in cells or tissues; second, the influence of protein
tyrosine nitration in biological processes is usually obscured
by a multiplicity of concurrent oxidative events. Possible
biochemical consequences of protein tyrosine nitration in-
volve changes in activity (either loss- or gain-of-function),
eliciting of immunogenic responses, interference in tyrosine-
Kinase-dependent pathways, alteration of protein assembly
and polymerization, facilitation of protein degradation
(turnover), and participation in the creation of proteasome-
resistant protein aggregates.” We have prudently compiled
relevant examples of proteins reported to change their
activities on tyrosine nitration in vitro and in vivo;' 3 the list
continues to rapidly grow.*

A large gap in the field exists in relation to the structural
basis that determines how a relatively subtle post-
translational modification (i.e., incorporation of -NO, group)
can sometimes trigger dramatic changes in protein activity.
Recent structural biology studies have provided fresh in-
sights into the factors that control the selectivity of protein
tyrosine nitration and how the presence of 3-nitrotyrosine
can lead to local or global structural changes that result in
maodification of protein function.

Thus, herein | will describe my current perspective and efforts
to define (1) biologically relevant mechanisms of protein tyro-
sine nitration and (2) how this modification can cause changes
in protein structure and function at the molecular level.

Biochemical Properties of Tyrosine and
Nitrotyrosine

Tyrosine residues in proteins typically constitute in average
3—4mol % and are located in different regions of the protein
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FIGURE 2. Free radical mechanisms of nitration and alternative fates of the tyrosyl radical. One-electron oxidants promote the formation of the first
intermediate, Tyr". Nitration and other oxidative modifications, including hydroxylation and dimerization, are indicated. The scheme also shows the
formation of novel Tyr" adducts in either position 1 or 3. R’OO* represents species such as lipid peroxyl radicals (LOO") or O,"~, while X" exemplifies

glutathionyl radical. Modified from ref 1.

by virtue of the relatively large phenolic amphipathic side-
chain capable of (a) interacting with water and participating
in hydrogen bond formation and (b) undergoing cation—zs
and nonpolar interactions;> typically, both solvent-exposed
and buried residues coexist within a protein; on average, only
15% of tyrosine residues in proteins are at least 95% buried.®

The versatile physicochemical properties of tyrosine allow
it to play a central role in conformation and molecular
recognition;> moreover, tyrosine has spedial roles by virtue
of the phenol functionality: (1) it can receive phosphate groups
in target proteins by way of protein tyrosine kinases and (2) it
participates in electron transfer processes with the intermedi-
ate formation of a tyrosyl radical (Tyr’) (>’ =+0.94 V).

The incorporation of a nitro group on the C-3 of the
phenolic ring generates changes in key properties of the
parent amino acid. Notably, a large decrease in the pKj, of
the —OH group is observed (from ca. 10.0—10.3t0 7.2-7.5
for free tyrosine and 3-nitrotyrosine in water, respectively)?
(Figure 1). Naturally, the pK, values of the phenolic group for
tyrosine and 3-nitrotyrosine can vary within a protein com-
pared with those of the free amino acids in solution, depend-
ing on the polarity of the medium and the influence of
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neighboring amino acids.® In addition, the nitro group
represents a bulky and hydrophobic substituent that may
create local steric restrictions, trigger conformational changes,
and impede tyrosine phosphorylation. The E* values of the
nitrotyrosine/nitrotyrosyl radical couple are 200—300 mV
more positive than that of tyrosine/tyrosyl radical, and there-
fore tyrosine nitration alters tyrosine-dependent intramolecu-
lar electron-transfer processes in proteins.®

Protein Tyrosine Nitration as a Free Radical
Process

Current evidence indicates that the mechanism of protein
tyrosine nitration in biological systems is mediated by free
radical reactions, implying the intermediacy of Tyr* and
subsequent reactions with either *"NO or *NO," (Figure 2).
There is no direct bimolecular reaction of tyrosine with
peroxynitrite but rather a reaction with peroxynitrite-de-
rived radicals."?"'° Depending on the predominant nitrating
species, mechanism, and milieu, relevant one-electron oxi-
dants are carbonate radicals (COs*~), oxo-metal complexes
(e.g., myeloperoxidase (MPO) compound I, hemin—Fe*"),
and even lipid peroxyl radicals (LOO®), among others
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TABLE 1. Free Radical Mechanisms of Tyrosine Nitration, Rate Constants, and Competing Reactions

Reaction Species (R) kM~ 's) ref
one-electron oxidation of tyrosine: TyrH + R* — Tyr* + RH COs™ 4.5 % 107 38
*NO> 32 x10° 38
Me=0" 77 x 10° 6,11
LOoO* 4.8 x 10° 11
Lo 35x 10° 21
*OH 6.5 x 108 11
formation of 3-nitrotyrosine: Tyr* + *NO; — NO,Tyr ‘NO, 3.0 x 10° 14
*NO 1.0 x 10° 15
dimerization and adduct formation: Tyr" + R — Tyr adduct *OH? 1.2 x 10'° 11
Tyr" 2.3 x 108 38
0y~ 1.5 x 10° 39
LOO* C
GS* c
tyrosyl radical reduction: Tyr* + RH — TyrH + R® ascorbate 4.4 % 108 18
glutathione 2.0 x 10° 18

9For MPO compound I. MPO can readily oxidize free tyrosine that can serve as a “shuttle” for secondary oxidation of target protein tyrosines; alternatively, MPO can
directly oxidize (expectedly with lower rate constants) protein tyrosines. “The tyrosyl-hydroxyl radical adduct may evolve to Tyr" via a dehydration reaction

(see Figure 2). “Not determined

(Figure 2)."®"! Protein Tyr* has been detected in vitroin a
variety of nitration conditions by electron paramagnetic
resonance (EPR) spin trapping.'*'? Interestingly, protein
Tyr* formation in cells and tissues undergoing nitroxida-
tive stress can be potentially detected in vivo immuno-
chemically as the adduct of the spin trap 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) with Tyr* evolving to a stable
nitrone derivative that can be conveniently detected
with antibodies (i.e., immuno-spin-trapping).'>

The reaction of Tyr* with *“NO, (and °NO) is diffusion-
controlled'*'> (Table 1) and can lead to 3-nitrotyrosine
(Figure 2), but competing reactions can also be fast leading
to other Tyr*-derived products, most notably, 3,3'-dityrosine.
While tyrosine nitration is kinetically favored over tyrosine
dimerization, both processes can occur simultaneously, con-
sistent with the usual finding of nitrated and cross-linked
protein aggregates in tissues in degenerative disease condi-
tions and the aging process.”

Tyrosine nitration reactions are strongly pH-dependent.
This is partly due to the various possible mechanisms of
peroxynitrite evolution to nitrating species (H*-, CO5-, or
transition metal-dependent),’® and the fact that one-
electron oxidants typically react faster with the tyrosine
phenolate. In addition, acid-catalyzed nitration by NO,™~
may be a relevant mechanism of tyrosine nitration in the
gastric lumen, in a process that is likely to depend on free
radical reactions involving the formation of *NO,."”

Protein tyrosine nitration is observed in vivo in healthy
tissues and cells, indicating that there is a “basal” flux of
nitrating species; however, nitration yields are typically low
due to factors such as competing reactions for the one-
electron oxidants and nitrating species and the alternative
fates of Tyr" and repair reactions (Figures 1 and 2). For

instance, GSH (millimolar levels in cells) reacts fast with
*NO, and reduces Tyr* back to tyrosine (Figure 2 and Table 1),
thus strongly inhibiting tyrosine nitration.'®'® On the other
hand, GSH does not react directly with *NO, suggesting that
an alternative nitration route involving the intermediacy of
3-nitrosotyrosine and its further oxidation to 3-nitrotyrosine
(Figure 2) may be more relevant than currently appreciated
up to date. Indeed, while the biological half-life of "NO, is
extremely short (i.e., 5—20 us),'® that of °NO (i.e., > 100 ms)
can be sufficiently long to favor its combination reaction
with Tyr® vs other reactions.

Connection between Lipid Peroxidation and
Protein Tyrosine Nitration

We have recently assessed the mechanism of protein tyrosine
nitration in lipid-rich biostructures.®'" Several tyrosine-nitrated
proteins in vivo are associated with biomembranes or lipopro-
teins (e.g, apolipoprotein Al). However, the low polarity of the
lipidic milieu, the abundance of unsaturated fatty acids (that
will compete for the primary oxidizing species), and the
restricted diffusion of protein Tyr® in these biostructures
(which will hinder some of its potential fates) make the like-
lihood of the tyrosine nitration process differ from that in
hydrophilic environments.® Additionally, molecules that criti-
cally modulate the degree of tyrosine nitration in aqueous
phases such as CO5"~ and GSH cannot penetrate lipid phases.
With the use of hydrophobic tyrosine analogs incorporated to
liposomal and red cell membranes (ref 11 and references
therein), it was shown that tyrosine nitration could occur inside
the lipid bilayer and, importantly, that the process is assisted
during the lipid peroxidation reactions; indeed, lipid peroxyl
radicals (LOO") can oxidize tyrosine to Tyr" (eq 1). The reaction
rate constant of ca. 5 x 10°> M~' s' allows competition
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with the lipid peroxidation propagation reaction step
(10-50M~'s7") (eq 2).
LOO* + Tyr — LOOH + "Tyr (1)

LOO* +LH — LOOH +°L ()

This reported “connecting reaction” (eq 1) is consistent with
the contention that the reaction of peroxyl radicals with
phenolic compounds is favored in nonpolar solvents."
The effect of molecular oxygen in protein tyrosine nitra-
tion yields deserves a special analysis. In hydrophilic milieu,
levels of molecular oxygen do not influence tyrosine nitra-
tion yields. Indeed, the reaction between Tyr* and molecular
oxygen is rather slow (k< 10> M~" s7).2° However, oxygen
levels have a profound, yet indirect, effect on tyrosine nitration
yields in hydrophobic structures. This influence is due to the
essential role that molecular oxygen plays in the propagation
phase of lipid peroxidation reactions (k=3 x 108 M~ s
(eq 3):
L*+ 0O, — LOO* (3)

If LOO® are involved in the one-electron oxidation of
tyrosine residues, then low oxygen levels will secondarily
decrease tyrosine nitration yields."' Thus, a previously
unexpected role of molecular oxygen in tyrosine oxidation
has been unveiled, supporting that lipid peroxidation and
molecular oxygen fuel protein tyrosine nitration in hydro-
phobic biostructures in vivo.

The lipid alkoxyl radical (LO"), an even stronger oxidant
than LOO* formed during lipid peroxidation, may also parti-
cipate in tyrosine oxidation. Indeed, a recent pulse and
y-radiolysis study?' utilizing a model alkoxyl radical (t-butyl
alkoxyl radical) has determined a significant rate of tyrosine
oxidation (Table 1):

RO® + Tyr — ROH + "Tyr (4)

Further studies should confirm whether reaction 4 is
relevant during lipid and protein tyrosine oxidation or
nitration processes in biomembranes.

Selectivity in Protein Tyrosine Nitration

With protein tyrosine nitration being a nonenzymatic me-
chanism based on free radical reactions, its selectivity for
target residues in proteins is far from obvious. Due to the
short biological half-life of nitrating species (ca. 5—20 ms for
peroxynitrite),'® nitrated proteins are normally in close
vicinity of the subcellular or extracellular sites of reactive
species generation.>*> A prime example of this contention
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are mitochondria, which are key loci for the formation of
peroxynitrite** and usually contain a larger yield of nitrated
proteins in comparison to other subcellular compartments.?
Alternatively, MPO released by activated neutrophils during
inflammatory processes associates with cells or lipoproteins
and focuses nitration (e.g., nitration of vascular wall compo-
nents, nitration of apoAl after MPO binding to HDL)." Abun-
dant proteins sometimes are more readily nitrated due to
better competition for the nitrating species (e.g., Hsp90),*
although other Kinetic and mechanistic aspects of the nitra-
tion process are relevant as well. Experimental strategies
directed to define the contributing tyrosine nitration path-
ways under specific conditions have been presented in
detail elsewhere.! For instance, the concomitant bioanaly-
tical detection of other oxidative modifications in tyrosine
such as 3-hydroxytyrosine or 3-chlorotyrosine (together with
the immunochemical detection of MPO) points to the pre-
ferential participation of either peroxynitrite- or MPO-de-
pendent nitration pathways, respectively. Similarly, nitration
pathways in cells and animals can be successfully disclosed
pharmacologically with, for example, the use of peroxyni-
trite decomposition catalysts and MPO inhibitors and ge-
netically by studies with SOD or peroxiredoxin overexpressers
(to inhibit peroxynitrite formation or promote its detoxification,
respectively) or MPO knockouts.

Peptide mapping studies have shown that one or two
tyrosine residues in a protein become preferentially nitrated,
the determinants of which depend on three main factors: (a)
protein structure, (b) nitration mechanism, and (c) environ-
ment where the protein is located. Some general tendencies
on structural aspects in proteins that modulate tyrosine
nitration have been reported elsewhere®>2° (e.g., favored
nitration in tyrosines located near charged amino acids or on
a loop structure, inhibited nitration by nearby cysteine
residues), but none of them are conclusive. | would like to
analyze additional mechanistic aspects that help to rationa-
lize how nitrating species could be preferentially directed to
specific solvent-exposed or buried tyrosines. A critical point
is the site of formation of a relatively stable Tyr* within the
protein. The given Tyr* could be formed by direct attack of a
one-electron oxidant or by intra- or intermolecular electron
transfer. Regarding the direct attack, one-electron oxidants
derived either from peroxynitrite decomposition in bulk
solution or from MPO (Figure 2) will preferentially react at
variable rates with solvent-exposed tyrosines (Table 1). On
the other hand, in transition metal-containing proteins, the
reaction with peroxynitrite may generate oxidizing and
nitrating species “in situ” (e.g., oxo-metal center plus “NO,)



and favor the specific nitration of a nearby tyrosine residue
(e.g., Tyr34 in manganese superoxide dismutase (MnSOD),
Tyr430 in prostacydlin synthase)." Similarly, the reaction of
H>O0, with transition metal-containing proteins or com-
pounds may lead to a Tyr’, which can undergo further
reactions with either *“NO or *NO> and become nitrated
(e.g., cytochrome ¢). As the Tyr" “traps” the proximal nitrating
species, the process should be favored with longer-lived Tyr".
Site spedificity in tyrosine nitration can be also obtained
regardless of the initial attack by the one-electron oxidant
(either a tyrosine or another amino acid), if short- or long-range
intramolecular electron transfer is possible. Indeed, some
protein tyrosines act as “sinks” of oxidizing species, with
intramolecular electron transfer rates estimated in the order
of 103-10% s7'7 In this context, the actual pK, value of
the —OH group on specific tyrosines represents a relevant
factor controlling the likelihood of nitration, because the tyro-
sine phenolate is a better electron donor. Thus, the influence of
the protein microenvironment including amino acid composi-
tion, presence of transition metals, and medium polarity on the
selectivity of the tyrosine nitration sites is rapidly emerging.

Preparation of Nitrated Proteins for Struc-
tural and Functional Studies

The formation of protein 3-nitrotyrosine was originally
addressed in early protein chemistry studies with tetranitro-
methane aimed to establish the function of tyrosines in
proteins.?” Over 3 decades later, similar experiments were
carried out using peroxynitrite as the nitrating agent. How-
ever, the precise contribution of tyrosine nitration and the
structural basis involved in the changes in function have
remained mostly elusive due to experimental limitations
arising from most nitration protocols: first, nitration using an
excess amount of nitrating agent usually results in modifica-
tion of several tyrosine residues and even other residues,
making it impossible to draw direct conclusions about the
effect of tyrosine nitration at a specific site only; alternatively,
milder nitrating conditions [e.g., low peroxynitrite concen-
trations (i.e.,, 2—10-fold ratio with respect to protein
concentration); nitration yields are highly variable depend-
ing on experimental conditions, but at high protein concen-
tration (e.g, 100 uM) can be on the order of 1-2% with
respect to peroxynitrite (i.e., 10 «M nitrated protein using 1
mM peroxynitrite at pH 7.0)] increase the selectivity of the
process but leave a large amount of unmodified protein,
making it difficult to establish the extent to which tyrosine
nitration causes a change in function in the protein mixture.
Thus, in the last years, we endeavored to prepare pure and
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well-characterized (i.e., with identified nitration sites) mono-,
di-, or even polynitrated species to carry out structural and
functional studies. This assessment is essential to unambigu-
ously and precisely define the potential biological effects of
tyrosine nitration in specific proteins. While the choice of the
nitrating agent and expetimental conditions to optimize nitra-
tion yields is variable, it is unavoidable to go through separa-
tion steps for both analytical characterization and preparative
purposes. Indeed, chromatographed protein fractions derived
from in vitro nitration should be characterized by mass spectro-
metry—peptide mapping analysis, and preferential nitration
sites should be established. However, in vitro nitration does not
always completely match the nitration sites identified in vivo,
an aspect that warrants evaluation for each specific protein. In
turn, identification of the nitration sites may aid in defining the
actual nitrating agent in vivo.

In some reports, the heterogeneity of tyrosine nitrated
protein species has been minimized by using single or multiple
tyrosine to phenyalanine mutants to eliminate some potential
nitration sites.*® While elegant, this approach may force the
nitration reactions to remaining tyrosine residues, and both
other concurrent oxidative modifications and the mutations
may obscure the potential effects of tyrosine nitration. Thus,
the nitration data obtained with these mutated species should
be ideally confirmed with purified nitrated wild-type protein.
An attractive alternative to generate site-specifically nitrated
proteins has emerged with the discovery of a genetically
evolved 3-nitrotyrosylHRNA syntethase/tRNA pair that allows
the incorporation of the unnatural amino acid 3-nitrotyrosine
to proteins cotranslationally (free 3-nitrotyrosine is not incor-
porated during protein synthesis).>° This novel approach has
opened an important possibility for obtaining nitrated proteins
from bacterial expression systems, if production yields can be
significant. A caveat is that incorporation of 3-nitrotyrosine into
the primary structure could lead to alternative folding path-
ways or variable incorporation of cofactors and metals, and
therefore equivalence on structure and conformation between
post- and cotranslationally tyrosine nitrated proteins should be
established before embarking on large structural or functional
projects. Thus, chemical nitration followed by purification
remains at this time the most robust general method to provide
the right protein samples to perform structural and functional
studies in tyrosine nitrated proteins.

Structural Biology of Nitrated Proteins

A major gap in the field has been to understand how
tyrosine nitration affects protein structure. This limitation
has, in part, arisen due to the difficulty of working with
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FIGURE 3. Schematic view of the access channel for superoxide radical in MnSOD and nitroTyr34-MnSOD. The solvent-accessible surface area of
MnSOD is shown in yellow. Many different initial O>"~ configurations (red rods) were used to build the free energy profile of 05"~ entry as determined
by multiple steered molecular dynamics simulations. (A) MnSOD, the Mn atom and the Tyr34 —OH group are shown in the access channel; (B)
nitroTyr34 MnSOD, a —NO,, group in Tyr34 ring blocks the access channel. Data obtained from ref 33.

generous amounts of pure and homogenously nitrated
proteins. Herein, | will provide some new insights into factors
that control the selectivity of protein tyrosine nitration and
analyze structural data of individual nitrated proteins (i.e.,
cytochrome ¢ and MnSOD, mitochondrial proteins) to illus-
trate how this post-translational modification can, by quite
different mechanisms, lead to biologically relevant gain- or
loss-of function.

Mitochondrial protein tyrosine nitration is a well-documented
phenomenon under both basal and disease conditions.>*3 A
seminal observation identified human MnSOD (homotetramer,
88 kD) as a key intramitochondrial target of nitrating species
under inflammatory conditions: MnSOD tyrosine nitration
leads to enzyme inactivation by peroxynitrite in vitro and in
vivo.2°~32 Despite the protein containing nine tyrosine residues
per monomet, peroxynitrite-dependent nitration in MnSOD
occurs site-specifically at Tyr34 located 5 A from the active site
(Figure 3) via a Mn-catalyzed process (ca. 10°~10° M~' s/,
eq 6). We propose that the “site-directed” nitration involves
three redox steps as follows:

Mn3*SOD + ONOO ~ — O=Mn**SOD +*NO>  (5)
Tyr34 + O=Mn*" — *Tyr34 + Mn** +OH~  (6)
*Tyr34 +*NO, — NO,Tyr34 (7))

Nitration of tyrosines other than Tyr34 via “NO»-dependent
processes (e.g, MPO/H,0,/NO,~), which preferentially
modify solvent-exposed residues, does not lead to inactiva-
tion. Thus, Tyr34 nitration fingerprints peroxynitrite as the
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proximal mitochondrial nitrating mechanism in vivo. Nitra-
tion and inactivation of MnSOD has been now reported
under a variety of disease conditions, and there is enough
data to support the relevance of the phenomenon in vivo.?
Peroxynitrite-dependent MnSOD nitration results in a gra-
dual alteration of mitochondrial redox homeostasis, which
in turn further amplifies the initial oxidative insult (and
results in more enzyme inactivation), ultimately leading to
mitochondrial dysfunction.

The structural basis by which Tyr34 nitration leads to
enzyme inactivation has been recently solved by a combi-
nation of experimental and computational studies. Tyr34
helps to establish a hydrogen bond network around the Mn
center that participates in proton transfer steps during
catalysis.?? Crystallographic data®* and molecular dynamics
simulations®? indicate that Tyr34 nitration leads to enzyme
inactivation via two processes that generate a large energy
barrier for the entry of O,"~ through the access channel
of the enzyme (Figure 4). On one hand, the —NO, group
imposes a steric restriction for the diffusion of the substrate
toward the Mn center, and on the other hand, the drop in the
pKa of the tyrosine —OH due to nitration generates a
negative charge in the active site, which causes electrostatic
repulsion of 05"~ (and possibly also alteration of the hydro-
gen bonding network and redox potential). While direct
experimental measurements of the nitroTyr34 (MnSOD)
phenol pKj are underway, we anticipate the value to be close
to that of free nitrotyrosine due of its solvent accessibility.
Therefore, under the pH values of the mitochondrial matrix



(ca. 7.8) over 50% of nitroTyr34 would be dissociated as
phenolate, further underscoring the relevance of the side
chain negative charge on MnSOD inactivation.

Mammalian cytochrome ¢, a 12 kD heme protein, con-
tains four highly conserved tyrosines. The heme group in
cytochrome cis hexacoordinated, in which the fifth and sixth
ligands to the iron are His18 and Met80, respectively. The
interaction of Fe with the S of Met80 is in part responsible for
the redox potential value of the cyt */cyt ™ pair, ca. +250
mV. In addition, the hexacoordinated state of cytochrome ¢
minimizes heme interactions with exogenous ligands, in-
cluding H,0,, and therefore has a marginal peroxidatic
activity (i.e., its capacity to react with peroxides and promote
the oxidation of a second substrate).

The tyrosine nitration of cytochrome cs has constituted a
good case study to reveal the “site-specificity” of different
nitrating mechanisms and to unravel how nitration of tyr-
osines distant from an active site can promote conforma-
tional changes leading to change in function. Exposure of
cytochrome cto nitrating conditions, including peroxynitrite,
NO, ", or *NO plus H,0,,%>* results in cytochrome c tyrosine
nitration at variable positions. Nitration by peroxynitrite
leads to the preferential modification of Tyr74 or Tyr97,
leading to mononitrated forms at tyrosines relatively distant
from the active site (14.5 and 14 A, respectively), compatible
with preferential reactions of peroxynitrite-derived radicals
with solvent-exposed tyrosines. On the other hand, nitration
involving H>O5-dependent steps is likely to favor the mono-
nitration of heme-adjacent Tyr67 (4.5 A). In this case, H,0,
initially binds to the Fe after displacement of Met80. Then, a
“compound I-like” form of cytochrome ¢ would be formed,
which causes the one-electron oxidation of Tyr67, to yield a
Tyr". Once Tyr" is formed, it couples to *NO to form 3-nitro-
sotyrosine, which under excess H>O, can be further oxidized
to 3-nitrotyrosine (see also Figure 2). In the presence of
NO,~, its one electron oxidation leads to *NO,, which also
yields 3-nitrotyrosine.

The nitration of Tyr74 triggers a conformational change
in cytochrome ¢, resulting in an alternative conformation
lacking its normal electron transport capacities and with a
gain-of-peroxidatic activity.>®> The peroxidatic activity of
cytochrome c is also elicited during its association with the
mitochondrial phospholipid cardiolipin and triggers H,O-
dependent redox events relevant to cell death processes.®
The conformational change induced in cytochrome ¢ via
Tyr74 nitration appears to be “wired” by the destabilization
of a flexible omega loop encompassing amino acids 70—85,
which then triggers the displacement of Met80 from its
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FIGURE 4. Free energy profile for superoxide radical migration along
the diffusion pathway in native and nitroTyr34-MnSOD. The distance
represents the driven coordinate from the Mn atom to one of the
oxygen atoms in Ox"~. Unmaodified (native) and tyrosine-34 nitrated
(in the phenol or phenolate forms) MnSOD are shown with black, red,
and blue lines, respectively. Modified from ref 33.

heme binding site, promoting an alternative low-spin con-
formation by replacement with Lys79 (Figure 5). The con-
formational change induced by Tyr74 nitration is similar to
that observed during the “alkaline transition” (pK, = 9.4), but
instead, it does so at a biologically relevant pH (pK, = 7.4).3°
To note, the observed formation of dinitrated (Tyr74/Tyr67)
cytochrome c species by peroxynitrite is compatible with an
initial nitration at Tyr74 followed by the conformational
change and a subsequent iron-catalyzed nitration at Tyr67.
The functional consequences of this alternative cytochrome
¢ conformation are related to an enhanced peroxidatic
function, its facile translocation to the cytosol and nuclei,
and its inability to induce apoptosome activity; the biolo-
gical significance of these findings, including the possible
consequences in redox signaling, await future studies.

The studies on MnSOD and cytochrome c tyrosine nitra-
tion provide relevant examples on how this modification
results in a loss- (MnSOD) or gain-of-function (cytochrome ¢)
by rather contrasting mechanisms at the structural level.

FINAL CONSIDERATIONS AND
PERSPECTIVES

The effect of protein tyrosine nitration on the biological
actions of a number of proteins has been suggested,
although much is yet to be known in terms of the specific
effects on structure and activity, both in vitro and in vivo.
Isolating and quantitating tyrosine nitration vs other oxidative

Vol. 46, No. 2 = 2013 = 550-559 = ACCOUNTS OF CHEMICAL RESEARCH = 557



Protein Tyrosine Nitration Radi

NO,Tyr74

FIGURE 5. Tyrosine nitration-triggered conformational change in cy-
tochrome c¢. The arrow indicates the movement of Met80 away from the
heme upon Tyr74 nitration. A hydrogen bond between Met80 and
Tyr67 present in the native conformation is also indicated. Modified
from ref 35.

modifications and relating it to the degree of functional change
remain a difficult and challenging task. The data presented
herein provided some examples and experimental possibilities
to tackle these questions with pure tyrosine nitrated proteins of
biological relevance.

A lesson from recent studies is that mapping of the
nitrated protein tyrosine residues serves to establish the prox-
imal nitrating agent in biological systems. This knowledge is
applicable because one may want to interfere with a specific
nitration pathway (e.g., peroxynitrite or hemeperoxidase-
dependent) either pharmacologically or genetically. Identify-
ing protein tyrosine nitration as a mediator in alterations of cell
or tissue homeostasis can have relevant biomedical ramifica-
tions because therapeutic strategies directed to prevent protein
tyrosine nitration may assist in inhibiting or delaying the
evolution of a variety of disease conditions. Importantly, cell
incorporation of tyrosine-containing peptides appears as a
sound possibility to protect against the toxic effects of protein
tyrosine nitration,* because the incorporated tyrosine pep-
tides spare critical endogenous protein tyrosines. Some criti-
cally relevant issues in the field remain ill-defined. First, the role
of tyrosine nitration as a physiological regulatory signal has
not been demonstrated, although it may impact inflammatory
signaling during pathologically relevant conditions.>* Second,
while enzymatic processes for the reduction or removal of
—NO, from tyrosine have not been unambiguously estab-
lished, some limited information indicates that some nitrated
proteins are prone to “recovery’ by “denitration”.>3” | find it
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difficult to envision a “general” denitrase or reductase activity,
since nitrated tyrosines are present in rather heterogeneous
regions of a large number of proteins, and such enzymatic
machinery has not been isolated or characterized yet. A large
experimental effort is needed to understand how tyrosine
nitrated proteins are handled intra- and extracellularly by
either proteolytic or repair systems (i.e., the fate of tyrosine
nitrated proteins).

Overall, the accumulated biochemical data provide a
sound foundation to further investigate the mechanisms
by which protein tyrosine nitration in vivo may influence the
progression of disease states associated with a disruption of
‘NO and redox metabolism.
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