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ABSTRACT

Tyrosine hydroxylase (TH) is the initial and rate-limiting enzyme in the biosynthesis of the neurotransmitter
dopamine. Peroxynitrite (ONOO-) and nitrogen dioxide (NO,) inhibit TH catalytic function and cause nitra-
tion of protein tyrosine residues. Exposure of TH to either ONOO- or NO, in the presence of cysteine (or glu-
tathione) prevents tyrosine nitration and results in S-thiolation instead. TH catalytic activity is suppressed by
S-thiolation. Dithiothreitol prevents and reverses the modification of TH by S-thiolation, and returns enzyme
activity to control levels. S-Nitrosothiols, which are known to S-thiolate proteins, can be formed in the reac-
tion of cysteine or glutathione with reactive nitrogen species. Therefore, S-nitrosoglutathione (GSNO) was
tested for its ability to modify TH. Fresh solutions of GSNO did not modify TH, whereas decomposed GSNO
resulted in extensive S-thiolation of the protein. Dimedone, a sulfenic acid trap, prevents S-thiolation of TH
when included with GSNO during its decomposition. Taken together, these results show that TH is S-thiolated
by ONOO- or NO, in the presence of cysteine. S-Thiolation occurs at the expense of tyrosine nitration. Glu-
tathione disulfide S-oxide, which forms spontaneously in the decomposition of GSNO and which is found in
tissue undergoing oxidative stress, may be the species that S-thiolates TH. Antioxid. Redox Signal. 7, 863—869.

INTRODUCTION

DOPAMINE (DA) plays numerous important roles as a neu-
rotransmitter, ranging from regulation of motor and en-
docrine function to participating in high-level cognitive activ-
ities. DA neurons are particularly sensitive to damage caused
by disease, drugs, and environmental contaminants, and it is
under these conditions that one can appreciate the importance
of maintaining equilibrium within these neurons. For in-
stance, Parkinson’s disease is a debilitating neurodegenera-
tive condition that is characterized by the extensive loss of
neurons within the nigrostriatal DA system. Drugs of abuse
like methamphetamine can also cause long-term reductions
in the function of DA nerve endings. The molecular mecha-
nisms by which the DA neuronal system is damaged are not
understood, but attention is increasingly focused on oxidative
and nitrosative stress.

A common thread running among most conditions associ-
ated with toxicity to DA neurons is an alteration in cellular
glutathione (GSH). GSH maintains the essential thiol status

of cells and critical proteins by preventing oxidation and/or
by scavenging free radicals. The recognition that GSH levels
are significantly lowered in Parkinson’s disease (13) and after
methamphetamine intoxication (29) may indicate that DA
neurons have been targeted by reactive oxygen and nitrogen
species. However, a reduction in the cellular levels of GSH is
not necessarily the same as a loss of GSH from cells, or an
oxidation of GSH to GSSG. In fact, it is becoming apparent
that, under conditions of cellular stress, GSH can form disul-
fide bonds with protein cysteine residues, a posttranslational
modification referred to as S-thiolation (when disulfide
forms between cysteine and protein) or S-glutathionylation
(when disulfide forms between cysteine of GSH and protein).

Tyrosine hydroxylase (TH) is the initial and rate-limiting
enzyme in the biosynthesis of DA, and the level of its activity
is tightly regulated by various posttranslational modifi-
cations, including phosphorylation. More recently, it has
become evident that TH function can be altered under condi-
tions of oxidative and nitrosative stress through direct modi-
fication of the protein. Peroxynitrite (ONOO~-) inhibits TH
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catalytic function via a mechanism that involves nitration of
tyrosine residues (1, 4) or direct oxidation of cysteines (5,
31). We have proposed that DA neurons contain numerous
factors, including DA (31), tetrahydrobiopterin (23), and re-
duced nicotinamide nucleotides (22), that block the tyrosine-
nitrating effects of reactive nitrogen species on TH, lowering
the possibility that nitrotyrosine formation is the posttransla-
tional event that mediates reductions in DA neuronal function
(26). Instead, the interaction of ONOO- with cellular compo-
nents of DA neurons can lead to varying posttranslational
modifications of cysteine residues in TH that have as much
impact on its function as phosphorylation. One of these com-
ponents could be GSH. TH can be S-glutathionylated in vitro
as well as in intact PC12 cells under conditions of oxidative
stress (5). In view of the importance of TH to normal DA neu-
ronal function, and realizing that ONOO- could interact with
cellular GSH, we considered the possibility that reactive ni-
trogen species could lead to S-thiolation of TH.

MATERIALS AND METHODS

Materials

Thrombin and pGEX-4T vectors were purchased from
Amersham Pharmacia Biotech (Piscataway, NJ, U.S.A.). Cys-
teine, GSH, GSH-agarose, dithiothreitol (DTT), dimedone,
diamide, diethylenetriaminepentaacetic acid (DTPA), S-ni-
trosoglutathione (GSNO), horseradish peroxidase (HRP), and
myeloperoxidase were purchased from Sigma—Aldrich (St.
Louis, MO, U.S.A.). HRP-conjugated streptavidin was a
product of Pierce (Rockford, IL, U.S.A.). The water-soluble
biotinylating reagent biotin-X-NHS was obtained from
Calbiochem (San Diego, CA, U.S.A.). Western Lightning™
Chemiluminescence Reagent Plus was purchased from
PerkinElmer Life Sciences, Inc. (Boston, MA, U.S.A.). HRP-
conjugated goat anti-mouse IgG was obtained from Cap-
pel/Organon (West Chester, PA, U.S.A.). An anti-nitrotyro-
sine monoclonal antibody was purchased from Cayman
Chemical Co. (Ann Arbor, MI, U.S.A.) and an anti-GSH
monoclonal antibody was obtained from ViroGen (Water-
town, MA, U.S.A.). All other reagents were of analytical
grade from commercial sources.

Cloning and assay of TH

TH was expressed as a glutathione S-transferase-fusion
protein. The recombinant protein was purified by GSH-
agarose affinity chromatography, and the fusion tag was re-
moved by thrombin cleavage, resulting in a highly purified
TH preparation (>95% pure) as previously described (5, 25).
Protein was measured using the method of Bradford (6).

Preparation of ONOO~— and nitrogen dioxide
(NO,) and treatment of TH

ONOO- was synthesized by the quenched-flow method of
Beckman et al. (3), and its concentration was determined by
the extinction coefficient €, = 1,670 M~! cm~!. ONOO-
was added to TH with vigorous mixing in 50 mM potassium
phosphate buffer, pH 7.4, containing 100 pM DTPA, and in-
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cubations were carried out for 15 min at 30°C. NO, was pro-
duced by reacting HRP with hydrogen peroxide (100 ud/) in
the presence of sodium nitrite (200 uM) as described by
Espey and colleagues (12). TH was exposed to NO, for
60 min at 30°C. After incubations with ONOO~- or NO,, TH
was diluted with 10 volumes of 50 mM potassium phosphate,
pH 6, and assayed for catalytic activity or posttranslational
modification.

Posttranslational modification of TH by
S-thiolation (or S-glutathionylation) and
tyrosine nitration

TH (5 pM) was exposed to S-thiolating conditions as
described by Eaton et al. (10). In brief, TH was incubated
with varying concentrations of diamide, biotinylated cysteine
(bCYS), or diamide + bCYS in 50 mM potassium phosphate
buffer, pH 7.5, containing 100 uM DTPA for 15 min at 30°C.
GSH was used in place of bCYS in parallel reactions to ex-
tend the generality of TH modification beyond cysteine.
Where indicated, diamide was replaced with ONOO~- or NO,.
Attempts to prevent or reverse the effects of S-thiolation on
TH were carried out by adding DTT before or after treatment,
respectively. In some experiments, TH was exposed to fresh
GSNO, prepared by reacting equimolar concentrations of GSH
with acidified sodium nitrite. The effects of fresh GSNO on
TH were compared with those of commercial GSNO prepara-
tions that had been stored at —20°C for 6 months (referred to
as “aged” hereafter) or to GSNO that was allowed to decom-
pose in the dark at room temperature for 60 h after synthesis.
The concentration of all GSNO solutions was determined by
the extinction coefficient €,,) = 767 M~! cm~! (28). TH was
subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and blotting to nitrocellulose, and blots were
blocked in Tris-buffered saline containing Tween-20 (0.1%,
vol/vol) and 5% nonfat dry milk. When TH was S-thiolated
with bCYS, modified protein was detected by incubating
blots with HRP-conjugated streptavidin (1:4,000 dilution, 30
min at room temperature), followed by enhanced chemilumi-
nescence. When GSH or GSNO was used to modify TH, S-
glutathionylation of the protein was detected by probing blots
with a monoclonal antibody against protein-bound GSH
(1:1,000 dilution, 16 h at 4°C). Nitration of TH tyrosine
residues was detected with a monoclonal antibody specific
for nitrotyrosine (1:2,000 dilution, 16 h at 4°C). After expo-
sure to primary antibodies, blots were washed and incubated
with HRP-conjugated streptavidin (1:4,000, 1 h at room tem-
perature), followed by enhanced chemiluminescence.

RESULTS

TH is inhibited by ~60% upon exposure to diamide +
bCYS (1 mM each) as shown in Fig. 1A. Neither diamide nor
bCYS alone reduced TH activity (data not shown). If DTT
was added before or after exposure of the enzyme to diamide
+ bCYS, inhibition of catalysis was prevented or reversed, re-
spectively, suggesting that TH cysteine residues were modi-
fied. Figure 1B shows that diamide + bCY'S caused extensive
S-thiolation of TH, whereas diamide or bCY'S alone did not.
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FIG. 1. Inhibition and S-thiolation of TH by diamide and
bCYS. TH (5 pM) was incubated with diamide (1 mM), bCYS
(1 mM), or their combination, and the effects on enzyme activ-
ity (A) and posttranslational modification (B) were deter-
mined. Controls were wild-type enzyme incubated as de-
scribed, but not exposed to diamide or bCYS. Where indicated,
DTT (2 mM) was added before or after exposure of TH to S-thi-
olating conditions. Enzyme activity in A is reported as % con-
trol and represents the mean + SEM of three or four experi-
ments carried out in duplicate. S-Thiolation of TH in B was
detected by probing nitrocellulose blots with HRP-conjugated
streptavidin, followed by enhanced chemiluminescence. The
effect of S-thiolation on TH catalytic activity was significantly
different from control (**p < 0.01), Bonferroni’s test.

In agreement with data shown in Fig. 1A, DTT prevented and
reversed the modification of TH caused by diamide + bCYS.
These results suggest that TH is inhibited and modified by S-
thiolation, in agreement with our previous studies (5).

ONOO- was tested for effects on TH because it can react
with cysteine and GSH to form S-nitrosothiols (2, 35, 38)
that can S-thiolate proteins (20, 30). Figure 2A shows that
ONOO- significantly lowers TH activity. The effect of
ONOO- on TH is partially prevented by bCYS, as expected
(24), but TH activity remains significantly below control lev-
els. DTT provides complete protection from the inhibition
caused by ONOO- + bCYS, and it also reverses this effect.
By contrast, the inhibition of TH caused by ONOO- alone is
not reversed by DTT (24). Inhibition of TH by ONOO- +
bCYS is accompanied by protein S-thiolation, an effect that is
prevented and reversed by DTT (Fig. 2B). Figure 2C shows
that ONOO- nitrates tyrosine residues in TH and establishes
that bCYS completely prevents this effect. Thus, in the pres-
ence of bCYS, ONOO--mediated S-thiolation of TH occurs
to the expense of tyrosine nitration.

ONOO- may have limited capacity to cause tyrosine nitra-
tion in vivo (12, 32) so NO, was also tested as an alternative

865

A
o
g3
= -
B =4
< 8
EE
B
1 1 1 1 1
N\ T (-] <
“0 00 '&°‘ ‘\G
o o ,"“0.6“” <«°
o
o
C
1 1 L 1 1
N & -.‘5 & et
0 V) ot R
o 0%0?*" < &°
o °
O
o

FIG. 2. ONOO- inhibits TH and causes protein S-thiola-
tion in the presence of bCYS. TH (5 uM) was incubated with
ONOO- (100 pM) or ONOO- + bCYS (1 mM) as indicated,
and the effects on enzyme activity (A), S-thiolation (B), and
tyrosine nitration (C) were determined. Controls were wild-
type enzyme incubated as described, but not exposed to
ONOO- or bCYS. Where indicated, DTT (2 mM) was added
before or after exposure of TH to ONOO~- + bCYS. Enzyme
activity in A is reported as % control and represents the mean
+ SEM of three or four experiments carried out in duplicate. S-
Thiolation of TH (B) was detected as described in Fig. 1. Mod-
ification of TH by tyrosine nitration (C) was measured by
probing blots with an anti-nitrotyrosine antibody. The effect of
S-thiolation on TH catalytic activity was significantly different
from control (*p < 0.01) and ONOO~- (**p < 0.05), Bonfer-
roni’s test.

reactive nitrogen species. Figure 3A shows that NO, signifi-
cantly inhibits TH catalytic function. The extent of TH inhibi-
tion by NO, was mitigated by bCYS, but the enzyme re-
mained significantly inhibited nonetheless. DTT prevented
and reversed the effects of NO, + bCYS on TH activity, but
did not reverse the inhibitory effects of NO, alone on TH ac-
tivity (data not shown). Figure 3B shows that TH inhibition
by NO, + bCYS is associated with extensive protein S-thiola-
tion. DTT prevented NO,-mediated S-thiolation of TH in the
presence of bCYS and caused the chemical reduction of the
bCYS-TH disulfide. Finally, Figure 3C shows that NO, alone
causes extensive tyrosine nitration within TH. However, the
NO,-induced tyrosine nitration is completely blocked by
bCYS and is replaced by S-thiolation instead.
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FIG. 3. NO, inhibits TH and causes protein S-thiolation in
the presence of bCYS. TH (5 uM) was incubated with NO,
(100 uM) or NO, (100 uM) +bCYS (1 mM) as indicated, and
the effects on enzyme activity (A), S-thiolation (B), and tyro-
sine nitration (C) were determined. Controls were wild-type
enzyme incubated as described, but not exposed to NO, or
bCYS. Where indicated, DTT (2 mM) was added before or
after exposure of TH to NO, + bCYS. Enzyme activity in A is
reported as % control and represents the mean + SEM of three
or four experiments carried out in duplicate. Modification of
TH by S-thiolation (B) or tyrosine nitration (C) was detected as
described in Fig. 2. The effect of S-thiolation on TH catalytic
activity was significantly different from control (*» <0.01) and
NO, (**p <0.05), Bonferroni’s test.

Cysteine and GSH react with ONOO- to form S-nitro-
sothiols, such as S-nitrosocysteine and GSNO. Because S-ni-
trosothiols can S-thiolate proteins, we considered the possibil-
ity that an S-nitrosothiol was modifying TH during exposure
to cysteine (or GSH) + ONOO~-. GSNO was used in these ex-
periments because we found increased background labeling of
TH when bCYS was used to synthesize S-nitrosocysteine.
Freshly synthesized GSNO (up to 10 mM) did not result in S-
glutathionylation of TH as shown in Fig. 4. However, it now
appears that glutathione disulfide S-oxide [GS(O)SG)], a
spontaneous degradation product of GSNO, may be the major
thiolating species in solutions of GSNO (16, 27, 36). Aged
commercial preparations of GSNO were tested for their ef-
fects on TH and were found to cause extensive S-glutathiony-
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FIG. 4. S-Glutathionylation of TH by decomposed
GSNO. TH (5 pM) was exposed to freshly prepared GSNO
(5 mM), or to equimolar concentrations of aged commercial
GSNO or fresh GSNO that had been allowed to decompose
for 60 h at room temperature, as indicated. In some experi-
ments, decomposition of freshly prepared GSNO was carried
out in the presence of a twofold molar excess of dimedone to
scavenge sulfenic acid intermediates. TH S-glutathionylation
was detected with the use of an anti-glutathione antibody and
enhanced chemiluminescence as described in Materials and
Methods.

lation of the protein as shown in Fig. 4. Similarly, when fresh
GSNO was allowed to decompose in air for 60 h at room tem-
perature, conditions that lead to formation of GS(O)SG (16,
36), TH was S-glutathionylated. The decomposition of GSNO
to GS(O)SG involves a glutathione sulfenic acid intermediate,
and this intermediate can be trapped by dimedone, a specific
sulfenic acid scavenger (36). When freshly prepared GSNO
was decomposed in the presence of excess dimedone (10
mM), S-glutathionylation of TH was prevented (Fig. 4). Simi-
larly, dimedone prevents TH S-glutathionylation by aged com-
mercial GSNO (data not shown). Freshly prepared GSNO
caused only minor inhibition of TH catalytic activity (10% in-
hibition), whereas both preparations of decomposed GSNO
inhibited the enzyme by ~30%. Dimedone itself does not
modify TH catalytic activity, but the mild inhibitory effects of
decomposed GSNO on TH activity were prevented by this
sulfenic acid trap (data not shown).

DISCUSSION

Oxidation of protein thiols beyond sulfenic acid to
sulfinic acid or sulfonic acid reflects modifications that are
usually not reversible, and represents a potentially harmful
consequence of oxidative stress. It is generally accepted that
low-molecular-weight thiols like cysteine and GSH prevent
oxidative modification of proteins as part of the cellular de-
fense against stress. However, it is becoming increasingly ap-
parent that cysteine or GSH can covalently modify proteins
by forming mixed disulfides with them, especially under con-
ditions of oxidative stress. The posttranslational modification
of cysteine residues within proteins by the formation of a
disulfide with cysteine or GSH is referred to as S-thiolation
or S-glutathionylation, respectively. S-Thiolation is emerging
as a dynamic regulatory mechanism that has many parallels
with protein phosphorylation, including rapid onset, substrate
specificity, reversibility (chemical and enzymatic), and tar-
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get-dependent functional consequences. A growing number
of proteins are now known to be modified by S-thiolation, in-
cluding protein kinases (17, 40) and phosphatases (34), actin
(8), and glyceraldehyde-3-phosphate dehydrogenase (11), to
list but a few. The impact of S-thiolation on a target protein is
hard to predict and can range from protection (i.e., by mask-
ing of a critical cysteine against irreversible oxidation) to loss
of function (21).

The aim of the present experimentation was to assess the
effects of cysteine (and GSH) on modification of TH by reac-
tive nitrogen species. ONOO~- is perhaps best known for its
ability to nitrate free tyrosine or tyrosine residues in proteins
(19), and this posttranslational modification is often used as
an indirect measure of ONOO~- production in intact systems
(18). ONOO- has been implicated as an etiological factor in
the DA neuronal degeneration associated with Parkinson’s
disease and in other neurodegenerative and neurotoxic condi-
tions (15, 37), largely through findings of increased tissue
levels of nitrotyrosine. Exposure of TH to ONOO- inhibits its
catalytic activity and results in extensive tyrosine nitration of
the protein (1, 4). However, ONOO- is also a powerful oxi-
dant, and we have attributed the inhibition of TH by ONOO-
to its ability to modify cysteine residues (24, 25). Although
the extent to which ONOO- causes tyrosine nitration in intact
cells has been questioned on the basis of chemical and kinetic
constraints (12, 32), it is clear that ONOO~- could encounter
cysteine or GSH within the intracellular environment. Inter-
actions of ONOO - with intracellular thiols could readily alter
its reactive properties and, in the process, create downstream
reactants (e.g., S-nitrosothiols) that have equal potential to
modify critical cellular proteins. Therefore, we hypothesized
that ONOO~- and NO, would react with cysteine (or GSH)
and lead to S-thiolation of TH.

The present experiments were facilitated by the develop-
ment of a new approach to the study of S-thiolation. Eaton et
al. used bCYS to monitor cellular S-thiolation with strepta-
vidin-labeled probes (10). This approach has now been used
successfully to identify a number of cardiac proteins that are
modified by S-thiolation during ischemia and reperfusion
(9-11, 14), and it was extended to the present studies of TH
as a substrate for S-thiolation. Treatment of TH with diamide,
a specific cysteine oxidant, in the presence of bCYS, led to a
significant inhibition of catalytic activity. Neither diamide
nor bCYS alone lowered enzyme function. DTT prevented
the inhibitory effects of diamide + bCYS on TH activity and
restored catalytic function to TH when added after treatment.
These effects of diamide + bCY'S on enzyme activity were ac-
companied by S-thiolation of the protein. DTT prevented and
reversed modification of TH by diamide + bCY'S as well. The
characteristics of the modification of TH by diamide + bCYS
are entirely consistent with protein S-thiolation and confirm
our previous studies showing that TH is inhibited by S-glu-
tathionylation after treatment with diamide + GSH (5).

Having established that TH is S-thiolated with the use of
bCYS, reactive nitrogen species were substituted for diamide
to determine if they promoted S-thiolation as well. ONOO-
inhibits TH activity and bCYS was found to provide some
protection, in agreement with previous results (24). The inhi-
bition caused by ONOO- + bCYS was prevented and re-
versed by DTT, whereas that associated with ONOO- alone
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was not reversible. TH is S-thiolated when treated with
ONOO- in the presence of bCYS and this modification is
prevented and reversed by DTT, in agreement with results
seen on catalytic function of the enzyme. ONOO- alone
causes tyrosine nitration in TH, an effect that is completely
prevented by bCYS. NO, could be substituted for ONOO-
and GSH could be substituted for cysteine without changing
the pattern of effects on TH. These findings demonstrate the
fundamental differences between ONOO--induced tyrosine
nitration and ONOO--mediated S-thiolation of TH in the
presence of bCYS. First, the inhibitory effects of ONOO-
alone on TH activity cannot be reversed by DTT, whereas
those of ONOO~- + bC¥YS can. Second, ONOO--mediated ni-
tration of tyrosine residues in TH is completely prevented by
bCYS, and S-thiolation occurs instead.

The reaction of low-molecular-weight thiols with reactive
nitrogen species can yield S-nitrosothiols like GSNO (2, 35,
38) that lead to protein S-glutathionylation (20, 30, 39). To in-
vestigate the possibility that S-nitrosothiols might be mediat-
ing the S-thiolating effects of bCYS and reactive nitrogen
species on TH, GSNO was tested for its effects on TH.
Freshly prepared GSNO was virtually devoid of effects on
TH. It is now known that GSNO undergoes spontaneous de-
composition, generating several products that mediate S-glu-
tathionylation of proteins. The most potent glutathionylating
species in decomposed solutions of GSNO has been identi-
fied as GS(O)SG (16). Therefore, solutions of freshly synthe-
sized GSNO were allowed to decompose before testing for ef-
fects on TH. We observed that GS(O)SG (from decomposed
GSNO) caused much greater levels of S-thiolation of TH than
equimolar solutions of fresh GSNO. Similarly, decomposed
GSNO caused more inhibition of TH activity than freshly pre-
pared GSNO. These results are consistent with a growing
body of evidence that decomposition products of GSNO, and
S-nitrosocysteine as well (16), are potent protein S-thiolating
species. This possibility is strengthened by the observation
that dimedone, a sulfenic acid trap, prevents TH S-thiolation
when added to GSNO prior to its decomposition. The forma-
tion of GS(O)SG is thought to proceed through sulfenic acid
intermediates (36), explaining how dimedone prevents S-thi-
olation of TH by GSNO decomposition products.

The present data suggest that a product formed in the re-
action of ONOO- or NO, with cysteine or GSH [e.g,
GS(0O)SG] mediates S-thiolation of TH. However, protein S-
thiolation could occur by other mechanisms while still in-
volving the same three reactants used presently, i.e., TH,
cysteine (or GSH), and ONOO-. These include: (a) thiol-
disulfide exchange between TH cysteines and GSSG; (b) oxi-
dation of TH cysteines to form thiyl radicals or sulfenic acids
that interact with cysteine (or GSH) to produce a mixed di-
sulfide; (c) nucleophilic attack of TH thiolate on GSNO,
resulting in a mixed disulfide; (d) oxidation of GSH to GSH-
sulfenic acid and subsequent formation of a mixed disulfide
with a TH cysteine; and (e) nitrosation of TH cysteines, fol-
lowed by interaction with cysteine (or GSH) to form mixed
disulfides. These mechanisms have been delineated in several
excellent reviews (7, 16, 21).

ONOO- has been implicated in the damage to DA neurons
that occurs in neurodegenerative diseases or after ingestion of
neurotoxic drugs of abuse. This conclusion is based, in large
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part, on observation of elevated levels of nitrotyrosine in af-
fected tissues. DA neurons are endowed with various factors
that prevent the tyrosine nitrating effects of ONOO- and
NO,, including DA itself (31), the TH cofactor tetrahydro-
biopterin (23), and reduced nicotinamide nucleotides (22),
leading us to conclude that ONOO--induced nitrotyrosine
formation most likely represents a late-occurring event in the
process of degeneration of these neurons and not an early
sign of distress or damage (26). The present results now add
cysteine and GSH to the list of intraneuronal factors that pre-
vent ONOO~—-induced tyrosine nitration and establish S-thio-
lation as a potential early response to stress. Reactive oxygen
species can also interact with low-molecular-weight thiols to
form S-thiolating species (33), so it is possible that cysteine
and GSH channel reactive oxygen/nitrogen species toward S-
thiolation and away from tyrosine nitration.
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bCYS, biotinylated cysteine; DA, dopamine; DTPA, di-
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tathione disulfide S-oxide; HRP, horseradish peroxidase;
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