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ABSTRACT The decrement in dopamine levels exceeds
the loss of dopaminergic neurons in Parkinson’s disease (PD)
patients and experimental models of PD. This discrepancy is
poorly understood and may represent an important event in
the pathogenesis of PD. Herein, we report that the rate-
limiting enzyme in dopamine synthesis, tyrosine hydroxylase
(TH), is a selective target for nitration following exposure of
PC12 cells to either peroxynitrite or 1-methyl-4-phenylpyri-
diniun ion (MPP1). Nitration of TH also occurs in mouse
striatum after MPTP administration. Nitration of tyrosine
residues in TH results in loss of enzymatic activity. In the
mouse striatum, tyrosine nitration-mediated loss in TH ac-
tivity parallels the decline in dopamine levels whereas the
levels of TH protein remain unchanged for the first 6 hr post
MPTP injection. Striatal TH was not nitrated in mice over-
expressing copperyzinc superoxide dismutase after MPTP
administration, supporting a critical role for superoxide in
TH tyrosine nitration. These results indicate that tyrosine
nitration-induced TH inactivation and consequently dopa-
mine synthesis failure, represents an early and thus far
unidentified biochemical event in MPTP neurotoxic process.
The resemblance of the MPTP model with PD suggests that a
similar phenomenon may occur in PD, inf luencing the severity
of parkisonian symptoms.

Parkinson’s disease (PD) is a common neurodegenerative
disorder characterized by disabling motor abnormalities at-
tributed to a profound deficit in dopamine (1). The decline in
dopamine level has been thought to arise solely from the severe
loss of dopaminergic neurons in the nigrostriatal pathway.
However, the dopamine deficit in the affected regions of the
brain significantly exceed the loss of dopaminergic neurons (2,
3), suggesting that dopamine synthesis is impaired before
cellular demise. Support for this hypothesis comes from studies
of experimental models of PD demonstrating that the reduc-
tion in dopamine metabolism-related markers such as tyrosine
hydroxylase (TH) and dopamine transporter is far greater than
the loss of neuronal cell bodies (4–6). Because the severity of
PD symptoms correlates with the magnitude of dopamine
deficit, elucidating mechanisms that impair dopamine synthe-
sis and metabolism in neurons that undergo selective degen-
eration in PD may have important therapeutic implications.

There is experimental evidence from studies of humans and
animals in support of the hypothesis that oxidative stress
contributes to the pathogenesis of PD (7). Studies performed
in the MPTP model of PD suggest that peroxynitrite, a reactive

species formed by the nearly diffusion-limited reaction of nitric
oxide with superoxide, may be a mediator of nigrostriatal
damage in PD (8–10). The potential role of peroxynitrite in the
pathogenesis of PD is further supported by demonstrating that
exposure of the monoamine-producing PC12 cells to peroxyni-
trite induced a dose-dependent alteration in dopamine syn-
thesis that was not due to cell death or the oxidation of
dopamine (11).

Based on these observations, we propose that the inhibition
of dopamine metabolism in PD may result from the peroxyni-
trite-mediated inactivation of TH, the rate limiting enzyme in
dopamine synthesis. Previous work has shown that protein
tyrosine residues are a major target of peroxynitrite reactivity.
The nitration of the ortho position of tyrosine by peroxynitrite
occurs spontaneously as well as by CO2 or low molecular mass
transitional metal catalysis (12–14). The latter mechanism may
be particularly relevant to PD because the free iron content in
affected brain regions is markedly increased (15, 16). Protein
associated or free nitrotyrosine has been detected in human
postmortem specimens of patients with neurodegenerative
disorders such as Alzheimer’s, multiple sclerosis, and amyo-
trophic lateral sclerosis, as well as in animal models of neu-
rodegeneration (17–23).

Therefore, experiments were performed to test the hypoth-
esis that the inactivation of dopamine synthesis is caused by
nitration of TH by peroxynitrite in models of PD. Nitration of
TH was examined in PC12 cells challenged with different
concentrations of peroxynitrite and 1-methyl-4-phenylpyri-
dinium ion (MPP1), the active metabolite of MPTP (24), as
well as in mice treated with MPTP. Nitration of TH was
detected and quantified by immunoprecipitation and reaction
with affinity purified anti-nitrotyrosine antibodies and amino
acid analysis. Nitrated TH was found in all models, and the
extent of TH nitration correlated with loss of TH catalytic
activity and decline in dopamine levels.

MATERIALS AND METHODS

Exposure of PC12 Cells and Tyrosine Hydroxylase to Per-
oxynitrite. Peroxynitrite was synthesized from nitrite and
hydrogen peroxide. The concentration of peroxynitrite was
measured by the increase in absorbance at 302 nm («302 nm 5
1,700 M21 cm21) in 1.2 M NaOH. The peroxynitrite was added
to the samples as a small drop along the wall of the tube just
above the reaction mixture and then rapidly mixed by vortex-
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ing. The pH of the buffer was the same after each addition of
peroxynitrite. PC12 cells were washed with Earle’s balanced
salt solution, scraped off the plates, and centrifuged at 800 3
g for 5 min, and the pellet was solubilized with lysis buffer (20
mM TriszHCl, pH 7.4y150 mM NaCly4 mM EGTAy10%
glyceroly1% Triton X-100) (Bio-Rad).

Immunoprecipitation of Tyrosine Hydroxylase and Nitro-
tyrosine Detection. Mice brain homogenates and PC12 cell
lysates were precleared with protein G-Sepharose (Pharmacia)
(1 hr at 4°C) to reduce the amount of protein precipitated
nonspecifically. The mixture was centrifuged for 1 min at
10,000 rpm to pellet the beads with nonspecifically bound
proteins. Five microliters of anti-tyrosine hydroxylase mAbs (1
mgyml) were incubated for 12 hr at 4°C with 500 ml of
appropriately diluted samples in lysis buffer containing 1 mM
PMSF, 10 mgyml aprotinin, 0.2 mM sodium orthovanidate,
and 1 mgyml leupeptin. The immune complexes were precip-
itated with 30 ml of 25% wtyvol protein G-Sepharose (rotating
the suspension for 1 hr and 30 min at 4°C) after which the beads
were collected by centrifugation and washed three times with
lysis buffer. The beads were finally suspended in 50 ml of
sample buffer containing SDS and 2-mercaptoethanol and
heated at .90°C for 5–10 min. The protein G-Sepharose was
pelleted by centrifugation for 1 min, and supernatant was
analyzed by SDS gel electrophoresis on 12% running gels.
Proteins were transferred to 0.2-mm nitrocellulose membranes
(Schleicher & Schull) and reacted with either a polyclonal
anti-tyrosine hydroxylase 1:3,000 dilution (Eugene Tech,
Ridgefield, NJ) or 1.0 mgyml affinity purified rabbit anti-
nitrotyrosine antibodies that were preconjugated overnight at
4°C with 1:3,000 dilution of horseradish peroxidase labeled-
goat anti-rabbit IgG (H1L; Bio-Rad). After washing, the
nitrocellulose was incubated with chemiluminescent substrate
(Amersham) and then exposed to the x-ray film (AIF, Fuji).

Animals and Treatment. Eight-week-old male C57ybl mice
(25–30 g; Charles River Breeding Laboratories) were housed
three per cage in a temperature-controlled room under a 12-hr
lightydark cycle with free access to food and water. On the day
of the experiment, mice received four i.p. injections of
MPTPzHCl (20 mgykg free base; Research Biochemicals) in
saline at 2 hr intervals; control mice received saline only.
MPTP-injected mice (4–6 per group) were killed 0, 3, and 6
hr after the last injection. Right and left striata were rapidly
dissected on ice, immediately frozen on dry ice, and stored at
280°C until analysis (3). To examine the effects of copperyzinc
superoxide dismutase (SOD1) activity on tyrosine nitration of
the enzyme tyrosine hydroxylase, hemizygote male (aged 2–8
mo) SF-218 mice also were injected with MPTP as above.
These mice carry eight copies of the wild-type human SOD1
gene, presumably in tandem array, and have 'fourfold higher
striatal and ventral midbrain SOD1 activity compared with
their nontransgenic littermates (25).

Measurement of Striatal Dopamine Levels. HPLC with
electrochemical detection was used to measure striatal levels
of dopamine. On the day of the assay, frozen tissue samples
were sonicated in 50 vol (wtyvol) of 0.1 M perchloric acid
containing 25 ngyml dihydrobenzylamine (Sigma) as internal
standard. After centrifugation (15,000 3 g, 10 min, 4°C), 20 ml
of supernatant was injected onto a C18-reversed phase RP-80
catecholamine column (ESA, Bedford, MA). The mobile
phase consisted of 90% of a solution of 50 mM sodium
phosphate, 0.2 mM EDTA, and 1.2 mM heptanesulfonic acid
(pH 3.5), and 10% methanol. Flow rate was 1.0 mlymin. Peaks
were detected by a Coulochem 5100A detector (E1 5 20.04
V, E2 5 10.35 V) (ESA). Data were collected and processed
on a computerized Dinamax data manager (Rainin, Woburn,
MA).

Tyrosine Hydroxylase Activity. A radiometric assay based
on the release of [3H]H2O from L-[ring-3,5-3H]tyrosine (NEN)
was used to determine the striatal catalytic activity of tyrosine

hydroxylase (26). Frozen samples were sonicated in 10 vol
(wtyvol) 50 mM Mes (pH 6.1) and centrifugated (15,000 3 g,
10 min, 4°C). In a total volume of 100 ml, 50 ml of supernatant
were mixed with 25 ml of a mixture containing 2.5 nmol
L-tyrosine, 1 mCi (1 Ci 5 37 GBq) L-[ring-3,5-3H]tyrosine
(specific activity 50 Ciymmol, NEN), 0.5 mmol DTT, and 15
ml catalase (80 unitsyml). The reaction was started by adding
10 ml of 10 mM 6(R)-L-erythro-5,6,7,8-tetrahydrobiopterin
(BH4, Sigma); for blank, BH4 was omitted and 10 ml of Mes
buffer was added instead. At the end of the incubation (20 min,
37°C), 1 ml of cold 7.5% activated charcoal (R-60, Fisher
Scientific) suspension in 1 M HCl was added to each tube,
vortexed, and centrifuged (2,000 3 g, 5 min, 25°C). Then, 0.4
ml of the supernatant was mixed with 4 ml of Acquasol-II
(NEN), and radioactivity was counted by scintillation spec-
trometry. Protein concentrations were determined by using the
Bradford assay (Pierce).

Tyrosine Hydroxylase Protein. An ELISA was used to
measure striatal content of tyrosine hydroxylase protein ac-
cording to the method reported by Reinhard, Jr. et al. (27) with
minor modifications. Falcon 96-well polystyrene ELISA plates
(Fisher Scientific) were coated with 10 ngywell of rabbit
polyclonal anti-tyrosine hydroxylase (Gift from J. W. Haycock,
Louisiana State University Medical Center, New Orleans) in
10 mM sodium phosphate buffer (pH 7.4) containing 100 mM
NaCl (PBS) by overnight incubation at 4°C. The plates were
then washed (PBS containing 0.05% Tween 20), blocked with
1% BSA in PBS (1 hr, 25°C), and stored at 4°C. On the day of
the assay, frozen samples were homogenized (glassyglass
homogenizer) in 10 vol (wtyvol) PBS containing 1 mgyml
leupeptin (Sigma). After centrifugation (15,000 3 g, 10 min,
4°C), 100 ml of supernatant diluted at 1:75 in buffer were added
to the well and incubated (30 min, 37°C); for blanks, 100 ml of
buffer were added instead of supernatant. The plates were
successively incubated with 1:16,000 mouse monoclonal anti-
tyrosine hydroxylase (TH-16, Sigma), 1:400 biotinylated anti-
mouse IgG (Vector, Burlingame, CA), and 1:200 horseradish
peroxidase conjugated-streptavidin (Vector) in PBS; between
each of these incubations (30 min, 37°C), plates were washed
twice with PBSy0.05% Tween 20 at 25°C. After the last wash,
100 ml of horseradish peroxidase substrate 2,29-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS; Vector) was
added to each well and the plate was incubated (20 min, 25°C)
in the dark before being read at 405 nm (with reference at 450
nm) on a computerized dual microplate reader (Bio-Rad
model 3550). Tyrosine hydroxylase content (mgymg protein)
was derived from a purified rat tyrosine hydroxylase standard
curve with a linear concentration range of 1.25–20 ngywell.

Two-Dimentional Electropheresis. Brain tissue was dis-
sected and sonicated immediately in ice-cold PBS (pH 7.4),
and the sonicate was centrifuged at 13,000 3 g for 20 min. The
supernatant obtained was either analyzed immediately or
stored at 270°C; the pellet was resolubilized in 10 vol PBS and
stored at 270°C. Proteins (100 mgytube) were first separated
by isoelectric focusing in capillary tubes by using pH 3–10
ampholytes (Bio-Rad). Denaturing SDSyPAGE was per-
formed on miniature 8% polyacrylamide gels enabling sepa-
ration of proteins with apparent molecular mass of 5–200 kDa.
Color molecular weight markers (Sigma) were run in all gels,
enabling visual verification that the membrane transfer was
complete. To calibrate the pH, parallel runs were performed
by using pI markers (Sigma). Before staining, blots were
incubated overnight at 4°C in a 5% blocking solution (nonfat
dry milk in PBS, pH 7.4). Blots were then washed three times
for 5 minywash in PBS containing 0.05% Tween-20 and a
5-min wash in PBS. Blots were incubated at 25°C in a primary
antibody solution of 1 mgyml anti-nitrotyrosine antibody in 3%
blocking buffer. Blots were then washed and incubated 1 hr in
biotinylated secondary antibody (goat anti-rabbit IgG; Sigma)
in 3% blocking buffer. Blots were then washed and incubated
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30 min in streptavidin–biotin-linked horseradish peroxidase
solution and visualized with chemiluminescence as described
above. Appropriate controls showed that all staining can be
eliminated by either elimination of the primary antibody or by
including 10 mM 3-nitrotyrosine in the initial primary antibody
solution (28).

RESULTS

PC12 Cell Models. PC12 cell lysates rich in TH were treated
with different concentrations of peroxynitrite, and immuno-
precipitated TH was reacted with affinity purified anti-
nitrotyrosine antibodies. As expected, exposure to peroxyni-
trite resulted in a dose-dependent nitration of TH (Fig. 1A).
The degree of TH nitration correlated with the loss of
enzymatic activity (Fig. 1B). TH activity was assayed under
optimal conditions to insure that the decline in activity is not
related to availability of substrate or cofactor but to TH
modification(s). Other amino acid residues susceptible to
peroxynitrite attack are tryptophan, cysteine, and methionine.
The content of tryptophan in purified TH was determined by
measuring the fluorescence of the indole ring (excitation l 5
325 nm and emission l 5 410 nm). Rat and human TH
contains three tryptophan residues that are sufficient to permit
accurate detection of fluorescence. There was no difference in
the fluorescence of the indole ring of unreacted purified TH
and TH reacted with up to 1 mM peroxynitrite. Amino acid
analysis of purified TH before and after reaction with per-
oxynitrite did not reveal any other change in the recovery of
amino acids including methionine. Therefore, in the absence
of any other amino acid modification, tyrosine nitration is the
primary reason for the inactivation of the enzyme. Moreover,
amino acid analysis of purified TH exposed to peroxynitrite
revealed that the same mol percentage of nitrotyrosine (0.32 6
0.03) was present irrespective of the peroxynitrite concentra-
tion. Exposure of purified TH to 2 mM peroxynitrite results in
nitration of all TH molecules, and thus under this condition,
the 0.32 mol percent represents nitration of a single tyrosine
residue in every TH molecule.

PC12 cells also were exposed for 1 hr to different concen-
trations of MPP1. In similar to exposure to peroxynitrite,
MPP1 induced the nitration of TH (Fig. 2). It is important to
note that the PC12 cells used in these experiments contain the
neuronal form of nitric oxide synthase (nNOS), documented

by Western blot analysis (not shown) and by the presence of
nitric oxide metabolites, nitrite and nitrate. Under our exper-
imental conditions, lysates of 1 3 106 cells contain 3.7 6 0.4
mM nitrite plus nitrate. Moreover, 1 hr after exposure to
MPP1, the cells were viable and capable of reducing 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
to formazan. Control cells value for MTT reduction was
0.800 6 0.07 absorbance at 570 nm, (n 5 3, mean 6 SD) and
of cell treated with 1 mM MPP1, 0.979 6 0.04 absorbance at
570 nm, (n 5 3 mean 6 SD). The reduction of MTT by the
mitochondrial and cytosolic dehydrogenase(s) requires
NADH and, therefore, reflects the availability of pyridine
nucleotides and the cellular redox state.

MPTP Murine Models. To determine whether MPTP in-
duces nitration of TH in vivo, adult C57ybl mice were injected
with MPTP and controls were injected with saline as described
(8). In both striatum and ventral midbrain, increases in protein
tyrosine nitration were detected as early as 3 hr after MPTP
injection. Two-dimensional separation of proteins followed by
immunoblotting with anti-nitrotyrosine antibody revealed that
several proteins were nitrated in the striatum 3 hr after MPTP
injection (Fig. 3). A prominent nitrated band was a protein
with an apparent molecular weight of 58,000 and pI of 5.8,
which are physical properties of tyrosine hydroxylase (29–31).
To confirm that TH is the nitrated protein, TH from striatal
protein extracts of MPTP-injected mice was immunoprecipi-
tated and subsequently reacted with affinity purified anti-
nitrotyrosine antibodies. Striatal TH was indeed nitrated 3 and
6 hr after MPTP injection (Fig. 4A) whereas TH immunopre-
cipitated from saline controls or immediately after the last
injection of MPTP was not nitrated. To demonstrate the
critical role of superoxide in tyrosine nitration of TH, MPTP
was administrated to transgenic mice with increased SOD1
activity, the enzyme responsible for the conversion of cytosolic
superoxide to hydrogen peroxide. In the transgenic mice with
increased SOD1 activity, MPTP did not cause any detectable
nitration of striatal TH at any time points studied (Fig. 4B).

FIG. 1. Nitration of TH molecules results in proportional loss of
activity. (A) Levels of immunoprecipitated TH in PC12 cell lysates
treated with different concentrations of peroxynitirite. (B) Nitrated
TH. The level of nitration was evaluated after staining with affinity
purified polyclonal anti-nitrotyrosine antibodies and by amino acid
analysis. (C) TH activity determined under optimal conditions.

FIG. 2. (A) Immunoprecipitation of TH after 1-hr treatment of
PC12 cells with different concentrations of MPP1. (B) Nitration of
tyrosine residues in the immunoprecipitated TH was evaluated by
reaction with the anti-nitrotyrosine antibodies. Representative data
from three independent experiments.

FIG. 3. MPTP treatment leads to protein tyrosine nitration of
specific proteins in the mouse midbrain. Two-dimensional, chemilu-
minescence-enhanced anti-nitrotyrosine immunoblots of ventral mid-
brain tissue of C57ybl mice 3 hr after injection of either saline (A) or
MPTP (B). MPTP injection resulted in nitration of selective proteins.
Indicated by the arrow is a protein with the physical characteristics of
mouse tyrosine hydroxylase listed in protein databases.
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This observation is consistent with the previous reports that
MPTP exposure of SOD1-transgenic mice failed to induce a
dopamine deficit (25).

The present regimen of MPTP caused dramatic reductions
in striatal dopamine levels in C57ybl mice similar to previously
reported albeit at earlier time points (4, 8, 25). Striatal
dopamine levels declined to nearly 20% of saline control 3 and
6 hr post-injection. The magnitude and the time course of the
changes in striatal TH activity following MPTP administration
paralleled very closely that of dopamine levels (Fig. 4C).
Conversely, loss in striatal TH protein content was insignifi-
cant (only 6% as compared with zero time) during the first 6
hr post MPTP injection.

DISCUSSION

Previously we demonstrated that peroxynitrite impairs dopa-
mine metabolism in PC12 cells (11). In the present study, the
molecular mechanism for the peroxynitrite-impairment of
dopamine production and the potential role of this process in
the pathogenesis of MPTP model of PD was investigated. The
rate-limiting enzyme in the dopamine synthesis, TH, is a target
for peroxynitrite-induced tyrosine nitration and that nitration
of a single tyrosine residue within this enzyme appears to be
sufficient to impair its catalytic activity. Nitration of tyrosine
residues in vitro results in inactivation of a vast number of
mammalian proteins whose activity is dependent on tyrosine
residues (32). Nitration of tyrosine results in a marked shift of
the local pKa from 10.07 of the OH group of tyrosine to 7.5 of
3-nitrotyrosine that is expected to change the hydrophobicity,
hydrogen bonding, and electrostatic interactions within the
protein. The shift in pKa provided the biochemical explanation
for the inhibition in the rate of phosphorylation by tyrosine
kinases as well as for the inactivation of protein function (28).
Native tyrosine 3-hydroxylase (EC 1.14.16.2) is a tetrameter of

four identical monomers. Isolated monomers have catalytic
activity, and by limited proteolytic digestion, the catalytic
domain has been located in the carboxyl-terminal between
residues Leu188 and Phe456 (29–31). The rat enzyme contains
17 tyrosine residues of 498 total residues, and 15 of these
tyrosine residues are found in the catalytic domain (30, 31).
The human enzyme contains 15 tyrosine residues with 14 of
them in the catalytic domain. Although the site of nitration has
not been identified, Tyr225 in both the rat and human TH is
a likely candidate because it is located within a sequence
(X-X-Glu-Tyr-Thr-Ala) that is a target for nitration by per-
oxynitrite. This sequence was found to be the most effective
target for tyrosine nitration during a screening of peptide
sequences for efficiency of nitration by peroxynitrite (H.I.,
unpublished results).

The pivotal role of TH in catechdamine synthesis, and
consequently in PD, led to the second set of experiments aimed
at assessing whether MPTP that is suspected to exert its
neurotoxic effects, at least in part, through the formation of
peroxynitrite, also would inactivate TH. MPTP produced a
rapid and profound loss in striatal dopamine content that was
closely matched by the loss in TH activity. The loss in TH
activity was not caused by a decrease in striatum TH protein.
In addition, negligible dopaminergic neuronal death is ob-
served 6 hr after MPTP injection (4). Therefore, TH inacti-
vation and dopamine synthesis failure is an early event in
MPTP neurotoxic process that precedes loss in TH protein and
dopaminergic neurons. Nagatsu and coworkers (33, 34) have
found at least three distinct phases in TH activity and content
after either MPTP or MPP1 administration. During the early
phase, minutes after MPTP or MPP1 administration there is
a decrease in the in vivo TH activity but not in the Vmax of the
enzyme measured under optimal conditions in vitro. During
the same time, the TH concentration remains the same, and as
a result the homeospecific activity of TH, expressed as Vmax
over TH protein, also remains the same. The loss of TH
activity in vivo was attributed to either the increase in cyto-
plasmic levels of dopamine or to the inhibition of TH phosho-
rylation (34, 35). During the middle phase, such as 3 hr after
continuous exposure of striatal dopaminergic neurons to
MPP1 or after the last injection of MPTP, the TH activity both
in vivo and in vitro was decreased significantly whereas the TH
protein levels are unchanged (33, 34). As expected, the de-
crease in the Vmax resulted in a decrease in the homeospecific
activity of TH. The mechanism for the inactivation of TH and
loss of homeospecific activity during the middle phase (hours)
has not been elucidated. This study provides evidence that the
molecular mechanism responsible for the inactivation of TH
after MPTP administration is tyrosine nitration. Previously, it
was shown that MPTP stimulates nitration of free tyrosine (10)
and of total proteins (22), but the current work indicates that
TH is a preferential target for MPTP-induced tyrosine nitra-
tion. The late phase of MPTP or MPP1 administration
resembles the late stages of PD disease in which TH activity in
vivo and in vitro, TH protein content are significantly de-
creased (33, 34). In PD patients, a compensatory increase in
TH-homeospecific activity has been reported and is thought to
arise from the existence of multiple forms of TH mRNA,
which are products of alternative splicing (35).

The existence of nitrated TH implies the formation of a
nitrating agent after injection of MPTP. MPTP has been
shown to selectively accumulate in dopaminergic neurons
where it is oxidized to MPP1 by monoamine oxidase-B (24).
In turn, redox cycling of MPP1 by dehydrogynases such as the
complex I of the mitochondrial electron transport chain and
cytosolic oxidoreductases such as the cytochrome P450 reduc-
tase and xanthine oxidase results in the formation of super-
oxide by the one electron reduction of oxygen (36). Thus, in
both the mitochondria and cytosol compartments, the redox
cycling of MPP1 results in an increase in the steady–state levels

FIG. 4. (A) Immunoprecipitation of striatal TH from MPTP-
exposed mice immediately after exposure (time 0), 3- and 6-hr post
exposure. TH was visualized with polyclonal anti-tyrosine hydorxylase
antibodies. Representative data from four different striatal prepara-
tions. (B) Nitration of tyrosine residues in the immunoprecipitated TH
was evaluated by reaction with the anti-nitrotyrosine antibodies. As a
positive control (C), TH was laso immunoprecipitated from peroxyni-
trite treated PC12 cell lysates as described in Fig. 1. (C) Time course
of striatal dopamine, tyrosine hydroxylase activity and TH protein
levels after MPTP administration (n 5 4–6).
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of superoxide. We hypothesize that the increase in the steady–
state levels of superoxide in dopaminergic neurons allows for
the formation of peroxynitrite because the second order rate
constant for the reaction of superoxide with nitric oxide is
0.4–1 3 1010 M21 s21, which is essentially the fastest reaction
known for superoxide to date (37). Nitric oxide is membrane-
permeable and can diffuse into dopaminergic neurons. Thus,
it is the site of elevated levels of superoxide that determines
whether a cell will be affected by the reactivity of peroxynitrite.
Although peroxynitrite is a strong oxidant, it reacts with most
biological targets with relatively slow rates (second order rate
constants range from 103 to 10 6 M21 s21) (38). Therefore, the
concentration of the biological target and the proximity to the
formation of peroxynitrite will determine which molecule will
react with peroxynitrite. It is apparent from data in this study
and in other models that protein tyrosine residues are selective
targets for peroxynitrite resulting in nitration. In the MPTP
model of PD, TH appears to be a major and critical target for
peroxynitrite-mediated nitration that leads to enzymatic inac-
tivation. As such, this finding represents the first example of in
vivo protein nitration that leads to a functional deficit that is
directly related with a pathogenic outcome.

Support for our working hypothesis also comes from trans-
genic mice with increased SOD1 activity. The decrease in the
steady-state levels of superoxide and consequently of per-
oxynitrite was able to prevent nitration of TH and loss of
enzymatic activity. Therefore the previous findings that these
mice are resistant to MPTP neurotoxicity can now be bio-
chemically explained on the basis of preventing peroxynitrite
formation. Blocking the formation or effective scavenging of
peroxynitrite can potentially provide a therapeutic interven-
tion because it will eliminate nitration of TH and loss of
catalytic activity preserving dopamine levels in the brain.
Moreover, eliminating peroxynitrite also may be useful be-
cause this reactive species can induce apoptosis and delayed
cell death independent of its nitrating ability (39–43).
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