ANTIOXIDANTS & REDOX SIGNALING
Volume 7, Numbers 7 & 8, 2005
© Mary Ann Liebert, Inc.

Forum Original Research Communication

Glutathione Depletion in a Midbrain-Derived Immortalized
Dopaminergic Cell Line Results in Limited Tyrosine Nitration
of Mitochondrial Complex I Subunits: Implications for
Parkinson’s Disease

SRINIVAS BHARATH and JULIE KAY ANDERSEN

ABSTRACT

Oxidative stress and mitochondrial dysfunction signify two important biochemical events associated with the
loss of dopaminergic neurons in Parkinson’s disease (PD). Studies using in vitro and in vivo PD models and in
affected tissues from the disease itself have demonstrated a selective inhibition of mitochondrial complex I ac-
tivity that appears to affect normal mitochondrial physiology leading to neuronal cell death. Earlier experi-
ments from our laboratory have demonstrated that induced depletion of glutathione (GSH + GSSG) in cul-
tured dopaminergic cells resulted in increased oxidative stress and a decrease in mitochondrial function.
Furthermore, this dysfunction was linked to a selective decrease in mitochondrial complex I activity that ap-
pears to be due to oxidation of this complex. Glutathione depletion is the earliest detectable biochemical event
during PD progression and occurs prior to complex I inhibition. Recent observations have also indicated that
oxidative damage to complex I via naturally occurring free radicals such as peroxynitrite leads to modifica-
tion of tyrosine and/or cysteine residues resulting in complex I inhibition. Using the sucrose gradient method,
we detected in complex I-enriched fractions from a glutathione-depleted dopaminergic cell line two bands
corresponding to ~25-kDa and ~30-kDa polypeptides that demonstrate anti-nitrotyrosine immunoreactivity,
suggesting the possible involvement of protein nitration by peroxynitrite in glutathione depletion-mediated
complex I inhibition. Antioxid. Redox Signal. 7, 900-910.

INTRODUCTION

OXIDATIVE STRESS appears to play a major role in the de-
generation of dopaminergic neurons of the substantia
nigra (SN) during Parkinson’s disease (PD) (13). Dopaminer-
gic neurons are particularly prone to oxidative stress due
to dopamine oxidation producing reactive oxygen species
(ROS) (17, 36), which can damage nearby biomolecules (12).
It has been observed that the SN of early PD patients has sig-
nificant depletion of total glutathione [reduced glutathione
(GSH) + oxidized glutathione (GSSG)] (2). GSH, a tripeptide
present in neurons and other cell types, is a major nonpro-
teinaceous antioxidant and redox modulator within the brain.
Glutathione depletion is the earliest reported biochemical

change in the PD SN, preceding decreases in both mito-
chondrial complex I activity and dopamine levels (23, 31).
Glutathione depletion in the brain is believed to promote mi-
tochondrial damage via increased ROS production (16). Mi-
tochondrial dysfunction appears to play a role in the neurode-
generation associated with PD (4, 5). Using an inducible
glutathione-depleted dopaminergic cell model system, we
previously demonstrated that glutathione depletion elicits a
selective complex I inhibition resulting in mitochondrial dys-
function (18). These results suggest that the early glutathione
depletion in the SN of PD patients could cause selective inhi-
bition of complex I activity, resulting in subsequent mito-
chondrial dysfunction and neuronal cell loss. Complex I is in
fact considered to be one of the most severely affected mito-
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chondrial complexes by age-related increases in oxidative
stress (19). Taken together, these data suggest that glutathione
depletion may lead to oxidation of subunits within complex [
that are important for its function, resulting in profound ef-
fects on mitochondrial performance (3).

Peroxynitrite (PN; ONOO~-) is a short-lived reactive nitro-
gen species (RNS) generated in the mitochondria by the reac-
tion of superoxide (a by-product of mitochondrial oxidative
phosphorylation) and nitric oxide (NO*) generated by the mi-
tochondrial nitric oxide synthase. PN is highly reactive and
can rapidly damage nearby biomolecules (7, 25). PN damages
proteins by modifying tyrosine (nitration), cysteine (S-nitro-
sylation), and tryptophan (via formation of N-formylkynure-
nine) residues. PN-mediated oxidative damage to tyrosines
may play a significant role in age-related neurodegeneration.
Accumulation of 3-nitrotyrosine (3-NT)-modified proteins
has been observed in Alzheimer’s disease (30). In PD, there
are reports of accumulation of 3-NT-modified brain proteins
in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-in-
jected mice (22) and 3-NT modification of a-synuclein
protein isolated from the Lewy bodies of PD patients (14).
Studies by Clementi et al. (10) have clearly demonstrated
that prolonged exposure to NO inhibits cell respiration prob-
ably via PN-mediated complex I inhibition. Recently, Mur-
ray et al. (21) have shown that incubation of purified bovine
heart mitochondria with PN results in 3-NT-modifications of
specific subunits within complex I. This suggests that PN-
mediated oxidative damage might play an important role in
PD pathology, perhaps via damaging nitrative affects on mi-
tochondrial complex I.

It is evident that the role of PN-mediated oxidative damage
of mitochondrial complex I in a model physiologically rele-
vant to PD needs to be explored. In this study, we have uti-
lized both mouse brain mitochondria and the rat dopaminer-
gic neuronal IRB;AN,, (N27) cell line to study the role of PN
in mitochondrial complex I inhibition. As it has been estab-
lished that GSH detoxifies PN, we have examined the role of
glutathione depletion on PN-mediated damage to the com-
plex (29). We have purified complex I from N27 mitochon-
dria under conditions of glutathione depletion (18). Using
anti-nitrotyrosine antibody, we have been able to detect two
polypeptides within crude complex I preparations that are ni-
trated at tyrosine residues following glutathione depletion.
The results from these experiments suggest the existence of
specific targets of nitrative damage within complex I follow-
ing an event known to occur early in the disease process in af-
fected dopaminergic neurons that may mechanistically ex-
plain its subsequent inhibition.

MATERIALS AND METHODS

Materials

All tissue culture materials were procured from Life Tech-
nologies/Invitrogen (Carlsbad, CA, U.S.A.) or Cellgro
(Kansas City, MO, U.S.A.). Anti-complex I mouse antibody
against a subcomplex subunit 9 (NDUFA9; 39 kDa) and anti-
nitrotyrosine antibodies were obtained from Molecular
Probes (Eugene, OR, U.S.A.). Materials related to protein
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chemistry, such as gels and SYPRO Ruby stains, were ob-
tained from Bio-Rad Laboratories (Hercules, CA, U.S.A.)
and Sigma (St. Louis, MO, U.S.A.).

Cell line and tissue samples

Mouse brain and rat dopaminergic N27 neuronal cells
were used as mitochondrial sources. N27 cells were derived
from embryonic rat mesencephalic neurons via SV40 large T
antigen immortalization. As such, N27 cells more closely em-
ulate the cells that are lost in PD than other potential cellular
models (24). N27 cells have been demonstrated to possess all
the physiological and biochemical properties of dopaminer-
gic neurons, including expression of tyrosine hydroxylase
and the dopamine transporter, and to produce the neurotrans-
mitter dopamine (1). N27 cells have, in addition, proven to be
efficient in transplantation therapy in various animal models
of PD (8, 9).

N27 cells were grown in RPMI medium 1640 containing
10% fetal bovine serum, penicillin (100 units/ml), and strepto-
mycin (100 pg/ml) and were maintained at 37°C in a humidi-
fied atmosphere of 5% CO,/95% air. Cells were subcultured
once a week via trypsin treatment. For glutathione depletion,
cells were incubated with different concentrations of buthion-
ine sulfoximine (BSO), an inhibitor of the rate-limiting en-
zyme of GSH synthesis, gamma glutamyl cysteine ligase.

Preparation, PN treatment, and extraction
of mitochondria

Mitochondria were prepared by the method of Trounce et
al. (35). In brief, N27 cells were washed in buffer H (5 mM
HEPES, 210 mM mannitol, 70 mM sucrose, 1| mM EGTA,
and 0.5% bovine serum albumin) and resuspended in the
same buffer. The cell suspension was homogenized and cen-
trifuged at 800 g for 5 min at 4°C. The supernatant that was
enriched in mitochondria was then centrifuged at 10,000 g for
20 min at 4°C. The resultant mitochondrial pellet was resus-
pended in buffer H and stored as aliquots at —80°C. For brain
samples, freshly dissected tissue was washed and homoge-
nized in ice-cold isolation buffer [320 mM sucrose, 5 mM
TES (tris(hydroxymethyl)methylaminoethanesulfonic acid), 1
mM EGTA, pH 7.2]. The homogenate was centrifuged at
1,000 g for 5 min at 4°C, and then the supernatant was cen-
trifuged at 8,500 g for 10 min at 4°C. The mitochondrial-en-
riched pellet was resuspended in isolation buffer, layered on
top of 6% (wt/vol) Ficoll solution, and centrifuged at 75,000
g for 30 min at 4°C to remove myelin, which forms a layer at
the top. The pellet was resuspended in reconstitution buffer
(250 mM sucrose, 10 mM TES, pH 7.2) and stored as aliquots
at —80°C. PN treatment of mitochondria was carried out ac-
cording to Murray et al. (21). In brief, PN solution was
placed on the wall of the tube containing mitochondria and
vortex-mixed for a few seconds to ensure proper mixing be-
fore degradation of PN. These mitochondria were used in
complex I assays and the sucrose gradient purification proto-
col.

For preparation of extracts, ~2 mg of mitochondria was
washed with 20 mM Tris-HCL, pH 7.5, 1 mM EDTA and sus-
pended in the same buffer containing protease inhibitor cock-
tail. This suspension was solubilized by adding n-dodecyl -
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D-maltoside (Sigma) to a final concentration of 1% at 5
mg/ml protein concentration and incubated for 30 min on ice.
Insoluble material from this suspension was removed by cen-
trifugation at 16,000 g for 30 min at 4°C.

Sucrose density gradient centrifugation

Sucrose gradient experiments were performed according to
the method of Hanson et al. (15) and Taylor et al. (33). Mito-
chondrial extract prepared as above was subjected to a
10-35% sucrose step gradient consisting of 1-ml step frac-
tions of 35, 32.5, 30, 27.5, 25, 22.5, 20, 17.5, 15, and 10% pre-
pared in 10 mM Tris, pH 7.5, 1 mM EDTA, and 0.05% malto-
side. The mitochondrial sample was loaded onto the gradient
in 5% sucrose and centrifuged at 38,000 rpm for 16.5 h at 4°C
in an Optima-XL 100 K ultracentrifuge (SW40 Ti swinging
bucket rotor) from Beckman (Fullerton, CA, U.S.A.). Frac-
tions of 1 ml were collected from the top, frozen immediately,
and stored at —80°C. Each fraction was concentrated to 100 pl
using a Microcon-100 concentrator (Millipore, Billerica, MA,
U.S.A.). An aliquot of 20 pul of each concentrated fraction was
analyzed by one-dimensional (1D) sodium dodecyl sulfate
(SDS)—polyacrylamide gel electrophoresis (PAGE), followed
by western blotting with an anti-complex I monoclonal anti-
body against the 39-kDa complex I subunit NDUFAJ9 to ascer-
tain fractions containing complex I.

Blue Native (BN) gel electrophoresis

Sucrose density gradient fractions that were positive for
complex I as indicated by western analysis with the 39-kDa
monoclonal antibody were pooled, concentrated, and sub-
jected to BN PAGE analysis according to the method of
Schagger and Pfeiffer (26) and Schagger and von Jagow (27).
In brief, to 20 pl of concentrated pooled complex I fractions
(20% of total sample volume), 20 pl of BN sample buffer (1.5
M aminocaproic acid, 0.05 M Bis-Tris, pH 7.0), 2.5 pl of 10%
n-dodecyl B-p-maltoside, 2.5 pl of protease inhibitor cocktail,
and 4 pl of gel loading buffer (5% Serva Coomassie Brilliant
Blue G-250, 1 M aminocaproic acid) were added and loaded
onto a 4-15% BN Tris gel (Bio-Rad Laboratories). A mixture
of 50 mM Tricine, 15 mM Bis-Tris, pH 7.0, 0.02% Coomassie
Blue was used as cathode buffer and 50 mM Bis-Tris, pH 7.0,
as anode buffer. The gel was run at 4°C at 5 mA for the first 12
h and then at 10 mA until the dye marker reached the bottom
of the gel. The gel was stained with 0.25% Coomassie Bril-
liant Blue G-250 (Serva Electrophoresis, Heidelberg, Ger-
many) for 1 h, destained with 50% methanol/10% acetic acid
for 1 h, and then destained with 10% methanol/10% acetic
acid overnight. Alternately, the BN gel was subjected to silver
staining as outlined later in this section.

SDS-PAGE

For 1D SDS-PAGE, complex I sucrose gradient fractions
were separated on 10-20% precast SDS-PAGE, on 4-12%
XT Bis-Tris SDS-PAGE, or on NuPAGE 4-12% Bis-Tris [2-
morpholinoethanesulfonic acid (MES)] gel, respectively.
MES gels were run in an X-Cell Sure Lock Mini Cell Appara-
tus (Invitrogen) with a SDS running buffer (50 mM MES, 50
mM Tris base, 0.1% SDS, 1 mM EDTA) at 100 V for 1.5-2 h.
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All SDS gels were fixed with 10% methanol, 7% acetic acid
for 30 min, and subsequently stained with SYPRO Ruby, fol-
lowed by destaining in 10% methanol/7% acetic acid.

Mitochondrial complex I assay

Complex | enzyme assays were carried out as described by
Trounce et al. (35). In brief, the assay was initiated by addi-
tion of aliquots of mitochondria to 50 mM potassium phos-
phate, pH 7.4, 500 uM EDTA, 1% bovine serum albumin, 200
uM NADH, and 200 pM decylubiquinone with and without 2
WM rotenone in the presence of KCN with 0.002% dichloroin-
dophenol as a secondary electron acceptor. The decrease in
the absorbance at 600 nm was recorded as a measure of en-
zyme reaction rate at 30°C for 10 min, and specific activity
was calculated. The results were plotted as relative rotenone-
sensitive specific activity.

Cell viability assay

Cells were seeded in 96-well plates at a density of 10 X
103 per well. After BSO treatment (0, 25, and 50 pM for 24 h),
viable cells were measured using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT). In brief, 20 ul
of 5 mg/ml MTT was added to cells and incubated at 37°C for
2 h. The medium was discarded, the dark blue formazan crys-
talline product was dissolved in dimethyl sulfoxide, and the
absorbance was analyzed in a Spectramax plate reader (Mole-
cular Devices) at 570 nm.

Estimation of total glutathione

Total cellular and mitochondrial glutathione estimation
was carried out using a kit from OXIS Research, Inc. (Port-
land, OR, U.S.A.) as outlined by Bharat ef al. (6). All estima-
tions were conducted in triplicate and normalized per protein.

Anti-3-NT western blot

Proteins run on 1D SDS-PAGE were transferred onto ni-
trocellulose membrane and probed with anti-3-NT polyclonal
antibody (Molecular Probes). Proteins from BN PAGE were
transferred onto nitrocellulose membrane in native transfer
buffer (25 mM Tris, 192 mM glycine, pH 8.3) in a Criterion
blotter (Bio-Rad) at 400 mA for 1 h and probed with anti-3-
NT antibody. In case of the BN PAGE, the Coomassie Blue
concentration was decreased from 0.25% to 0.025% in the
cathode buffer during the last half of the run.

Silver staining

Complex I-enriched samples were run on 4-15% BN
PAGE as described earlier, and the proteins were silver-
stained using the Gelcode SilverSNAP™ Stain Kit (Pierce,
Rockford, IL, U.S.A.) according to the specifications pro-
vided by the manufacturer.

RESULTS

To assess the effects of elevated PN on complex I in neu-
ronal tissues, we first analyzed the consequence of exoge-
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nous PN addition on complex I activity in mitochondria iso-
lated from whole mouse brain. Isolated mouse brain mito-
chondria were incubated with 0.375, 0.75, and 1.5 mM PN
followed by mitochondrial complex I assay. As shown in Fig.
1A, a 50% inhibition of complex I activity was achieved at
0.75 mM PN, roughly the degree of inhibition observed in
the PD SN (28). This concentration-dependent complex I in-
hibition by PN is consistent with previous reports (21). As a
negative control, incubation of mitochondria with degraded
PN did not inhibit complex I activity to a significant extent
(Fig. 1B). Furthermore, preincubation with 250 puM of the
PN scavenger 5,10,15,20-tetrakis(4-sulfonatophenyl)por-
phyrinato iron (III), chloride (FeTPPS; Calbiochem, CA,
U.S.A.) attenuated the inhibitory effects of PN incubation on
complex I activity (Fig. 1B).

There are several possible mechanisms for inhibition of
complex I by PN. PN can damage proteins by modifying ty-
rosines (nitration), cysteines (S-nitrosylation), or tryptophans
(via formation of N-formylkynurenine). Nitrosylation of cys-
teines is reversible in the presence of reducing agents such as
dithiothreitol (DTT). To test the possibility of cysteine nitro-
sylation as a mechanism for PN-mediated complex I inhibi-
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tion, PN-treated mitochondria were incubated with 1 mM
DTT. This did not appear to restore complex I inhibition to
any significant degree, indicating that PN treatment does not
inhibit complex I via nitrosation of cysteines (Fig. 1B).

To assess the role of protein nitration in PN-mediated com-
plex I inhibition, we isolated complex I from mouse brain mi-
tochondria and analyzed for the presence of nitrotyrosine
modifications of its subunits. Mitochondrial complexes from
mouse brain mitochondria incubated with or without 0.75
mM PN were isolated by using a sucrose gradient fractiona-
tion procedure (15, 33). Mitochondria were first solubilized
with 1% maltoside and fractionated on a 10-35% sucrose
gradient. Aliquots of the sucrose gradient fractions were col-
lected and run on a 10-20% SDS-PAGE and probed with an
anti-complex I antibody against the 39-kDa subunit to iden-
tify fractions containing complex I (Fig. 2A). Sucrose gradi-
ent fractions 6—10 in both untreated and PN-treated mito-
chondria (Fig. 2A, lanes 6—10 in both) were found to be
highly enriched in complex I based on western blot analysis.

Sucrose gradient fractions containing complex I were ana-
lyzed by 1D SDS-PAGE (33). An aliquot of complex I-rich
sucrose gradient fractions from both untreated and PN-
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FIG. 1. PN inhibits complex I enzyme activity in a nitration-dependent manner. (A) Mouse brain mitochondria were incu-
bated with increasing amounts of PN (0—1.5 mM) and immediately subjected to mitochondrial complex I assay; values are given
as % untreated controls. *p < 0.05, untreated versus 0.375 M PN-treated sample (n = 3); **p < 0.001, untreated versus 0.75 mM
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FIG. 2. Purification of mitochondrial complex I from isolated mouse
brain mitochondria with and without PN treatment and detection of
nitrated proteins in mouse brain complex I. (A) Mitochondria pre-
incubated with or without 0.75 mM PN were solubilized and fractionated
using a 10-35% sucrose gradient. Western analysis of complex I-enriched
fractions was performed using anti-complex antibody against the 39-kDa
subunit (Molecular Probes). Only complex I-positive fractions are shown.
Fractions indicated by bracket were pooled. (B) Complex I-enriched frac-
tions from both PN-treated (lanes 4—6) and untreated (lanes 1-3) mouse
brain mitochondria were run on 4-12% SDS-PAGE and stained with
SYPRO Ruby. (C) Western blot analysis of complex I-rich fractions using
anti-nitrotyrosine antibody. Molecular weights are indicated on the right-

hand side of both panels.

treated mitochondria was loaded onto a 10-20% SDS-PAGE
and stained with SYPRO Ruby (see Fig. 2B).

We next examined whether PN-dependent complex I inhi-
bition was correlated with increased nitrotyrosine modifica-
tion of complex I subunits. For this, aliquots of complex I-
containing sucrose gradient fractions from PN-treated and
untreated mitochondria were run on SDS-PAGE and western
blotted with anti-nitrotyrosine antibody. As evident in Fig.
2C, all three fractions (lanes 4-6) from PN-treated mitochon-
dria showed intense signals in the 20-250-kDa range com-
pared with untreated samples (lanes 1-3), confirming PN-de-
pendent nitrotyrosine modification of many proteins.

We had reported earlier that oxidative stress due to glu-
tathione depletion in dopaminergic PC12 cells elicits a selec-
tive complex I inhibition resulting in mitochondrial dysfunc-
tion (18). But the biochemistry underlying the oxidative
damage-dependent complex I inhibition has not been fully
explored. Several ROS and reactive RNS, including NO and
PN, are candidates for the observed glutathione depletion-
mediated complex I inactivation. Clementi et al. (10) have
demonstrated that NO can inhibit complex I activity possibly
via PN formation. It is possible that the complex I inhibition
induced by glutathione depletion in dopaminergic cells may
also be mediated by increased nitrosative stress. To test this
possibility, we conducted experiments using the dopaminer-
gic neuronal N27 cell line. In order to analyze the effects of

glutathione (GSH + GSSG) depletion in this cell line, N27
cells were incubated with 0, 25, and 50 pM BSO for 24 h and
glutathione content measured. Following BSO treatment,
there was a significant decrease in the levels of total cellular
glutathione content with minimal (10-15%) loss in cell via-
bility (Fig. 3A and B). For all subsequent experiments, addi-
tion of 50 pM BSO for a time period of 24 h was used to
maintain >50% depletion in total cellular glutathione content,
similar to the depletion observed in the PD SN (23). Complex
I enzyme assays were carried out using mitochondria from
N27 cells incubated with or without 50 uM BSO for 24 h.
Figure 3C demonstrates that glutathione depletion in N27
cells impaired complex I activity by ~40%, as we have previ-
ously shown in other dopaminergic cell models (18).

In order to analyze the role of PN-mediated nitrosative
stress during glutathione depletion and its possible involve-
ment in subsequent complex I inhibition, we assessed nitroty-
rosine modification of the complex in untreated versus BSO-
treated N27 cells. Mitochondria prepared from untreated cells
and N27 cells treated with 50 ppM BSO were solubilized and
fractionated using the sucrose gradient isolation approach de-
scribed above. Cells treated with PN were used as a positive
control. Fractions from both samples were found to be en-
riched in complex I (Fig. 4A). Complex I-enriched fractions
were run on SDS-PAGE, followed by either SYPRO Ruby
staining (Fig. 4B) or anti-nitrotyrosine western (Fig. 4C). As
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shown in Fig. 4C, two polypeptides corresponding to molecu-
lar weight ~25 kDa and ~30 kDa within fractions from the
BSO-treated cells demonstrated nitrotyrosine reactivity not
observed in complex I fractions from untreated N27 cells,
suggesting that PN accumulation during BSO-mediated glu-
tathione depletion results in selective nitration of complex I.
This may explain in part its subsequent enzymatic inhibition.

It is possible that the two polypeptides that are positive for
nitration in the BSO-treated N27 cell samples (Fig. 4C) might
be trace components from other contaminating complexes. To
investigate this, we carried out BN PAGE analysis of complex
I-enriched fractions isolated from BSO-treated N27 cells and
PN-treated mouse mitochondria, followed by either silver
staining or western blot analysis using anti-3-NT antibody.
Figure 5B demonstrates that in the case of PN-treated mouse
brain complex I fractions, there is strong 3-NT immunoreac-
tivity that extends as a streak from 700 kDa to 440 kDa, thus
encompassing the region where complexes I, III, and V, but
not IV, migrate, suggesting that all three complexes might
contain subunits that have 3-NT modifications. This is con-
sistent with an earlier published report by Murray ef al. in
isolated bovine heart mitochondria (21). In the case of com-
plex I fractions from BSO-treated N27 cells, only a single
band around 700 kDa was observed; this corresponds to the
region of migration of complex I (Fig. 5A). This suggests that
only complex I, but not other complexes, is affected by tyro-
sine nitration during glutathione depletion. Figure 5B demon-

strates the corresponding silver staining of all complexes
after BN PAGE.

DISCUSSION

Mitochondria play a key role in several cellular processes.
The importance of this in vivo is emphasized by the fact that
many neurological disorders are linked to mitochondrial dys-
function (5). Studies using postmortem tissue samples from
PD patients or from in vivo or in vitro models of the disease
have clearly indicated a correlation between complex I inhibi-
tion, and PD pathology (11). Earlier work from our own labo-
ratory demonstrated experimental evidence linking oxidative
stress, complex I inhibition, and mitochondrial dysfunction in
a dopaminergic cell model (18). To date, there are many re-
ports suggesting the role of modification of different com-
plex I subunits by oxidative damage leading to loss of ac-
tivity. Taylor et al. (34) have analyzed the distribution of
N-formylkynurenine, a product of the dioxidation of trypto-
phan residues in proteins, throughout the human heart mito-
chondrial proteome. Their study demonstrates an overrepre-
sentation of this oxidized amino acid in complex I subunits
and other proteins involved in redox metabolism. Similarly,
Murray et al. (21) have shown that PN, a predominant RNS,
significantly inhibits the activities of complexes I, II, and IV.
Using mass spectrometric approaches, they have demon-
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strated PN modification resulting in a 3-NT signature pre-
dominantly in five subunits of complex I. Recent reports by
Lin et al. (20) and Taylor et al. (32) have also demonstrated
increased oxidation of complex I subunits under oxidative
stress conditions. All of these studies indicate a correlation
between complex I damage and mitochondrial dysfunction.
However, most of these studies were performed on heart mi-
tochondrial complex I preparations from various species.

We hypothesize that during oxidative stress conditions spe-
cifically known to occur in the parkinsonian SN such as glu-
tathione depletion, there may be extensive oxidative modifi-
cations to the subunits of complex I affecting its activity and
subsequent mitochondrial function. Nitrosative stress medi-
ated via NO and PN might play a role in this phenomenon. In
order to explore the possibility that nitrative modifications to
complex I subunits may play a role in the disease, we have ex-
amined the effects of glutathione depletion in dopaminergic
N27 neurons. We have compared the effects of glutathione
depletion in these cells with the effects of exogenous PN ad-
dition to whole mouse brain mitochondria.

In whole mouse brain mitochondria, PN was found to in-
hibit complex I activity in a dose-dependent manner, and this
correlated with extensive nitration of proteins in complex I-
rich fractions (Figs. 1 and 2). We have treated mouse brain
mitochondria with 0, 375, 750, and 1,500 puM PN to assess the
effect on complex I activity. This experiment was conducted
as a proof of principle to correlate PN-mediated complex I in-
hibition with nitrotyrosine modifications of complex I sub-
units. We have incubated mitochondria and mitochondrial ex-
tracts with concentrations of PN lower than those indicated
above and detected nitrotyrosine modification of total pro-
teins (unpublished observations). But only in the concentra-
tion range of 375-1,500 puM did we see direct correlation be-
tween PN-mediated inhibition of complex I activity and
nitration of complex I-rich fractions of mitochondrial protein
extracts. The point to be considered here is that PN is an ex-
tremely labile species that dissociates within a few seconds in
neutral buffer. We presume that, because of this reason, nitra-
tion of complex I is detectable in vitro only at such high con-
centrations. Although such high levels of PN might not be
present at any given time in the brain during pathological
conditions, we predict that the constant exposure for longer
periods to PN might play an important role in protein damage
during disease. This is exemplified by our cell model using
GSH depletion. It has been documented that during PD, there
is an ~50% depletion of GSH within dopaminergic neurons in
the SN region of the brain. We have used 50 pM BSO in
dopaminergic N27 neuronal cell line to deplete GSH levels
by 60%, which is in the range directly relevant to PD. We
have both published and unpublished data that show that dur-
ing GSH depletion, there is increase in hydrogen peroxide,
NO, 4-hydroxy-2-nonenal, etc. (18). We hypothesize that, in
our cell culture system, GSH depletion up to 60% increases
PN levels in the pathophysiological range that could be di-
rectly correlated with nitration of complex I.

Similar studies using comparable concentrations of PN
have been performed in other systems relevant to PD. Pen-
nathur et al. (22) have shown that, after MPTP treatment,
there is an increase in the 3-NT levels in the stiatum and ven-
tral midbrain of mice in the range of 0.2 and 0.3 mmol/mol 3-
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NT/tyrosine, respectively, compared with control (0.125 and
0.175 mmol/mol 3-NT/tyrosine, respectively). To prove the
potential role of PN in 3-NT formation during MPTP treat-
ment, the authors did in vitro experiments where they ex-
posed normal brain total proteins to 1,000 uM PN and de-
tected 3-NT formation in the range of 5-10 mmol/mol
3-NT/tyrosine. Similarly, in their in vitro experiments, Mur-
ray et al. (21) incubated heart mitochondria with PN and
found that there was ~50% complex I inhibition at 800 uM
PN. Also, this inhibition was linked to nitration of complex I
subunits. We have used PN in our experiments in the concen-
tration range 0-1,500 pM based on the results obtained by
these two groups. The concentrations of PN used here are not
in the pathophysiological range relevant to PD, but were an
aid in our in vitro experiments to prove the link between GSH
depletion-mediated complex I inhibition and PN formation.

BSO treatment of midbrain-derived dopaminergic N27
cells, a model for the cells selectively lost in PD, resulted in
glutathione depletion and complex I inhibition (Fig. 3). We
observed that the complex I-enriched fractions from BSO-
treated N27 cells displayed anti-nitrotyrosine immunoreactiv-
ity in only two polypeptides (molecular weight ~25 kDa and
~30 kDa) rather than the more extensive nitration observed
following exogenous PN treatment of whole mouse brain mi-
tochondria (Fig. 4). This could be due to either reduced levels
of endogenous PN produced via glutathione depletion versus
exogenous addition (the former being more physiological) or
cell-specific differences in handling of PN (the former being
more relevant to midbrain dopaminergic neurons).

Regarding the levels of PN in the cells during PD, it is very
difficult to estimate PN levels in brain regions of either
mouse models or human samples, due to its extremely short
half-life (although it could be assumed that PN formation
during PD and in in vivo models of the disease is likely in the
pico- to nanomolar range). Due to this limitation, levels of ni-
trotyrosine formed during PN-mediated protein damage is
often used as a cellular indicator for PN. It should also be
considered that PN formation during PD is mostly intracellu-
lar, largely formed by increased mitochondrial superoxide
formation and NO accumulation during disease.

This 3-NT modification seems to be specific to complex I
based on two important results. Firstly, it has been demon-
strated that glutathione depletion impairs the activity of com-
plex I, whereas other complexes are largely unaffected. Sec-
ondly, complex I-rich fractions from BSO-treated cells
displayed 3-NT immunoreactivity around 700 kDa and not in
any other molecular weight regions. Our data suggest that two
complex I subunits (~25 kDa and ~30 kDa) are targets for ty-
rosine nitration. The proteins in the 25-kDa range that are
candidates for nitration following glutathione depletion in-
clude NDUFBI10 (22 kDa), NDUFSS (23 kDa), and NDUFV2
(24 kDa). NDUFS3 is the only likely candidate protein in the
30-kDa range. These proteins have many tyrosines in their se-
quences that could undergo nitration. The number and the po-
sitions of these tyrosines in the four polypeptides are listed in
Table 1. Murray et al. (21) have reported that the PN-medi-
ated 3-NT signature is predominantly specific to complex I
subunits, although other complexes are also affected. The
complex I subunits that were found to be nitrated in their
study were NDUFS2 (49 kDa), TYKY (NDUFSS) (23 kDa),
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TABLE 1. L1ST OF MOUSE COMPLEX I SUBUNITS IN THE 25-KDA AND 30-KDA RANGE THAT ARE PROBABLE TARGETS FOR NITRATION
SHOWING THE NUMBER OF TYROSINES AND THEIR POSITIONS IN THE POLYPEPTIDE SEQUENCE

Subunit Other annotations Number of tyrosines Position of tyrosines

NDUFBI10 22 kDa PDSW 13 10, 32, 37, 62, 63, 64, 68, 86, 121, 139, 143, 149, 150
NDUFSS8 23kDa TYKY 11 2,26, 38, 76, 86, 106, 145, 154, 185, 209, 211
NDUFV2 24kDa NUHM 8 59,69, 112, 118, 121, 129, 191, 192

NDUFS3 30kDa NUGM 9 63,71, 129, 145, 165, 190, 206, 211, 244

B17.2 (17.2 kDa), B15 (NDUFB4) (15 kDa), and Bl4
(NDUFAG®6) (15 kDa). They also demonstrated that subunits
B15 (NDUFB4) and B14 (NDUFAG6) contained the highest
degree of nitration. The most reactive site in subunit B14 was
Tyr!22, whereas the most reactive region in B15 contained
three closely spaced tyrosines: Tyr4, Tyr50, and Tyr5!. Inter-
estingly, only one of the subunits (TYKY/NDUFSS) that we
have reported here overlaps with the subunits identified by
Murray et al. This may be because glutathione-mediated ni-
tration events are specific to complex I and occur at a very
low concentration of endogenous PN.

The results from this study demonstrate that PN generation
mediated by glutathione depletion in dopaminergic cells re-
sults in tyrosine nitration of at least two subunits of mitochon-
drial complex I. As PN is able to cause inhibition of complex I
activity, this suggests that tyrosine modification within spe-
cific subunits of the complex might play a significant role in
inhibition of complex I function following glutathione deple-
tion similar to that observed in the PD SN. We speculate that
there are several other reversible/irreversible modifications of
complex I subunits that occur during glutathione depletion and,
in general, during PD. Further analysis of these events would
doubtless provide valuable insight into the molecular mecha-
nism of complex I inhibition during the course of the disease.
An interesting feature that needs to be addressed is the role of
thiol antioxidant-based therapy to prevent protein damage dur-
ing PD. We have not performed control experiments with thiol
compounds such as glutathione ester to prove whether these
agents are protective in our N27 cell model. However, we have
shown earlier (6) that preincubation of dopaminergic PC12
cells with R-lipoic acid prevents BSO-mediated GSH depletion
and restores complex I inhibition. This indicates that the pres-
ence of excess thiol reductant in the cellular milieu might pre-
vent oxidative/nitrosative damage of complex I.

Perspectives

When there is increased cellular production of either ROS
or RNS or a decrease in the levels of antioxidant defenses or
both, this can result in toxic effects. Glutathione is not only a
global antioxidant, but also a major cellular redox modulator.
It is well documented that both glutathione depletion and ox-
idative/nitrosative stress are important precursors of PD pa-
thology. Mitochondrial complex I inhibition is another pri-
mary feature noted during the cascade of events leading to
neurodegeneration in this disease. In a cell, the structural and
functional relationship of a protein/enzyme such as complex |
could be disrupted due to oxidative/nitrosative stress leading
to loss of function. Glutathione may normally act to prevent
this not only by binding to and protecting protein thiol

groups, but also by detoxifying toxic free radicals such as PN.
Our data suggest that glutathione depletion in a midbrain-de-
rived dopaminergic cell model results in increased tyrosine
nitration of specific complex I subunits that may impact on
complex activity. The consequence of glutathione depletion
in dopaminergic midbrain neurons and subsequent complex [
modification is likely to be of profound importance in under-
standing PD pathology.
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ABBREVIATIONS

BN, Blue Native; BSO, buthionine sulfoximine; 1D, one-
dimensional; DTT, dithiothreitol; FeTPPS, 5,10,15,20-
tetrakis(4-sulfonatophenyl)porphyrinato iron (III), chloride;
GSH, reduced glutathione; GSSG, oxidized glutathione; MES,
2-morpholinoethanesulfonic acid; MPTP, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine; MTT, 3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyltetrazolium bromide; N27 cells, 1IRB;AN,,
rat dopaminergic cell line; NO, nitric oxide; 3-NT, 3-nitrotyro-
sine; PAGE, polyacrylamide gel electrophoresis; PD, Parkin-
son’s disease; PN, peroxynitrite; RNS, reactive nitrogen
species; ROS, reactive oxygen species; SDS, sodium dodecyl
sulfate; SN, substantia nigra; TES, tris(hydroxymethyl)meth-
ylaminoethanesulfonic acid.
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