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ABSTRACT: Reactive oxygen species (ROS) have the potential to damage cellular components, such as
protein, resulting in loss of function and structural alteration of proteins. The oxidative process affects a
variety of side amino acid groups, some of which are converted to carbonyl compounds. We have previously
shown that a prostaglandin D2 metabolite, 15-deoxy-∆12,14-prostaglandin J2 (15d-PGJ2), is the potent inducer
of intracellular oxidative stress on human neuroblastoma SH-SY5Y cells [Kondo, M., Oya-Ito, T., Kumagai,
T., Osawa, T., and Uchida, K. (2001) Cyclopentenone prostaglandins as potential inducers of intracellular
oxidative stress,J. Biol. Chem. 276, 12076-12083]. In the present study, to elucidate the molecular
mechanism underlying the oxidative stress-mediated cell degeneration, we analyzed the protein
carbonylation on SH-SY5Y cells when these cells were submitted to an endogenous inducer of ROS
production. Upon exposure of SH-SY5Y cells to this endogenous electrophile, we observed significant
accumulation of protein carbonyls within the cells. Proteomic analysis of oxidation-sensitive proteins
showed that the major intracellular target of protein carbonylation was one of the regulatory subunits in
26 S proteasome, S6 ATPase. Accompanied by a dramatic increase in protein carbonyls within S6 ATPase,
the electrophile-induced oxidative stress exerted a significant decrease in the S6 ATPase activities and a
decreased ability of the 26 S proteasome to degrade substrates. Moreover, in vitro oxidation of 26 S
proteasome with a metal-catalyzed oxidation system also confirmed that S6 ATPase represents the most
oxidation-sensitive subunit in the proteasome. These and the observation that down-regulation of S6 ATPase
by RNA interference resulted in the enhanced accumulation of ubiquitinated proteins suggest that S6
ATPase is a molecular target of ROS under conditions of electrophile-induced oxidative stress and that
oxidative modification of this regulatory subunit of proteasome may be functionally associated with the
altered recognition and degradation of proteasomal substrates in the cells.

Several lines of evidence indicate that oxidative stress may
play an important role in various pathological states including
cancer, neurodegeneration, atherosclerosis, diabetes, and
rheumatoid arthritis, as well as in drug-associated toxicity,
postischemic reoxygenation injury, and aging (1). Oxidative
stress is also seen as a major upstream component in the
signaling cascade involved in many of the cellular functions,
such as cell proliferation, inflammatory responses, stimulating
adhesion molecule, and chemoattractant production (1). It
has been suggested that some level of oxidative stress may
be required in response to cytotoxic agents and converted
into the redox regulatory system as a downstream signaling
pathway (2). However, excess oxidative stress may be toxic,
exerting cytostatic effects, causing membrane damage, and
activating pathways of cell death (apoptosis and/or necrosis).
Reactive oxygen species (ROS)1 resulting from episodes of
oxidative stress are responsible for these effects due to their
ability to damage cellular components, such as protein. The

oxidative modification of proteins by ROS has been impli-
cated in the etiology or progression of a wide range of
disorders and diseases.

The oxidative damage to proteins is reflected by increase
in levels of protein carbonyls (3). In view of the fact that
protein carbonyls are formed by many different processes,
a number of simple, highly sensitive, specific methods for
the assay of protein carbonyls have been developed (4-6).
The utilization of these methods has allowed the carbonyl
content of proteins to become a widely used marker of ROS-
mediated damage during oxidative stress, aging, and in age-
related diseases. The increased levels of protein carbonyls
have been reported to be associated with Alzheimer’s disease
(7), progeria and Werner’s syndrome (6), amyotrophic lateral
sclerosis (8), and respiratory distress syndrome (9), among
others. Although the experimental evidence is so far mostly
correlative, it lends strong support to the hypothesis that the
protein carbonyl content of tissues reflects the fraction of
oxidatively damaged protein with impaired function and
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might therefore be at the root of disease- and aging-related
functional losses (10).

In our previous study, to identify the endogenous inducer
of intracellular oxidative stress, we examined the oxidized
fatty acid metabolites for their ability to induce intracellular
ROS production in SH-SY5Y human neuroblastoma cells
in vitro and found that 15-deoxy-∆12,14-prostaglandin J2 (15d-
PGJ2) represents the most potent inducer (11). In addition,
we demonstrated for the first time that 15d-PGJ2 was
accumulated in the spinal cord of sporadic amyotrophic
lateral sclerosis patients, mainly occurring in the motor
neurons of the anterior horn (12). These findings raised the
possibility that cyclooxygenase-2 up-regulation, through its
pivotal role in inflammation, followed by the enhanced
intracellular production of 15d-PGJ2, might be ubiquitously
involved in neurodegenerative processes. In the present study,
to elucidate the molecular mechanism underlying the oxida-
tive stress-mediated cell degeneration, we analyzed protein
carbonyls generated in human neuroblastoma SH-SY5Y cells
exposed to 15d-PGJ2 and identified a 19 S regulatory cap as
a molecular target of protein oxidation under conditions of
electrophile-induced oxidative stress.

EXPERIMENTAL PROCEDURES

Materials. 15d-PGJ2 was obtained from the Cayman
Chemical Co. (Ann Arbor, MI). H2O2 (31% aqueous solu-
tion) was obtained from Mitsubishi Gas Co. The anti-
ubiquitin polyclonal antibody was obtained from Biomega
Co. (Foster City, CA). Horseradish peroxidase (HRP)-
conjugated NeutrAvidin, HRP-linked anti-rabbit IgG and
enhanced chemiluminescence (ECL) Western blotting detec-
tion reagents were obtained from Amersham Biosciences.
Biotin-LC-hydrazide was obtained from Pierce. Anti-FLAG
antibody was obtained from Sigma. SYPRO Ruby protein
gel stain was from Molecular Probes, Inc. Sequence grade
modified trypsin was obtained from Promega. Dithiothreitol
(DTT) and iodoacetoamide were obtained from Wako Pure
Chemical Industries, Ltd. pcDNA-FLAG-ubiquitin was
kindly provided by Dr. Hideki Shibata (Nagoya University).

Cell Culture.SH-SY5Y cells were grown in Cosmedium-
001 (Cosmo-Bio, Tokyo) containing 5% Nakashibetsu pre-
colostrum new-born calf serum, 100µg/mL penicillin, and
100 units/mL streptomycin in a 5% CO2-containing atmo-
sphere. The cells were seeded in plates coated with polylysine
and cultured at 37°C.

Metal-Catalyzed Oxidation of Purified 26 S Proteasome.
The purified 26 S proteasome (∼95% purity; specific activity,
25 units/mg) from human erythrocytes was obtained from
the Affiniti Research Products, Ltd. (Exeter, U.K.). The 26
S proteasome (10µg) was incubated with H2O2 (0-1 mM)
and Cu2+ (10-1000µM) in PBS for 30 min at 25°C.

Sample Preparation and Biotin DeriVatization of Protein
Carbonyls. Cells were incubated with 20µM 15d-PGJ2 in a
control medium for 0∼ 6 h. The medium was removed and
then washed twice with PBS, lysed with a sonicator in lysis
buffer (50 mM sodium acetate buffer (pH 4.5) and protease
inhibitors), and centrifuged at 10 000 rpm for 5 min at 4
°C; the supernatant was assayed for protein content. Biotin-
LC-hydrazide was employed to detect protein-bound carbo-
nyls (13). The biotin-LC-hydrazide solution (18.6 mg/mL
in DMSO) was added to the cell lysate to a final concentra-

tion of 1 mM, and the cell lysate was shaken for 1 h atroom
temperature in order for protein carbonyls to be biotinylated.

ELISA Analysis of Protein Carbonyls.A 100-µL aliquot
of the protein solution was added to each well of a 96-well
microtiter plate and incubated for 20 h at 4°C. The solution
was then removed, followed by washing with PBS containing
0.05% Tween 20 (PBS/Tween); 100µL of the 1 mM biotin-
LC-hydrazide in a solution containing 50 mM sodium acetate
buffer (pH 4.5) was added to the wells. After incubation for
1 h at 37°C, followed by washing with the PBS/Tween,
each well was filled with 200µL of Block Ace solution (40
mg/mL) for 1 h at 37 °C. The peroxidase-conjugated
NeutrAvidin solution was added and the mixture incubated
for 1 h at 37°C. After washing, 100µL of 50 mM citrate
buffer (pH 5.5) containingo-phenylenediamine (0.4 mg/mL)
and 0.003% H2O2 was added and the mixture incubated for
several minutes at room temperature. The reaction was
terminated by adding 50µL of 2 M sulfuric acid, and the
absorbance at 490 nm was read on a micro-ELISA plate
reader.

Dot Blot and Western Blot Analyses. For detection of
ubiquitinated proteins, whole cell lysates from SH-SY5Y
cells were treated with SDS sample buffer with reducing
agent for 5 min at 100°C. For detection of the protein
carbonyls, the cell lysates were labeled with biotin-LC-
hydrazide prior to the treatment with the sample buffer. The
samples were then transblotted or separated by 10 or 12.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The gel was transblotted onto a nitrocellulose
or PVDF membrane. The membranes were incubated with
5% skim milk for blocking, washed, and incubated with the
HRP-NeutrAvidin. This procedure was followed by the
addition of ECL reagents. The spots were visualized by Cool
Saver AE-6955 (ATTO, Tokyo, Japan).

Protein Separation by One-Dimensional and Two-Dimen-
sional Electrophoresis.For the detection of protein carbonyls
by one-dimensional electrophoresis, the total cell lysates
treated with reducing agent were heated at 100°C for 5 min
and resolved by 12.5% SDS-PAGE, and proteins were
transferred to the PVDF membrane for Western blot analysis.

For the identification of carbonylated proteins by two-
dimensional electrophoresis, samples containing 300µg of
total cell lysate (supplemented with 1% immobilized pH
gradient (IPG) buffer, pH 3-10) were used to rehydrate IPG
strips, pH 3-10 (Amersham Biosciences, Inc.). First dimen-
sion electrophoresis was performed using the following
program: 1 h at 500 V, 1 h at1000 V, 6 h at8,000 V. Prior
to second dimension electrophoresis, IPG strips were equili-
brated for 20 min in 50 mM Tris-HCl (pH 6.8), 6M urea,
30% glycerol, 2% SDS, and 0.01% bromphenol blue with
reducing and alkylating agent. The second dimension was
performed on a gradient gel (4-12%) at a constant 25 mA
per gel. Separated proteins were then fixed in the gel using
40% ethanol and 10% formic acid, stained with SYPRO
Ruby protein gel stain, and scanned using the Typhoon 9400
(Amersham Biosciences, Inc.). Western blot analyses were
previously described. The protein spots were visualized by
Image Quant (Amersham Biosciences, Inc.).

Identification of Carbonylated Proteins.Gel pieces were
washed in water containing 10 mM ammonium bicarbonate
buffer (pH 8.0) and 50% methanol for 1 h, dehydrated in
acetonitrile, and dried in a SpeedVac for 30 min. Samples
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were proteolyzed with 100-500 ng of sequence grade
modified trypsin in 50 mM Tris-HCl buffer (pH 8.8)
overnight at 37°C. The supernatant was collected, and
peptides were further extracted with water containing 0.1%
TFA, 50% acetonitrile containing 0.1% TFA, and acetonitrile.
Peptide extracts were vacuum-dried and resuspended in water
containing 0.1% TFA.

Peptide mass fingerprints were generated with an AutoF-
LEX matrix-assisted laser desorption ionization-time-of-flight
(MALDI-TOF) mass spectrometer (Bruker Daltonics Japan,
Ltd., Tokyo, Japan). A few microliters of the sample were
mixed with an equal volume of a saturated solution of
a-ciano-4-hydroxycinnamic acid (Bruker Daltonics) in 50%
acetonitrile containing 0.1% TFA; 1µL of the mixture was
deposited on the MALDI-TOF mass spectrometry target.
Proteins were identified with the MASCOT (Matrix Science,
London, U.K.) searching algorithms using the nonredundant
database. Probability-based MOWSE scores were estimated
by comparison of search results against estimated random
match population and were reported as∼10*LOG10(p),
wherep is the absolute probability. Scores greater than 63
were considered significant, meaning that for scores higher
than 63 the probability that the match is a random event is
lower than 0.05. All protein identifications were in the
expected size and PI range based on position in the gel.

Pull-Down and Immunoprecipitation Assays.SH-SY5Y
cells incubated with and without 20µM 15d-PGJ2 in a control
medium for 6 h were washed with PBS, harvested, and lysed
in 10 mM Tris-HCl, (pH 7.4), 5 mM EDTA, 150 mM NaCl,
1% NP-40, and protease inhibitors. Cell lysates containing
1 mg of protein were incubated batch-wise with 50µL of
StreptAvidin-Plus beads overnight at 4°C with constant
shaking. The beads were rinsed five times with lysis buffer
by centrifugation at 3000 rpm for 5 min. The proteins were
eluted by boiling the beads in Laemmli sample buffer for 5
min and analyzed by SDS-PAGE followed by immunode-
tection with anti-S6 ATPase polyclonal antibody. In addition,
the cell lysates were incubated with 3µg of anti-S6 ATPase
antibody overnight at 4°C. The mixture was then treated
with 20 µL of Protein G-Sepharose (Amersham Pharmacia
Biotech) and incubated for 1 h at 4°C. The mixture was
then centrifuged (3000 rpm, 5 min), rinsed five times with
lysis buffer, and then boiled with the Laemmli sample buffer,
and the biotinylated proteins were then subjected to immu-
noblot and detection with HRP-conjugated NeutrAvidin and
ECL.

Ubiquitin-Dependent Proteolysis.We measured the ability
of cell lysates from either control or 15d-PGJ2-treated cells
to degrade ubiquitinated proteins. FLAG-tagged ubiquitin
transfected SH-SY5Y cells were treated with MG132 for 6
h, and the cells were lysed with a sonicator in lysis buffer
(10 mM Tris-HCl (pH 7.4), 5 mM EDTA, 150 mM NaCl,
1% NP-40, and protease inhibitors) and then centrifuged at
10 000 rpm for 5 min at 4°C. The resulting lysates
containing FLAG-ubiquitinated proteins were coated over-
night at 4°C on the wells of the 96-well microtiter plate.
After washing with PBS containing 0.05% Tween 20 (PBS/
Tween), the coated FLAG-ubiquitinated proteins were in-
cubated with cell lysates either from untreated control cells
or 15d-PGJ2-treated cells in 50 mM Tris-HCl (pH 7.5)
containing 5 mM MgCl2, 2 mM ATP, 1 mM DTT, and ATP
regenerating system. After incubation for 1 h at 37°C, the

solution was then removed, and the plate was washed with
Tris-buffered saline (TBS) containing 10% Tween 20 (TBS/
Tween). Each well was incubated with 200µL of Block Ace
solution (40 mg/mL) in TBS/Tween for 30 min at 37°C in
a moist chamber to block the unsaturated plastic surface.
The plate was then washed once with TBS/Tween. A 100-
µL aliquot of anti-FLAG-antibody solution was added to each
well and incubated for 1 h at 37°C. After discarding the
supernatants and washing three times with TBS/Tween, 100
µL of a 5× 104 dilution of goat anti-mouse IgG conjugated
to horseradish peroxidase in TBS/Tween was added. After
incubation for 1 h at 37°C, the supernatant was discarded,
and the plates were washed three times with TBS/Tween.
Enzyme-linked antibody bound to the well was revealed by
adding 100µL/well of 1,2-phenylenediamine in 0.1 M citrate/
phosphate buffer (pH 5.0) containing 0.003% hydrogen
peroxide. The reaction was terminated by the addition of 50
µL of 2 M sulfuric acid, and absorbance at 492 nm was read
on a micro-ELISA plate reader.

ATPase Assay.ATPase activities were assayed on anti-
S6 ATPase immunoprecipitates that had been collected on
20 µL of packed protein G-Sepharose beads. Immunopre-
cipitates were washed four times with 1 mL of 50 mM Tris-
HCl, pH 7.4, 0.5 M NaCl, 5% sucrose (w/v), 1 mM EDTA,
and 1% NP-40. Immunoprecipitates subsequently were
washed twice more with 1 mL of 20 mM Tris-HCl, pH 7.4.
Washed beads were then resuspended in 30µL of 5 µM ATP
in a solution containing 20 mM Tris-HCl, pH 7.4, 100µM
MgCl2, and 2 mM dithiothreitol (DTT). Reactions proceeded
for 15 min at 30°C prior to quantification of released
phosphate.

RNA Interference Using siRNA.The following siRNA was
generated by Invitrogen: human S6 ATPase (sequence no.
1118-1142, 5′-GCCAGAUAAGAUUUCAGGAGCUGAU-
3′). For a control, we used Stealth RNAi Negative Control
Duplexes (Invitrogen). SH-SY5Y cells were seeded at 80%
density the day before transfection. Cells were transfected
with Lipofectamine2000 transfection reagent; 2.5µL of
siRNA stock (20µM) and 5µL of Lipofectamine2000 were
each diluted with 250µL of Opti-MEM (Invitrogen). After
5 min at room temperature, they were combined and
incubated for 20 min. The reaction mixtures were overlaid
on the cell culture for 6 or 12 h. The medium was then
changed to a fresh medium containing 5% FBS.

RESULTS

Detection of Protein Carbonyls in SH-SY5Y Cells Exposed
to an Endogenous Electrophile.To analyze protein carbonyls
generated in the cells, we utilized biotin-LC-hydrazide
(Figure 1A) as the molecular probe. The presence of a biotin
tag on proteins, which form a hydrazone bond, allows a range
of investigative procedures to be carried out which exploit
the high affinity of biotin for avidin derivatives. After
exposure to 15d-PGJ2, whole cell lysates were labeled with
this carbonyl reagent, and the biotin-labeled protein carbonyls
were analyzed by dot blot and Western blot probed with
streptavidin-HRP. Consistent with our previous findings that
15d-PGJ2 stimulates intracellular oxidative stress monitored
by lipid peroxidation (12) and proteinS-thiolation (14), 15d-
PGJ2 significantly enhanced the productions of protein
carbonyls in SH-SY5Y cells (Figure 1, panels B and C). On
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the other hand, 9,10-hihydro-15d-PGJ2, an analogue of 15d-
PGJ2, had no significant effects on the ROS production
(Figure 1B), suggesting that these pro-oxidant activities could
be attributed to the electrophilic center of 15d-PGJ2.

Identification of Carbonylated Proteins.To identify the
carbonylated protein, the biotin-LC-hydrazide-labeled pro-
teins were separated by two-dimensional gel electrophoresis
and analyzed by Western blot probed with streptavidin-
HRP. As shown in Figure 2 (panels A and B), two proteins
(spots no. 1 and no. 2) were clearly visible for the 15d-PGJ2-
treated cell preparations. These spots were further subjected
to proteomic identification: they were excised from two-
dimensional gels, subjected to trypsin digestion, and analyzed
by MALDI-TOF MS. Peptide mass fingerprint analysis of
the 48-kDa protein (spot no. 1) revealed selective oxidation
of a 19 S regulatory subunit, S6 ATPase [using MASCOT,
the provability-based MOWSE score was 103 for 19 S
regulatory subunit 6 (S6 ATPase) (p < 0.05), with 8 peptide
matches (error(0.05%), which represents 21% sequence
coverage] (Figure 2C and Table 1). The formation of protein
carbonyls into endogenous S6 ATPase was further confirmed
by pull-down with NeutrAvidin beads followed by Western
blot with an anti-S6 ATPase antibody (Figure 2D, left panel).
Alternatively, cell lysates were subjected to immunoprecipi-
tation with an anti-S6 antibody, and the presence of protein-
bound carbonyls was detected by Western blot analysis with
HRP-conjugated NeutrAvidin (Figure 2D, right panel). These

and the observation that H2O2 treatment of the cells also gave
rise to the oxidative modification of S6 ATPase (Figure 3)
suggest that this proteasome subunit may represent a general
target of intracellular ROS. On the other hand, the 23-kDa
protein (spot no. 2) was identified to be glutathione-S-
transferase P1 by peptide mass fingerprint analysis (Sup-
porting Information, Figure S1), while this identification has

FIGURE 1: Detection of protein carbonyls in SH-SY5Y cells
exposed to an endogenous electrophile. (A) Chemical structures
of 15d-PGJ2, 9,10-dihydro-15d-PGJ2, and biotinylated hydrazine
(biotin-LC-hydrazide). (B) Dot blot analysis of biotin-LC-hydrazide-
protein adducts. Upper panel, detection of protein carbonyls in the
15d-PGJ2-treated cells; lower panel, detection of protein carbonyls
in the 9,10-dihydro-15d-PGJ2-treated cells. (C) Western blot analysis
of biotin-LC-hydrazide-protein adducts. In panels B and C, cells
were incubated with 10µM 15d-PGJ2 for 1 h and then treated with
1 mM biotin-LC-hydrazide for 1 h. Total cell lysate was heated at
95 °C for 5 min and resolved by SDS-PAGE followed by dot
blot and Western blot analyses.

FIGURE 2: Identification of carbonylated proteins in SH-SY5Y cells
exposed to an endogenous electrophile. SH-SY5Y cells were
incubated with 20µM 15d-PGJ2 for 6 h and then treated with 1
mM biotin-LC-hydrazide for 1 h. The proteins were separated by
isoelectrofocusing (pH range 3-10) and then by SDS-PAGE. (A)
Left panel, SYPRO Ruby fluorescence staining; right panel, Western
blot. The arrowheads denote spots (no. 1 and no. 2) excised for
subsequent identification by MALDI-TOF analysis, as described
under Experimental Procedures. (B) Enlarged view around spot no.
1. Left panel, SYPRO Ruby fluorescence staining; right panel,
Western blot. (C) Identification of S6 ATPase as the target of
protein carbonylation. MALDI-TOF MS spectrum corresponding
to S6 ATPase tryptic digest. Them/z values obtained from tryptic
peptides were used to identify the protein by searching in database.
The elution positions of the identified tryptic peptides are indicated
in the total ion current and summarized in Table 1. (D) Protein
carbonylation of endogenous S6 ATPase in SH-SY5Y cells exposed
to 15d-PGJ2. SH-SY5Y cells were incubated with 20µM 15d-PGJ2
for 6 h and then treated with 1 mM biotin-LC-hydrazide for 1 h.
Cell lysates were incubated with Immobilized NeutrAvidin or with
anti-S6 ATPase-sepharose, as indicated. The presence of oxidized
S6 ATPase was detected by immunoblot analysis (left panel), and
the incorporation of biotin-LC-hydrazide into S6 ATPase immu-
noprecipitates was detected with HRP-NeutrAvidin and ECL (right
panel).
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not been confirmed by the pull-down/immunoprecipitation
technique.

Impairment of Proteasome Functions.The ubiquitin/
proteasome system degrades most proteins in the cytosol and
nucleus of eukaryotic cells (15-17). It is important for the
regulation of cellular processes, including cell cycle progres-
sion, transcription, and antigen processing. Consequently,
aberrations of this pathway have been implicated in the
pathogenesis of many diseases. Proteins requiring degrada-
tion are covalently conjugated with multiple ubiquitin
moieties, making them targets for the large multicatalytic
26 S proteasome (15-17). The 26 S proteasome comprises
two subcomplexes: a barrel-shaped 20 S core complex,
which exhibits catalytic activity; and two regulatory 19 S
cap complexes, each bound to opposite ends of the 20 S
core complex (15, 17). The regulatory 19 S cap complex of
the 26 S proteasome confers the specificity toward ubiquiti-
nated substrates and an ATP dependence on proteolysis (18,
19). To assess if oxidative modification of S6 ATPase elicited
by 15d-PGJ2 in SH-SY5Y cells could result in the impair-
ment of its enzyme function, changes in cellular S6 ATPase
activity were examined. To this end, SH-SY5Y cells were
treated with 15d-PGJ2, and ATPase activities were assayed
on anti-S6 ATPase immunoprecipitates. Simultaneously, the
levels of S6 ATPase-bound carbonyls were examined by
immunoblot analysis with HRP-NeutrAvidin following the
biotin-LC-hydrazide labeling. As shown in Figure 4A,
accompanied by a dramatic increase in protein carbonyls
within the S6 ATPase subunit (upper panel), 15d-PGJ2

treatment exerted a significant decrease in the ATPase
activities (lower panel).

The ROS-mediated oxidation of the 19 S regulatory
subunit, observed during the electrophile treatment, was
expected to have an effect on the integrity and function of
the 26 S proteasome as well as protein turnover in the dying
cell. To test this hypothesis, we measured the ability of cell
lysates from either control or 15d-PGJ2-treated cells to
degrade ubiquitinated proteins. FLAG-tagged ubiquitin was
expressed stably in SH-SY5Y cells, and the ability of cell
lysates from either control or 15d-PGJ2-treated cells to
degrade FLAG-ubiquitinated proteins was verified by ELISA
with anti-FLAG antibody. As shown in Figure 4B, the
ubiquitinated proteins were degraded much more effectively
by the lysates from control than those from 15d-PGJ2-treated
cells. In addition, 15d-PGJ2 significantly enhanced the
accumulation of ubiquitinated proteins (Figure 4C). The level
of ubiquitinated proteins increased during 8 h of incubation
and then decreased thereafter. These data suggest that

Table 1: Peptides Identified by MALDI-TOF MS from a
Carbonylated Protein (spot no. 1)a

position
calculated

mass
observed

mass
error
(Da) peptide sequence

peak
no.

71-80 1229.61 1229.66 0.05 EFLHAQEEVK 4
122-134 1419.82 1419.84 0.02 ELLKPNASVALHK 7
179-192 1688.88 1688.93 0.05 EAVELPLTHFELYK 8
193-200 895.49 895.47-0.02 QIGIDPPR 1
218-229 1294.69 1294.71 0.02 AVAHHTTAAFIR 5
230-238 992.53 992.53 0 VVGSEFVQK 2
314-326 1394.77 1394.79 0.02 ADTLDPALLRPGR 6
343-351 1009.59 1009.58-0.01 LIFSTITSK 3

a Them/zvalues obtained from tryptic peptides were used to identify
the protein by searching in database.

FIGURE 3: Identification of carbonylated proteins in SH-SY5Y cells
exposed to H2O2. SH-SY5Y cells were incubated with 1 mM H2O2
for 30 min and then treated with 1 mM biotin-LC-hydrazide for 1
h. The proteins were separated by isoelectrofocusing (pH range
3-10) and then by SDS-PAGE. Left panel, SYPRO Ruby
fluorescence staining; middle panel, Western blot analysis with
HRP-NeutrAvidin; right panel, Western blot analysis with anti-
S6 ATPase antibody. The arrowheads denote identical spots in the
middle and right panels.

FIGURE 4: Impairment of S6 ATPase in SH-SY5Y cells exposed
to an endogenous electrophile. (A) Formation of protein carbonyls
on S6 ATPase and concomitant loss of S6 ATPase activity in SH-
SY5Y cells treated with 15d-PGJ2. The levels of S6 ATPase-bound
carbonyls were examined by immunoblot analysis with HRP-
NeutrAvidin following the biotin-LC-hydrazide labeling (upper
panel). Simultaneously, the ATPase activities were assayed on anti-
S6 ATPase immunoprecipitates (lower panel). (B) Effect of 15d-
PGJ2 on proteasome activity evaluated by ELISA with anti-FLAG
antibody as described under Experimental Procedures. The relative
intensity at 0 time represents the proteasome activity in the cells
without treatment with 15d-PGJ2. (C) Effect of 15d-PGJ2 on
accumulation of ubiquitinated proteins in SH-SY5Y cells. The
ubiquitinated proteins were detected by immunoblot analysis using
an anti-ubiquitin polyclonal antibody.
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oxidative modification of S6 ATPase may be functionally
associated with the altered recognition and degradation of
proteasomal substrates in the cells.

SelectiVe Oxidation of S6 ATPase upon Metal-Catalyzed
Oxidation of Purified 26S Proteasome. To evaluate the
oxidative modification of proteasome by ROS in vitro, we
incubated the purified 26 S proteasome with a metal-
catalyzed ROS generating system (Cu2+/H2O2) and analyzed
the target subunit of protein carbonylation. As shown in
Figure 5A, when subjected to the electrophoresis, the native
(unoxidized) form of proteasome migrates as two protein
bands, corresponding to 26 S and 20 S proteasomes, in the
polyacrylamide gel electrophoresis. Cu2+ alone, at the
maximum concentration used in the metal-catalyzed oxida-
tion system (10µM), did not exert any significant effect on
both 20 S and 26 S proteasomes. Upon incubation with the
metal-catalyzed ROS generating system (Cu2+/H2O2), 26 S
proteasome was converted to lower molecular weight protein
species in a Cu2+ concentration-dependent manner, whereas

the protein band corresponding to 20 S proteasome was
virtually unchanged, suggesting that changes in 26 S pro-
teasome might be due to the oxidative modification of 19 S
regulatory subunit(s). Then, we examined generation of the
protein-linked carbonyl groups in the oxidized 26 S protea-
some. The purified 26 S proteasome was incubated with H2O2

in the presence of Cu2+, labeled with biotin-LC-hydrazide,
and analyzed by ELISA or separated on two-dimensional
gel electrophoresis followed by Western blot analysis. As
shown in Figure 5B, ELISA analysis showed that the reaction
of 26 S proteasome with Cu2+/H2O2 resulted in a significant
increase in protein carbonyls. In addition, Western blot
analysis clearly revealed that protein carbonyls were mainly
generated on a 48-kDa protein (Figure 5C).

To identify the oxidized subunit in 26 S proteasome, native
and oxidized 26 S proteasome with Cu2+/H2O2 were labeled
with the biotin-LC-hydrazide and separated on the two-
dimensional gel electrophoresis and analyzed by Western blot
probed with streptavidin-HRP. Consistent with the one-
dimensional gel electrophoresis (Figure 5C), a 48-kDa protein

FIGURE 5: Metal-catalyzed oxidation of purified 26 S proteasome.
(A) Polyacrylamide gel electrophoresis of 26 S proteasome treated
with H2O2 in the presence or absence of Cu2+. The 26 S proteasome
(10 µg/mL) was incubated with 0-1 mM H2O2 in the absence and
the presence of 10µM Cu2+. (B) ELISA analysis of protein
carbonyls. (C) Western blot analysis of protein carbonyls. In panels
B and C, the 26 S proteasome (10µg/mL) was incubated with 0-1
mM H2O2 in the absence and the presence of 100µM Cu2+.
Aliquots were sampled at the indicated times, labeled with biotin-
LC-hydrazide, and analyzed for protein carbonyls by ELISA and
Western blot.

FIGURE 6: Identification of the ROS-sensitive subunit in purified
26S proteasome. (A) Detection of a specific target of ROS in 26 S
proteasome. To identify the carbonylated protein, the biotin-LC-
hydrazide-labeled proteins were separated on two-dimensional gel
electrophoresis and analyzed by Western blot probed with strepta-
vidin-HRP. The 26 S proteasome (10µg/mL) was incubated
without (panels a and d) or with Cu2+/H2O2 (panels b and e, 100
µM Cu2+and 0.5 mM H2O2; panels c and f, 100µM Cu2+and 1
mM H2O2) for 30 min and was treated with 1 mM biotin-LC-
hydrazide for 1 h. The biotin-LC-hydrazide-labeled proteins were
separated on two-dimensional gel electrophoresis (panels a-c) and
then analyzed by Western blot probed with streptavidin-HRP
(panels d-f). (B) Identification of a specific target of ROS in 26
S proteasome. The oxidized proteasome treated with Cu2+/H2O2
(100 µM Cu2+ and 0.5 mM H2O2) for 30 min was labeled with
biotin-LC-hydrazide-and separated on two-dimensional gel elec-
trophoresis and analyzed by Western blot probed with streptavidin-
HRP or Western blot using an anti-S6 ATPase polyclonal antibody.
Left panel, SYPRO Ruby fluorescence staining; middle panel,
Western blot probed with streptavidin-HRP; right panel, Western
blot analysis using an anti-S6 ATPase polyclonal antibody.
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was almost exclusively detected as the target of ROS
generated during the metal-catalyzed oxidation reaction
(Figure 6A). A proteomic analysis of this spot revealed that
the proteasome subunit specifically oxidized was identical
to S6 ATPase [using MASCOT, the provability-based
MOWSE score was 154 for S6 ATPase (p < 0.05), with 19
peptide matches (error(0.01%), which represents 26%
sequence coverage (Supporting Information, Figure S2 and
Table SII)]. The identity of S6 ATPase was further confirmed
by Western blot analysis using an anti-S6 ATPase polyclonal
antibody (Figure 6B). Thus, these in vitro studies have proved
that S6 ATPase represents one of the most sensitive targets
of ROS among the 26 S proteasome subunits.

Effect of RNAi of S6 ATPase on 26 S Proteasome ActiVity.
Finally, to establish that S6 ATPase inhibition is associated
with the impairment of proteasome function, we utilized
RNAi to block expression of the proteasome subunit in SH-
SY5Y cells. The cells were treated with siRNA correspond-
ing to the S6 ATPase subunit (S6-siRNA), and the protein
level of S6 ATPase was assessed by immunoblot analysis.
As shown in Figure 7A, the protein level of S6 ATPase was
significantly reduced by RNAi. To determine the effect of
RNAi on proteasomal degradation, we blotted extracts of
control and S6-siRNA-treated SH-SY5Y cells with an anti-
ubiquitin antibody. As shown in Figure 7B, the treatment of
cells with S6-siRNA resulted in the enhanced accumulation
of ubiquitinated proteins. These data suggest that oxidative
modification of this regulatory subunit of proteasome may
be functionally associated with the altered recognition and
degradation of proteasomal substrates in the cells.

DISCUSSION

In our previous study, as part of an effort to identify the
endogenous inducer of intracellular oxidative stress and to

elucidate the molecular mechanism underlying the oxidative
stress-mediated cell degeneration, we examined the oxidized
fatty acid metabolites for their ability to induce intracellular
ROS production in SH-SY5Y cell in vitro and found that
the J2 series of the PGs represent the most potent inducers
(11). On the basis of the observations that (i) 15d-PGJ2
partially reduced intracellular glutathione levels, (ii ) 15d-
PGJ2 treatment of the cells resulted in a significant decrease
in the glutathione peroxidase activity, (iii ) theN-acetylcys-
teine pretreatment significantly inhibited both ROS produc-
tion and cytotoxicity by 15d-PGJ2, and (iV) the intracellular
ROS production was accompanied by the alteration of the
cellular redox status and the production of lipid peroxidation-
derived highly cytotoxic aldehydes, the intracellular redox
status appeared to represent a critical parameter for the PG-
induced ROS production and cytotoxicity. On the basis of
these findings, we have hypothesized that intracellular
oxidative stress constitutes a pivotal step in the pathway of
cellular dysfunction induced by the electrophilic molecule.

In the present study, to further investigate the molecular
mechanism underlying the oxidative stress-mediated cell
degeneration, we analyzed protein carbonyl, the most widely
studied marker of protein oxidation, using biotin-LC-hy-
drazide as the molecular probe. Consistent with our previous
findings that 15d-PGJ2 stimulates intracellular oxidative stress
monitored by lipid peroxidation (12) and proteinS-thiolation
(14), 15d-PGJ2 treatment resulted in the accumulation of
protein carbonyls (Figure 1). Strikingly, the protein carbo-
nylation specifically occurred on a 19 S regulatory subunit
S6 ATPase (Figure 2), which was associated with (i) a
dramatic increase in protein carbonyls within S6 ATPase,
(ii ) a significant decrease in the S6 ATPase activities, and
(iii ) a decreased ability of 26 S proteasome to degrade
substrates (Figure 4). Moreover, H2O2 treatment of the cells
also gave rise to oxidative modification of S6 ATPase (Figure
3). These findings suggest that this subunit may represent
the oxidation-sensitive proteins in the cells.

It is also notable that in vitro oxidation of the purified 26
S proteasome with the Cu2+/H2O2 oxidation system resulted
in selective oxidation of S6 ATPase (Figures 5 and 6). Metal-
catalyzed oxidation of proteins is a highly selective reaction
that occurs primarily at protein sites with transition metal-
binding capacity. Therefore, based on the observation that
S6 ATPase was identified as the selective target of the Cu2+/
H2O2 oxidation system, it is hypothesized that metal (Cu2+)
binding would make the S6 ATPase protein a relatively easy
target of the metal-catalyzed oxidation. Although the detailed
mechanism for this preferential oxidation of S6 ATPase by
Cu2+/H2O2 remains unclear, Cu2+ bound to specific metal-
binding sites on S6 ATPase may react with H2O2 to generate
a ROS, which immediately oxidizes neighboring amino acid
residues to generate carbonyl groups on S6 ATPase. It has
been proposed that, upon reaction of Cu2+ with H2O2, the
hydroxyl radical bound to Cu2+ (Cu2+-OH‚) is generated by
the Fenton-type reaction of reduced copper (Cu+) with H2O2

and that this bound oxidant then attacks adjacent amino acid
residues. In the meantime, formation of the high valent
oxocopper (III) species (Cu3+dO), a possible hydroxylating
species of copper oxygenases including tyrosinase and
dopamine â-hydroxylase (20), has also been proposed.
Neither Cu2+-OH‚ nor Cu3+dO has been detected experi-
mentally; however, it is not unlikely that the protein carbonyl

FIGURE 7: Down-regulation of S6 ATPase enhances accumulation
of ubiquitinated proteins. (A) Immunoblot analysis of S6 ATPase
in SH-SY5Y cells treated with specific siRNA of S6 ATPase. (B)
Immunoblot analysis of ubiquitinated proteins in SH-SY5Y cells
treated with specific siRNA of S6 ATPase.
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formation within S6 ATPase is provoked by these types of
copper-bound free radicals.

S6 ATPase subunit of the 19 S regulatory complex of the
26 S proteasome is one of six nonredundant ATPases, all
belonging to the AAA (ATPases associated with diverse
cellular activities) superfamily (21), and has been shown to
interact with other 19 S regulatory subunit, such as S6′
ATPase and S7 ATPase (22-25). Among ATP-dependent
proteases, these hexameric ATPase complexes are associated
with substrate unfolding and translocation into an enclosed
chamber where proteolysis occurs. Thus, the impairment of
the regulatory complex may be functionally associated with
the altered recognition and degradation of proteasomal
substrates. Indeed, accompanied by a dramatic increase in
protein carbonyls within the S6 ATPase subunit, 15d-PGJ2

treatment exerted a significant decrease in the ATPase
activities (Figure 4). Moreover, down-regulation of S6
ATPase by RNAi resulted in the enhanced accumulation of
ubiquitinated proteins (Figure 7). On the other hand, the
human S6 ATPase has been shown to form a complex with
gankyrin (26-28). Gankyrin is the first protein described to
bind both to the 26 S proteasome and to proteins in other
complexes containing cyclin-dependent kinase(s) and p53
ubiquitinating activities, providing a mechanism for deliver-
ing cell cycle regulating machinery and ubiquitinated sub-
strates to the proteasome for degradation. Indeed, 15d-PGJ2

has been reported to induce accumulation and phosphory-
lation of p53, which is accompanied by a preferential
redistribution of the p53 protein in the nuclei of the cells
and by a time-dependent increase in p53 DNA binding
activity (12). Thus, the oxidative impairment of S6 ATPase
by 15d-PGJ2 may result in the altered regulation of this
oncoprotein.

Apart from intracellular oxidative stress induced by 15d-
PGJ2, there are also alternative explanations for the effects
of this electrophile on proteasome dysfunction. For example,
(i) 15d-PGJ2 may cause dissociation of a proteasome
activator, such as 19 S cap or PA28 regulator. (ii ) 15d-PGJ2
may induce phosphorylation or other events through lasting
changes in the proteasome structure with inhibitory effects.
(iii ) As reported by Mullally et al. (29), 15d-PGJ2 may inhibit
the proteasome pathway via inhibition of the cellular
ubiquitin isopeptidase activity. We have also demonstrated
that 15d-PGJ2 covalently binds to proteasome in the cells
(30). Indeed, our preliminary experiments have shown that,
upon in vitro incubation with 26 S proteasome, 15d-PGJ2

binds to a number of proteasome subunits, including S6
ATPase (Ishii and Uchida, unpublished observatrion). Thus,
15d-PGJ2 is likely to inhibit the proteasome pathway not only
through selective oxidation of the proteasome subunit but
also through a mechanism by which 15d-PGJ2 directly
interacts with proteasome.

In summary, proteomics identification of oxidized (car-
bonylated) proteins in SH-SY5Y cells exposed to 15d-PGJ2

revealed that S6 ATPase represents the oxidation-sensitive
subunit in proteasome. Accompanied by a dramatic increase
in protein carbonyls within S6 ATPase, the electrophile-
induced oxidative stress resulted in significant decrease in
the ATPase activities and a decreased ability of the 26 S
proteasome to degrade substrates. Moreover, selective oxida-
tion of S6 ATPase was also observed upon in vitro oxidation
of purified 26 S proteasome with a metal-catalyzed oxidation

system. Our results provide support for the hypothesis that
free radicals generated upon electrophile-induced oxidative
stress mediate declines in proteasome function, thereby
altering the balance between protein oxidation, ubiquitination,
and degradation. Future studies must identify sites and forms
of oxidative modification to the S6 ATPase subunit in order
to fully characterize specific mechanisms by which the
proteasome is inactivated.
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