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Summary. This overview summarizes recent findings on the role of
tyrosyl radical (TyrO*) in the multitudinous neurochemical systems
of brain, and theorizes on the putative role of TyrO* in neurological
disorders [Parkinson’s disease (PD), Alzheimer’s disease (AD) and
amyotrophic lateral sclerosis (ALS)]. TyrO® and tyrosine per se can
interact with reactive oxygen species (ROS) and reactive nitrogen
species (RNS) via radical mechanisms and chain propagating reac-
tions. The concentration of TyrO®, ROS and RNS can increase
dramatically under conditions of generalized stress: oxidative,
nitrative or reductive as well, and this can induce damage directly
(by lipid peroxidation) or indirectly (by proteins oxidation and/or
nitration), potentially causing apoptotic neuronal cell death or
autoschizis.

Evidence of lesion-induced neuronal oxidative stress includes
the presence of protein peroxides (TyrOOH), DT (o,0’-dityrosine)
and 3-NT (3-nitrotyrosine). Mechanistic details of protein- and
enzymatic oxidation/nitration in vivo remain unresolved, although
recent in vitro data strongly implicate free radical pathways via
TyrO-. Nitration/denitration processes can be pathological, but they
also may play: 1) a signal transduction role, because nitration of
tyrosine residues through TyrO- formation can modulate, as well
the phosphorylation (tyrosine kinases activity) and/or tyrosine
hydroxylation (tyrosine hydroxylase inactivation), leading to con-
sequent dopamine synthesis failure and increased degradation of
target proteins, respectively; 2) a role of “blocker” for radical-
radical reactions (scavenging of NO*, NO3 and CO3~ by TyrO*); 3) a
role of limiting factors for peroxynitrite formation, by lowering O3~
formation, which is strongly linked to the pathogenesis of neural
diseases.

It is still not known if tyrosine oxidation/nitration via TyrO*
formation is 1) a footprint of generalized stress and neuronal
disorders, or 2) an important part of O3~ and NO* metabolism, or 3)
merely a part of integral processes for maintaining of neuronal
homeostasis. The full answer to these questions should be of top
research priority, as the problem of increased free radical formation
in brain and/or imbalance of the ratios ROS/RNS/TyrO* may be all
important in defining whether oxidative stress is the critical deter-
minant of tissue and neural cell injury that leads to pathological
end-points.
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Generalized cellular stress (oxidative, nitrative and
reductive) is regarded as a key element underlying the
onset of neurodegenerative disorders: Parkinson’s dis-
ease (PD), Alzheimer disease (AD) and amyotrophic
lateral sclerosis (ALS) (Clement et al., 1998; Torreilles
et al., 1999; de Gray, 2000; Metodiewa and Koska,
2000). Active neurons produce and release reactive
oxygen species (ROS) and reactive nitrogen species
(RNS), both of which create oxidative stress. Excess
production of ROS and RNS can overwhelm neuronal
antioxidant capacity and thus inactivate vital cellular
processes and ultimately lead to cell death. Oxidative
species that might mediate this damage include *OH
(hydroxyl radicals), tyrosyl radicals (TyrO*) and RNS
such as peroxynitrite (PN), NO* (nitric oxide) and NO3
(nitric dioxide). The aim of this review is to focus
on the role(s) of tyrosine (Tyr) and its radical TyrO®in
the sequence of events arising after neural cell injury
has been initiated (generalized stress conditions). We
hypothesize on the role of these radical species in the
aetiology and progression of neurologic disorders. The
role of Tyr (and its radical derivatives) in oxidative/
nitrative events (incl. reactions with ROS and RNS) in
the initiation of neurodegenerative disorders (e.g.,
PD, AD, ALS) has not been adequately addressed.
As shown in Scheme 1, one-clectron oxidation of
Tyr by heme ferryl ions (classical peroxidatic mecha-
nism) (Metodiewa and Dunford, 1993) results in the
highly reactive TyrO* which by itself can cause lipid
peroxidation (Savenkova et al., 1994), crosslinking of
protein(s) tyrosyl residues in situ (Pichorner et al.,
1995; Winterbourn et al., 1997; Tien, 1999; van Dalen
et al., 2000), or coupling to give DT (0,0’-dityrosine)
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and formation of a peroxide adduct TyrOOH (tyro-
sine peroxide).

The reaction of TyrO* with superoxide (O3) is a
scavenging reaction, which proceeds rather by addi-
tion than by electron transfer (Pichorner et al., 1995):

2Tyr + H,H, —> 2TyrO* + 2H,0 (1)
2TyrO* — Tyr-Tyr (DT) )
TyrO* + Oy + Hf - Tyr + O, 3)
TyrO* + O3~ + H* —» TyrOOH 4

It is worth nothing that a decrease in the O3~ concen-
tration (reactions 3 and 4) and H,0O, formation by
SOD (cellular antioxidant), reduction and acidifica-
tion of the intracellular milieu can constitute a “signal”
for H,O,-mediated apoptosis, thereby inducing a
reductive as opposed to an oxidative stress (Clement
et al., 1998). This mechanism remains to be explored,
because of the new-found existence of peroxidases in
human substantia nigra (Calzigna et al., 2000).
Evidence of generalized stress within neuronal
lessions includes the presence of DT and 3-NT (3-
nitrotyrosine) which, in turn, indicate that TyrO*, ROS
and RNS can attack Tyr residues of neural proteins
(Metodiewa, 1998; Pennathur et al., 1999; Metodiewa
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and Koska, 2000). Most of the recently proposed
mechanisms of Tyr nitration in vivo rely on free radi-
cal reactions, demonstrated in model solutions:

(i) peroxidative (peroxidase-catalyzed) oxidation of
Tyr to TyrO* (reaction 1) and peroxidative oxida-
tion of nitrite to NO3 (van Dalen et al., 2000).
Notably, this recently proposed mechanism is
consistent with TyrO* that exchanges with tyrosyl
residues and couples with NO3 to form 3-NT. The
nonenzymatic oxidation of Tyr by "OH can also
result in TyrO* and Tyr(OH)* (Santos et al.,
2000). Thus, nitration of phenolic Tyr requires an
obligatory one-electron step (oxidation), and
formed TyrOcis the precursor for both DT (reac-
tion 2) and 3-NT, formed by the following addi-
tion of NO3 or NO* (Priitz et al., 1985; Eiserich et
al., 1995; Lymar et al., 1996; Daiber et al., 1998);

(i) oxidation of the formed product (adduct) of re-
combination reaction as follows (Goldstein et al.,
2000):

TyrO* + NO* < TyrONO — 3-NT (5)

This adduct could be oxidized to 3-NT in the
presence of appropriate oxidants (e.g., GSH).
Catalysis of O3~ dismutation by SOD will not

COO’
NH;"
Fig. 1. Reaction scheme for formation of
OOH DT (o,0-dityrosine and TyrOOH (tyrosine
0 peroxide) after peroxidatic oxidation of
tyrosine by MPO (myeloperoxidase)
peroxide (Winterbourn et al., 1997)
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prevent nitration (reaction 5). This reversible re-
action of TyrO® with NO*is one of its important
properties: once formed, 3-NT may act as a pro-
moter of repetitive redox cycling by its reduction
to the corresponding nitroanion radical, which
can be oxidized by molecular O, to yield O3, and
regenerate to parent 3-NT (Krainev et al., 1998);
auto-oxidation of NO*to NO3, carbonate radical
oxidation of Tyr to TyrO-, or oxidation by NO3 as
follows (Liu et al., 1998; Santos et al., 2000):

(iif)

4NO" + 0, — 2NO; — N,0, (6)
NO; + Tyr — TyrO® 7
CO;5 + Tyr —» TyrO* + HCO; 8)
NO; + TyrO* — [O,N-Tyr] — 3-NT + products

€

(iv) peroxynitrite (PN) decomposition in reaction
with CO, to CO5~ and NO3, where TyrOcis the
expected precursor of 3-NT, nitrodityrosine
(NO,-DT) and DT as well (Zhang et al., 2000).
Bicarbonate stimulates 3-NT formation in solu-
tions containing nitrite anion (NO3), SOD1 and
H,0O,, where the fast electron transfer reaction
between CO3;~ and NOj results in NO3 formation.
NOs can abstract the phenolic H atom of Tyr
(reaction 7) (Santos et al., 2000; Zhan et al., 2000)
to TyrO* which recombines with NO3 to form 3-
NT. The formation of 3-NDT (3-nitro dityrosine)
was explained as follows (Zhang et al., 2000):

CO5 + NO, — Tyr - HCO3 + NO, — Tyr*
(10)

NO,— TyrO* + TyrO* — NO, — DiTyr (3-NDT)
(11)

Notably, 3-NDT (reactions 7, 10, 11) may be used as
new markers of both oxidation/nitration reactions of
Tyr in vivo (Zhang et al., 2000). Bicarbonate-mediated
Tyr oxidation/nitration, catalyzed peroxidatively by
SOD1 via formation of a putative CO5, is shown in
Fig. 2.

Currently, the exact and complete mechanism by
which Tyr is nitrated, either in vivo or in model
solutions in vitro, remains controversial. Notably, the
relationship between 3-NT in proteins and free 3-NT
is still unknown, as is the biological/pathological
relevance.

Tyr modification to 3-NT via TyrO® by PN report-
edly occurs in the presence and/or in the absence of

SOD—Cu™
coy .
H,0, HCOy \i :
Tyr Tyr* )
SOD—Cu*2 OH NO, Tyr
Tyr, NO}
NOy l
Y .
NO3 NO,-Tyr NO;-DiTyr

Fig. 2. Reaction scheme of the major reaction pathways leading
to formation of DT, 3-NT, NO,-DiTyr and other higher oxidation
products of tyrosine formed during SOD1/H,0,/HCOj3-induced
oxidation of tyrosine, in the presence and absence of nitrite (Zhang
et al., 2000)

the biologically important bicarbonate-CO, pair. At
physiological pH, PN can be a significant source of 3-
NT (Reiter et al., 2000; Sawa et al., 2000). This recent
finding conflicts with the earlier proposal that PN,
formed from NO-®and O;~, does not nitrate Tyr at
physiological pH (Pfeiffer and Mayer, 1998). How-
ever, it is now known that DT formation (reaction 2)
outcompetes Tyr nitration at a low steady-state
concentration of PN (Pfeiffer and Mayer, 2000). The
recent kinetic model from radiation chemical experi-
ments (Goldstein et al., 2000) focuses less on the
minor role of PN as a Tyr nitrating agent, and more on
DT formation as the major product of TyrO* reaction
with NO". This clearly demonstrates that nitration of
Tyr via TyrO-, in the presence of bicarbonate, depends
on the rates of generation of reactants (NO*and O;")
as shown in the scheme (Sawa et al., 2000):

NO* + O3~ — ONOO- (PN) (12)

It is noteworthy that a kinetic model of the system
TyrO*/NO*/O;~ was also constructed (Stanbro, 1999),
to include the chemical and kinetic “nature” of these
reactants. It was proposed that the reversible reaction
of NO* and TyrO* (reaction 5) acts to “buffer” the
concentration of TyrO®in the system, while the reac-
tion of TyrO*and O3~ (reaction 3) scavenges it. Quan-
titatively, the reaction of NO® and O3~ (reaction 12)
is a more important process, but the pathological
significance would appear to be related to TyrO- for-
mation and decay as well, which can not be neglected
in any considerations of generalized stress. Some alter-
native pathways for Tyr oxidation/nitration via TyrO*
are illustrated in Fig. 3.

The local protein environment and location of Tyr
on a loop structure of the molecule, along with its
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attraction to neighbouring negative charges, are just
some of the important factors determining selectivity
and efficiency of Tyr oxidation/nitration in vivo
(Eiserich et al., 1998; Krainev et al., 1998; Souza et al.,
1999; Santos et al., 2000).

Nitration of protein-bound and free Tyr, via TyrO-,
may modulate cellular (neural) functions through
inactivation of enzymes such as tyrosine hydrox-
ylase (TH), the rate-limiting step in catecholamine
synthesis. If this leads to consequent dopamine
synthesis failure, the severity of parkinsonian symp-
toms can be exacerbated (Ara et al., 1998). Addition of
the neurotoxins 1-methyl-4-phenylpyridinium or 6-
hydroxydopamine (MPP*, 6-OHDA) to dopaminergic
neurons (primary culture) leads to nitration of Tyr
residues in TH (Pong et al., 2000). TyrO* have been
detected during turnover of PGH synthase (prostag-
landin endoperoxide H synthase), with the modified
residue Tyr 385 being a source of catalytically active
TyrO* (Goodwin et al., 1999), which in turn can recom-
bine with NO®in a radical-radical reaction (Guittet
et al., 1999; Shi et al., 2000). NO*-trapping of the TyrO*

N 02 .
00
NH;" "H3N

oxidative
stress

CcoO" \ o0
OH OH

0,0’-DITYROSINE

" TyrONO

—» Nitrative/oxidative
stress

Fig. 3. Diagram of some alternate pathways
for tyrosine metabolism. Principal enzymatic
pathways include TH-catalyzed DOPA for-
mation, followed by DC-catalyzed dopamine
formation

of PGHS can also lead to Tyr imminoxyl radical and
3-NT formation (Gunther et al., 1997). PN-mediated
inactivation of Mn-SOD involves nitration and
oxidation of its critical Tyr residues (Crow et al.,
1997; MacMillan-Crow et al., 1998). The proposed
mechanism (Minetti et al., 2000) for nitration of
oxyhemoglobin residues involves TyrO® formation
via long-rate electron transfer to ferryl hemoglobin,
followed by its reaction with NOs.

Tyrosine nitration via TyrO®is a covalent post-
translational protein modification derived from the
reaction of proteins with nitrating agents (Souza et al.,
1999), which may regulate the posttranslational modifi-
cation of Tyr residues in pre- and postsynaptic proteins
(Di Stasi et al., 1999).

Oxidation of protein-Tyr, via TyrO® and RNS, is
dependent on the presence of CO, and metal ions, as
well as the concentration of reagents — according to
kinetic laws (Ducrocq et al., 1999; Stanbro, 1999;
Goldstein et al., 2000; van Dalen et al., 2000; Zhan et
al., 2000). Basically, nitration of only one or two Tyr
residues per protein molecule would still result in loss



Submolecular adventures of brain tyrosine 99

of catalytic activity (Ara et al., 1999; Souza et al.,
2000). Also, proteasome-degradation of the modified
proteins would be accelerated. Elimination of ni-
trated proteins may represent mechanisms of cellular
defense from oxidative/nitrative stress (Souza et al.,
2000).

New findings add weight to the concept that TyrO*
plays a pivotal role in the pathogenesis of PD. Good et
al. (1998) demonstrated the presence of NT-immuno-
reactivity in Lewy bodies within melanized neurons
and in amorphous deposits of degenerating neurons.
Tyr residues of neurofilaments, the major structural
neuronal proteins, are susceptible to nitration via
TyrO® by mutated SOD in vitro, and the attendant
disruption of their assembly may play a significant role
in the development of ALS (Crow et al., 1997). El-
evated free 3-NT level, but not protein-bound 3-NT or
*OH, implicates TyrO* formation in ALS-like diseases
(Brujin et al., 1997). Increased protein nitration in
neurons containing neurofibrillary tangles (NFTs) of
AD brains is either an indicator of TyrO* formation as
an intermediate and involvement of PN in the pathol-
ogy of AD (Torreilles et al., 1999; Smith et al., 2000).
Tyr nitration via TyrO- interferes with phosphoryla-
tion: this PN-mediated process can inhibit the ability
of protein tyrosine kinases to phosphorylate peptides
(Gow et al., 1996), thereby disturbing the kinases(s)
mechanisms underlying memory formation (Riedel
and Micheau, 1999). Evidence for the existence of
oxidative and nitrative stress within inflammatory de-
myelinating disorders includes the presence of 3-NT,
protein peroxides, and lipid peroxides (Smith et al.,
1999).

Tyr residues play a crucial role in monoamine
oxidase (MAO) substrate and inhibitor specificities
(Geha et al., 2000), raising the question of how MAO
oxidation/nitration affects dopamine catabolism and
melanin formation. Also, cytochrome C nitration may
represent both oxidative and signalling events occur-
ring during protein-bound TyrO* formation and RNS-
mediated injury of neuronal cells (Cassina et al., 2000).
Abundant evidence now supports the concept that
TyrO® may promote oxidative reactions at sites of
inflammation and in oxidative pathways, in the ab-
sence of metal ions.

Notably, the striatum and ventral midbrain of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine- (MPTP)-
treated mice exhibit elevated levels of both DT and
3-NT, either free or protein-bound (Pennathur et al.,
1999). Nitration of Tyr residues of TH, presumably by

TyrOrs, parallels the decrease of dopamine level in
striatum (Ara et al., 1999). These data lend additional
support to the concept that TyrO*is involved in the
pathogenesis of PD (Pennathur et al., 1999).

Many studies now indicate that TyrOc-initiated
nitration of Tyr produces alterations in either function
or activity of neuronal proteins, neurotransmitters,
and enzymes (van der Vliet et al., 1995; Gow et al.,
1996; Crow et al., 1997; Gunther et al., 1997; Squadrito
and Pryor, 1998; Ara et al, 1999; Di Stasi et al.,
1999; Souza et al., 2000; Mihm et al., 2001). This can
lead to neuropathological states by (i) incorporating
a negative charge in hydrophobic Tyr, thereby
enhancing proteolysis (Souza et al., 2000); (ii) modi-
fying protein conformation (Priitz et al., 1985; Eiserich
et al., 1998; Guittet et al., 1999; Torreilles et al., 1999;
Cassina et al., 2000; Mihm et al., 2001); (iii) “blocking”
Tyr phosphorylation and altering cell signalling (Gow
et al., 1996; Squadrito and Pryor, 1998; Di Stasi et al.,
1999).

Currently, it is still unclear as to whether oxidation/
nitration of Tyr and associated DT and 3-NT forma-
tion, may be a part of those processes required for
maintaining brain homeostasis at the cellular level
(Nakaki and Fuji, 1999). Thus, increases in DT and
3-NT levels in neuropathological states clearly point
toward TyrO® and RNS reactions as being physiologi-
cally relevant (Pennathur et al., 1999). If Tyr nitration
by TyrO® and RNS reactions is considered to be a
neuronal damaging process, it is evident that TyrO-,
once formed, has the potential to both initiate and
sustain the cascade of reactions ultimately leading to
neuronal death.

The above problems relating to TyrO* and its role
in intraneuronal protein oxidation and nitration (see
Fig. 3) should be a top research priority. Increased
free radical formation in brain and/or imbalance in the
ratios RNS/ROS/TyrO* may be all important in neu-
ropathological disorders resulting from generalized
(oxidative) stress. For now, it is not possible to give an
exact or complete description of all possible reactions
and interconversions of TyrO®, RNS and ROS within
neural cell(s), merely by projecting data derived from
model systems in vitro and in vivo.

In this review we have highlighted the pivotal role
for TyrOe in initiating neuronal damage and promot-
ing onset and progression of neurodegenerative dis-
orders. An enormous amount of additional study in
needed to determine all possible neurotoxic actions
and consequences of TyrO®in human brain.
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