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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 prostaglandirp hetabolite, 15-deoxy!214prostaglandina)(15d-PGJ), 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,. 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 mayoxidative modification of proteins by ROS has been impli-
play an important role in various pathological states including cated in the etiology or progression of a wide range of
cancer, neurodegeneration, atherosclerosis, diabetes, andisorders and diseases.

rheumatoid arthritis, as well as in drug-associated toxicity,  The oxidative damage to proteins is reflected by increase
postischemic reoxygenation injury, and agiiy Oxidative iy jevels of protein carbonyls3f. In view of the fact that
stress is also seen as a major upstream component in theotein carbonyls are formed by many different processes,
signaling casca(_JIe |n\_/olve_>d in many of the cellular fqnctlons, a number of simple, highly sensitive, specific methods for
such as cell proliferation, inflammatory responses, stimulating ¢ assay of protein carbonyls have been develoge@)
adhesion molecule, and chemoattractant productigni(  The ygjlization of these methods has allowed the carbonyl
has bee_n su_ggested that some Ievgl of oxidative stress may.qnient of proteins to become a widely used marker of ROS-
be required in response to cytotoxic agents and convertedyegiated damage during oxidative stress, aging, and in age-
into the redox regulatory system as a downstream signalingyg|ated diseases. The increased levels of protein carbonyls
pathway g). However, excess oxidative stress may be toXic, naye been reported to be associated with Alzheimer's disease
exgrtm_g cytostatic effects, causing memprane damage, gnd(7)’ progeria and Werner's syndronm@ (amyotrophic lateral
activating pathways of pell death (appptosus and/pr Necrosis).sclerosis ®), and respiratory distress syndron®, (among
Reactive oxygen species (RO$gsulting from episodes of  ihars Although the experimental evidence is so far mostly
OX|_d_at|ve stress are responsible for these effects due_to the'rcorrelative, it lends strong support to the hypothesis that the
ability to damage cellular components, such as protein. The 5 qtein 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-relatedtion of 1 mM, and the cell lysate was shaken foh atroom

functional losses1(0).

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-deox$*?*4prostaglandin¥15d-
PGJ) represents the most potent inducgt)( In addition,
we demonstrated for the first time that 15d-RGulas
accumulated in the spinal cord of sporadic amyotrophic
lateral sclerosis patients, mainly occurring in the motor
neurons of the anterior hori?). These findings raised the
possibility that cyclooxygenase-2 up-regulation, through its
pivotal role in inflammation, followed by the enhanced
intracellular production of 15d-P@Jmight be ubiquitously

temperature in order for protein carbonyls to be biotinylated.
ELISA Analysis of Protein Carbonylé. 100«L aliquot
of the protein solution was added to each well of a 96-well
microtiter plate and incubated for 20 h at@. The solution
was then removed, followed by washing with PBS containing
0.05% Tween 20 (PBS/Tween); 100 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 20@L 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, 10Q:L of 50 mM citrate
buffer (pH 5.5) containin@-phenylenediamine (0.4 mg/mL)

involved in neurodegenerative processes. In the present studyand 0.003% KO, was added and the mixture incubated for
to elucidate the molecular mechanism underlying the oxida- several minutes at room temperature. The reaction was
tive stress-mediated cell degeneration, we analyzed proteinterminated by adding 50L of 2 M sulfuric acid, and the
carbonyls generated in human neuroblastoma SH-SY5Y cellsabsorbance at 490 nm was read on a micro-ELISA plate
exposed to 15d-PGand identified a 19 S regulatory cap as reader.

a molecular target of protein oxidation under conditions of Dot Blot and Western Blot AnalyseBor detection of
electrophile-induced oxidative stress. ubiquitinated proteins, whole cell lysates from SH-SY5Y
cells were treated with SDS sample buffer with reducing
agent for 5 min at 100C. For detection of the protein
carbonyls, the cell lysates were labeled with biotin-LC-

; hydrazide prior to the treatment with the sample buffer. The
Chemical Co. (Ann Arbor, MI). HO; (31% aqueous solu- g mpies were then transblotted or separated by 10 or 12.5%
t|0|j) was obtained fro_m Mitsubishi Qas Co. Th_e anti- - godium dodecyl sulfatepolyacrylamide gel electrophoresis
ubiquitin polyclpnal antibody was qbtamed f(om Biomega (SDS-PAGE). The gel was transblotted onto a nitrocellulose
Co. (Foster City, CA). Horseradish peroxidase (HRP)- o pypbF membrane. The membranes were incubated with
conjugated NeutrAvidin, HRP-linked anti-rabbit I9G and 5o, gyim milk for blocking, washed, and incubated with the
enhanced chemiluminescence (ECL) Western blotting detec-rp_nNeutrAvidin. This procedure was followed by the

tion reagents were obtained from Amersham Biosciences. 5 yqition of ECL reagents. The spots were visualized by Cool
Biotin-LC-hydrazide was obtained from Pierce. Anti-FLAG g5 er AE-6955 (ATTO, Tokyo, Japan).

antibody was obtained from Sigma. SYPRO Ruby protein  pyain Separation by One-Dimensional and Two-Dimen-

gel ds_;_aig was _from Motl)ec_ula(rj fPrObEI’DS’ Inc. Segyﬁ_ncre]: gr a?esional Electrophoresig-or the detection of protein carbonyls
moaine gszm was o t_adme romb r(_)mggfa. it 'Olt( reitol 1, one-dimensional electrophoresis, the total cell lysates
(DTT) and iodoacetoamide were obtained from Wako PUre yeo4aq with reducing agent were heated at AO®@or 5 min

Qhemical .Industries, L.td' .pcD.NA-FLAG-ubiqui.tin Was  and resolved by 12.5% SD$AGE, and proteins were
kindly provided by Dr. Hideki Shibata (Nagoya University).  ansferred to the PVDF membrane for Western blot analysis.
Cell Culture.SH-SYSY cells were grown in Cosmedium-  For the identification of carbonylated proteins by two-

001 (Cosmo-Bio, Tokyo) containing 5% Nakashibetsu pre- gimensional electrophoresis, samples containing29of
colostrum new-born calf serum, 16@/mL penicillin, and  tota| cell lysate (supplemented with 1% immobilized pH
100 units/mL streptomycin in a 5% G@ontaining atmo-  gradient (IPG) buffer, pH 310) were used to rehydrate IPG
sphere. The cells were seeded in plates coated with polylysinesirips, pH 3-10 (Amersham Biosciences, Inc.). First dimen-
and cultured at 37C. sion electrophoresis was performed using the following
Metal-Catalyzed Oxidation of Purified 26 S Proteasome. program: 1 h at 500 V1 h at1000 V, 6 h at8,000 V. Prior
The purified 26 S proteasome 95% purity; specific activity,  to second dimension electrophoresis, IPG strips were equili-
25 units/mg) from human erythrocytes was obtained from prated for 20 min in 50 mM Tris-HCI (pH 6.8), 6M urea,
the Affiniti Research Products, Ltd. (Exeter, U.K.). The 26 30% glycerol, 2% SDS, and 0.01% bromphenol blue with

EXPERIMENTAL PROCEDURES

Materials 15d-PGd was obtained from the Cayman

S proteasome (10g) was incubated with kD, (0—1 mM)

and C@" (10—1000uM) in PBS for 30 min at 25C.
Sample Preparation and Biotin Detization of Protein

Carbonyls Cells were incubated with 20M 15d-PGJ in a

reducing and alkylating agent. The second dimension was
performed on a gradient gel{4.2%) 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

control medium for O~ 6 h. The medium was removed and Ruby protein gel stain, and scanned using the Typhoon 9400
then washed twice with PBS, lysed with a sonicator in lysis (Amersham Biosciences, Inc.). Western blot analyses were
buffer (50 mM sodium acetate buffer (pH 4.5) and protease previously described. The protein spots were visualized by
inhibitors), and centrifuged at 10 000 rpm for 5 min at 4 Image Quant (Amersham Biosciences, Inc.).

°C; the supernatant was assayed for protein content. Biotin- Identification of Carbonylated Protein&el pieces were
LC-hydrazide was employed to detect protein-bound carbo- washed in water containing 10 mM ammonium bicarbonate
nyls (13). The biotin-LC-hydrazide solution (18.6 mg/mL  buffer (pH 8.0) and 50% methanol for 1 h, dehydrated in
in DMSO) was added to the cell lysate to a final concentra- acetonitrile, and dried in a SpeedVac for 30 min. Samples
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were proteolyzed with 106500 ng of sequence grade
modified trypsin in 50 mM Tris-HCI 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.
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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 20D of Block Ace
solution (40 mg/mL) in TBS/Tween for 30 min at 3T in

a moist chamber to block the unsaturated plastic surface.

Peptide extracts were vacuum-dried and resuspended in wateThe plate was then washed once with TBS/Tween. A 100-

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; AL of the mixture was

deposited on the MALDI-TOF mass spectrometry target.
Proteins were identified with the MASCOT (Matrix Science,

uL aliquot of anti-FLAG-antibody solution was added to each
well and incubated fol h at 37°C. After discarding the
supernatants and washing three times with TBS/Tween, 100
uL of a5 x 10* dilution of goat anti-mouse IgG conjugated
to horseradish peroxidase in TBS/Tween was added. After
incubation fo 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 10QuL/well of 1,2-phenylenediamine in 0.1 M citrate/
phosphate buffer (pH 5.0) containing 0.003% hydrogen

London, U.K.) searching algorithms using the nonredundant peroxide. The reaction was terminated by the addition of 50
database. Probability-based MOWSE scores were estimated:L of 2 M sulfuric acid, and absorbance at 492 nm was read
by comparison of search results against estimated randomon a micro-ELISA plate reader.

match population and were reported ad0*LOG;q(p),
wherep is the absolute probability. Scores greater than 63

ATPase AssayATPase activities were assayed on anti-
S6 ATPase immunoprecipitates that had been collected on

were considered Significant, meaning that for scores hlgherzo IML of packed protein G_Sepharose beads. |mmunopre-

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 Assay8H-SY5Y
cells incubated with and without 20M 15d-PGJd in a control
medium fa 6 h were washed with PBS, harvested, and lysed
in 10 mM Tris-HCI, (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 &0 of
StreptAvidin-Plus beads overnight at°€ 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 SDSPAGE followed by immunode-
tection with anti-S6 ATPase polyclonal antibody. In addition,
the cell lysates were incubated with«8 of anti-S6 ATPase
antibody overnight at 4C. The mixture was then treated
with 20 uL of Protein G-Sepharose (Amersham Pharmacia
Biotech) and incubated fol 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 Proteolysig/e measured the ability
of cell lysates from either control or 15d-P&deated cells
to degrade ubiquitinated proteins. FLAG-tagged ubiquitin

cipitates were washed four times with 1 mL of 50 mM Tris-
HCI, pH 7.4, 0.5 M NacCl, 5% sucrose (w/v), 1 mM EDTA,
and 1% NP-40. Immunoprecipitates subsequently were
washed twice more with 1 mL of 20 mM Tris-HCI, pH 7.4.
Washed beads were then resuspended il 36f 5 uM ATP

in a solution containing 20 mM Tris-HCI, pH 7.4, 10
MgCl,, and 2 mM dithiothreitol (DTT). Reactions proceeded
for 15 min at 30°C prior to quantification of released
phosphate.

RNA Interference Using siRNAhe following siRNA was
generated by Invitrogen: human S6 ATPase (sequence no.
1118-1142, 5GCCAGAUAAGAUUUCAGGAGCUGAU-

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; b of
SiRNA stock (2QuM) and 5uL of Lipofectamine2000 were
each diluted with 25@L 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 Electrophil€o analyze protein carbonyls

transfected SH-SY5Y cells were treated with MG132 for 6 generated in the cells, we utilized biotin-LC-hydrazide

h, and the cells were lysed with a sonicator in lysis buffer (Figure 1A) as the molecular probe. The presence of a biotin
(10 mM Tris-HCI (pH 7.4), 5 mM EDTA, 150 mM NaCl, tag on proteins, which form a hydrazone bond, allows a range
1% NP-40, and protease inhibitors) and then centrifuged atof investigative procedures to be carried out which exploit

10000 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-PGgtreated cells in 50 mM Tris-HCI (pH 7.5)
containing 5 mM MgCJ, 2 mM ATP, 1 mM DTT, and ATP
regenerating system. After incubatiorr fb h at 37°C, the

the high affinity of biotin for avidin derivatives. After
exposure to 15d-PGJwhole 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-PGJd stimulates intracellular oxidative stress monitored
by lipid peroxidation {2) and proteirS-thiolation (14), 15d-
PGJ significantly enhanced the productions of protein
carbonyls in SH-SY5Y cells (Figure 1, panels B and C). On
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Ficure 1: Detection of protein carbonyls in SH-SY5Y cells

exposed to an endogenous electrophile. (A) Chemical structures 800 1000 1200 1400 1600 1800 mM/Z
of 15d-PGJ, 9,10-dihydro-15d-PGJ and biotinylated hydrazine D

(biotin-LC-hydrazide). (B) Dot blot analysis of biotin-LC-hydrazide-

protein adducts. Upper panel, detection of protein carbonyls in the Pull down: NeutrAvidin IP: Anti-S6
15d-PGgtreated cells; lower panel, detection of protein carbonyls IB: Anti-S6 IB: neutrAvidin-HRP

in the 9,10-dihydro-15d-PGdreated cells. (C) Western blot analysis Control  15d-PGJ, Control 15d-PGJ,

of biotin-LC-hydrazide-protein adducts. In panels B and C, cells :’
were incubated with 1M 15d-PGJ for 1 h and then treated with ssl:l S6

1 mM biotin-LC-hydrazide for 1 h. Total cell lysate was heated at e 2: Identification of carbonylated proteins in SH-SY5Y cells
95 °C for 5 min and resolved by SDPAGE followed by dot exposed to an endogenous electrophile. SH-SY5Y cells were
blot and Western blot analyses. incubated with 2QuM 15d-PGJ for 6 h and then treated with 1

_hi . -PGd _ mM biotin-LC-hydrazide for 1 h. The proteins were separated by
g]é Othherdhand’ 9’12. hlh){dr% 1E;d t'; anlgl(())gue Ofd15?. isoelectrofocusing (pH range-30) and then by SDSPAGE. (A)

,‘1” ad no S|gn|.|can efiects on ? pr.o. uction ) of panel, SYPRO Ruby fluorescence staining; right panel, Western
(Figure 1B), suggesting that these pro-oxidant activities could piot, The arrowheads denote spots (no. 1 and no. 2) excised for
be attributed to the electrophilic center of 15d-RGJ subsequent identification by MALDI-TOF analysis, as described

Identification of Carbonylated Proteing.o identify the under Experimental Procedures. (B) Enlarged view around spot no.

. v Ol A _ 1. Left panel, SYPRO Ruby fluorescence staining; right panel,
carbonylated protein, the biotin-LC-hydrazide-labeled PIO" \Nestern blot. (C) Identification of S6 ATPase as the target of

teins were separated by two-dimensional gel electrophoresis,oein carbonylation. MALDI-TOF MS spectrum corresponding
and analyzed by Western blot probed with streptavidin  to S6 ATPase tryptic digest. The/z values obtained from tryptic
HRP. As shown in Figure 2 (panels A and B), two proteins peptides were used to identify the protein by searching in database.
(spots no. 1 and no. 2) were clearly visible for the 15d-PGJ The elution positions of the identified tryptic peptides are indicated

. ; in the total ion current and summarized in Table 1. (D) Protein
treated cell preparations. These spots were further SUbJeCtedcarbonylation of endogenous S6 ATPase in SH-SY5Y cells exposed

to proteomic identification: they were excised from two- 5 154-pG d SH-SY5Y cells were incubated with 20M 15d-PGJ
dimensional gels, subjected to trypsin digestion, and analyzedfor 6 h and then treated with 1 mM biotin-LC-hydrazide for 1 h.
by MALDI-TOF MS. Peptide mass fingerprint analysis of Cell lysates were incubated with Immobilized NeutrAvidin or with
the 48-kDa protein (spot no. 1) revealed selective oxidation anti-S6 ATPase-sepharose, as indicated. The presence of oxidized

: : S6 ATPase was detected by immunoblot analysis (left panel), and
of a 19 S regulatory subunit, S6 ATPase [using MASCOT, the incorporation of biotin-LC-hydrazide into S6 ATPase immu-

the provability-based MOWSE score was 103 for 19 S poprecipitates was detected with HRReutrAvidin and ECL (right
regulatory subunit 6 (S6 ATPase) £ 0.05), with 8 peptide  panel).

matches (erroet0.05%), which represents 21% sequence

coverage] (Figure 2C and Table 1). The formation of protein .

carbonyls into endogenous S6 ATPase was further Confirmed"%nd the obseryatlpn thatza.z. tref’:\tment of the cells als.o gave
by pull-down with NeutrAvidin beads followed by Western rise to the ond_anve modification of_S6 ATPase (Figure 3)
blot with an anti-S6 ATPase antibody (Figure 2D, left panel). suggest that this proteasome subunit may represent a general
Alternatively, cell lysates were subjected to immunoprecipi- target of intracellular ROS. On the other hand, the 23-kDa
tation with an anti-S6 antibody, and the presence of protein- protein (spot no. 2) was identified to be glutathide-
bound carbonyls was detected by Western blot analysis withtransferase P1 by peptide mass fingerprint analysis (Sup-
HRP-conjugated NeutrAvidin (Figure 2D, right panel). These porting Information, Figure S1), while this identification has
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Table 1: Peptides Identified by MALDI-TOF MS from a
Carbonylated Protein (spot no.21)

Biochemistry, Vol. 44, No. 42, 2009.3897

A

Time after treatment (h)

0 4 6
3 calculated observed error ' peak 6 e -
position  mass mass (Da) peptide sequence no.
71-80  1229.61 1229.66 0.05 EFLHAQEEVK 4
122-134 1419.82 1419.84 0.02 ELLKPNASVALHK 7 2100
179-192 1688.88 1688.93 0.05 EAVELPLTHFELYK 8 =2 80
193-200 895.49  895.47-0.02 QIGIDPPR 1 85 g
218-229 1294.69 1294.71 0.02 AVAHHTTAAFIR 5 2 o
230-238 99253 99253 0  VVGSEFVQK 2 LA
314-326 1394.77 1394.79 0.02 ADTLDPALLRPGR 6 <> 20
343-351 1009.59 1009.58—0.01 LIFSTITSK 3 0 0 ” -
@ Themvzvalues obtained from tryptic peptides were used to identify Time after treatment (h)
the protein by searching in database. B
25
not been confirmed by the pull-down/immunoprecipitation =20
technique. 2 8
Impairment of Proteasome Function$he ubiquitin/ E '
proteasome system degrades most proteins in the cytosol and = 40
nucleus of eukaryotic cellslb—17). It is important for the 205
regulation of cellular processes, including cell cycle progres- e
sion, transcription, and antigen processing. Consequently, 0l 4 6
aberrations of this pathway have been implicated in the T eRSGReeati),
pathogenesis of many diseases. Proteins requiring degrada- G

Time after treatment (h)
0051 2 46 8 12 24

tion are covalently conjugated with multiple ubiquitin
moieties, making them targets for the large multicatalytic

26 S proteasomelb—17). The 26 S proteasome comprises I ERR "‘: o
two subcomplexes: a barrel-shaped 20 S core complex, : '

which exhibits catalytic activity; and two regulatory 19 S . 2‘;2£§:;a:: =
cap complexes, each bound to opposite ends of the 20 S - ---——

core complex 15, 17). The regulatory 198 cap Complex of_ - @ o~
the 26 S proteasome confers the specificity toward ubiquiti- ga'i‘ .::
nated substrates and an ATP dependence on protedlysis ( _ ) - -

19). To assess if oxidative modification of S6 ATPase elicited F'GURE 4: Impairment of S6 ATPase in SH-SYSY cells exposed

. . . . to an endogenous electrophile. (A) Formation of protein carbonyls
by 15d-PGdin SH-SYSY cells could result in the impair- ' 56 ATPase and concomitant loss of S6 ATPase activity in SH-

ment of its enzyme function, changes in cellular S6 ATPase sysy cells treated with 15d-PGJThe levels of S6 ATPase-bound
activity were examined. To this end, SH-SY5Y cells were carbonyls were examined by immunoblot analysis with HRP
treated with 15d-PG,Jand ATPase activities were assayed NeutrAvidin following the biotin-LC-hydrazide labeling (upper

s ; P ; panel). Simultaneously, the ATPase activities were assayed on anti-
on anti-S6 ATPase immunoprecipitates. Simultaneously, the86 ATPase immunoprecipitates (lower panel). (B) Effect of 15d-

levels of S6 ATPase-bound carbonyls were examined by pG3 on proteasome activity evaluated by ELISA with anti-FLAG
immunoblot analysis with HRPNeutrAvidin following the antibody as described under Experimental Procedures. The relative
biotin-LC-hydrazide labeling. As shown in Figure 4A, intensity at O time represents the proteasome activity in the cells
accompanied by a dramatic increase in protein carbonyls‘;V(':té‘lj’r%Iggg;mc‘;”hgi"g:itiﬁg?ég%?ét%)mgﬁ;ﬁcg |?|f S#%‘ipgﬂ”sonme
within the S6 ATPase. quumt (upper par_lel), 15d-PGJ ubiquitinated proteins were detected by immunoblot analysis using
treatment exerted a significant decrease in the ATPasean anti-ubiquitin polyclonal antibody.

activities (lower panel).

The ROS-mediated oxidation of the 19 S regulatory

subunit, observed during the electrophile treatment, was

Western blot Western blot

Fluorescence (HRP-avidin) (Anti-SB pAb) expected to have an effect on the integrity and function of
97— - ‘_ the 26 S proteasome as well as protein turnover in the dying
5 o > & cell. To test this hypothesis, we measured the ability of cell
A e e S > lysates from either control or 15d-P&teated cells to
z 3?::4?; e = = degrade ubiquitinated proteins. FLAG-tagged ubiquitin was
e expressed stably in SH-SY5Y cells, and the ability of cell
14- i ST 2 lysates from either control or 15d-P&deated cells to

Ficure 3: ldentification of carbonylated proteins in SH-SY5Y cells degrade ,FLAG'Ub'ql.J'tmatEd proteins WE,‘S Ve,”f'ed by ELISA
exposed to bD,. SH-SY5Y cells were incubated with 1 mVy8, with anti-FLAG antibody. As shown in Figure 4B, the
for 30 min and then treated with 1 mM biotin-LC-hydrazide for 1  ubiquitinated proteins were degraded much more effectively
h. The proteins were separated by isoelectrofocusing (pH rangepy the lysates from control than those from 15d-R(edated
3-10) and then by SDSPAGE. Left panel, SYPRO Ruby ce|is. |n addition, 15d-PGJsignificantly enhanced the

fluorescence staining; middle panel, Western blot analysis with . N, . :
HRP—NeutrAvidin: right paneI,RNestern blot analysis wi%/h anti- @ccumulation of ubiquitinated proteins (Figure 4C). The level

S6 ATPase antibody. The arrowheads denote identical spots in theOf ubiquitinated proteins increased dugil h ofincubation
middle and right panels. and then decreased thereafter. These data suggest that
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Ficure 6: Identification of the ROS-sensitive subunit in purified
150 . 26S proteasome. (A) Detection of a specific target of ROS in 26 S
- ‘ proteasome. To identify the carbonylated protein, the biotin-LC-
2 100 hydrazide-labeled proteins were separated on two-dimensional gel
g’ 75 - electrophoresis and analyzed by Western blot probed with strepta-
s ' vidin—HRP. The 26 S proteasome (@/mL) was incubated
50 - = without (panels a and d) or with €UH,O, (panels b and e, 100
\ i - uM Cu?tand 0.5 mM HO;y; panels ¢ and f, 10@M Cu?tand 1
57 1 mM H,0,) 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 (parelsand

FiGURE5: Metal-catalyzed oxidation of purified 26 S proteasome. then analyzed by Western blot probed with streptavidiiRP

(A) Polyacrylamide gel electrophoresis of 26 S proteasome treated (Panels &-f). (B) Identification of a specific target of ROS in 26
with H,0; in the presence or absence oPCuThe 26 S proteasome > Proteasome. The oxidized proteasome treated witi/By0,

(10 ug/mL) was incubated with-91 mM H,O, in the absence and (100 4M Cu?" and 0.5 mM HO,) for 30 min was labeled with
the presence of 1M Cu?*. (B) ELISA analysis of protein biotin-LC-hydrazide-and separated on two-dimensional gel elec-

carbonyls. (C) Western blot analysis of protein carbonyls. In panels trophoresis and analyzed by Western blot probed with streptavidin
B and C, the 26 S proteasome (A6¥mL) was incubated with-91 HRP or Western blot using an anti-S6 ATPase polyclonal antibody.
mM H,0, in the absence and the presence of 100 Cu2*. Left panel, SYPRO Ruby fluorescence staining; middle panel,

Aliguots were sampled at the indicated times, labeled with biotin- Vestern blot probed with streptavidi#iRP; right panel, Western
LC-hydrazide, and analyzed for protein carbonyls by ELISA and Plot analysis using an anti-S6 ATPase polyclonal antibody.

Western blot.
the protein band corresponding to 20 S proteasome was

oxidative modification of S6 ATPase may be functionally virtually unchanged, suggesting that changes in 26 S pro-
associated with the altered recognition and degradation ofteasome might be due to the oxidative modification of 19 S
proteasomal substrates in the cells. regulatory subunit(s). Then, we examined generation of the
Selectie Oxidation of S6 ATPase upon Metal-Catalyzed protein-linked carbonyl groups in the oxidized 26 S protea-
Oxidation of Purified 26S Proteasom@o evaluate the  some. The purified 26 S proteasome was incubated v H
oxidative modification of proteasome by ROS in vitro, we in the presence of Cu, labeled with biotin-LC-hydrazide,
incubated the purified 26 S proteasome with a metal- and analyzed by ELISA or separated on two-dimensional
catalyzed ROS generating system {QHl,0,) and analyzed g€l electrophoresis followed by Western blot analysis. As
the target subunit of protein carbonylation. As shown in shown in Figure 5B, ELISA analysis showed that the reaction
Figure 5A, when subjected to the electrophoresis, the nativeof 26 S proteasome with €t/H,O; resulted in a significant
(unoxidized) form of proteasome migrates as two protein increase in protein carbonyls. In addition, Western blot
bands, corresponding to 26 S and 20 S proteasomes, in th@nalysis clearly revealed that protein carbonyls were mainly
polyacrylamide gel electrophoresis. €ualone, at the  generated on a 48-kDa protein (Figure 5C).
maximum concentration used in the metal-catalyzed oxida- To identify the oxidized subunitin 26 S proteasome, native
tion system (1Q«M), did not exert any significant effect on  and oxidized 26 S proteasome with®lH,O, were labeled
both 20 S and 26 S proteasomes. Upon incubation with thewith the biotin-LC-hydrazide and separated on the two-
metal-catalyzed ROS generating system?(@d,0,), 26 S dimensional gel electrophoresis and analyzed by Western blot
proteasome was converted to lower molecular weight protein probed with streptavidinRHRP. Consistent with the one-
species in a C concentration-dependent manner, whereas dimensional gel electrophoresis (Figure 5C), a 48-kDa protein
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A elucidate the molecular mechanism underlying the oxidative
SiRNA stress-mediated cell degeneration, we examined the oxidized
Control 6 12 (h) fatty acid metabolites for their ability to induce intracellular
- ] ROS production in SH-SY5Y cell in vitro and found that
the } series of the PGs represent the most potent inducers
B (12). On the basis of the observations thgt 15d-PG4d
SiRNA partially reduced intracellular glutathione levelg) (L5d-
Control 6 12 (h) PGJ treatment of the cells resulted in a significant decrease

in the glutathione peroxidase activityij  the N-acetylcys-
teine pretreatment significantly inhibited both ROS produc-
tion and cytotoxicity by 15d-PGJand () the intracellular
i 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-
FIfGUtl)?_E 7t D?V\&n-re%u!atio?Ac;fISG ATPES? enhismc_:es ?g%ULnTlJFl)ation drazide as the molecular probe. Consistent with our previous
Ol ubiquitinated proteins. mmunobiot analysis O ase findi _ i i i i
in SH-SY5Y cells treated with specific SIRNA of S6 ATPase. (B) mgé?tgfégi[yll?gi dpr?éjf (t)l)r(? (;J é%fﬁlgt:lﬁ de Irl:il(i;?rg?ﬁitg{gtisg;ess
Immunoblot analysis of ubiquitinated proteins in SH-SY5Y cells . .
treated with specific SIRNA of S6 ATPase. (14), 15d-PGd treatment resulted in the accumulation of
) protein carbonyls (Figure 1). Strikingly, the protein carbo-
was almost exclusively detected as the target of ROS pyjation specifically occurred on a 19'S regulatory subunit
generated during the metal-catalyzed oxidation reaction g ATPase (Figure 2), which was associated witha(
(Figure 6A). A proteomic analysis of this spot revealed that gramatic increase in protein carbonyls within S6 ATPase,
the proteasome sub_unit specifically oxidized was identical (i) a significant decrease in the S6 ATPase activities, and
to S6 ATPase [using MASCOT, the provability-based (jji) a decreased ability of 26 S proteasome to degrade
MOWSE score was 154 for S6 ATPage< 0.05), with 19 substrates (Figure 4). Moreover,® treatment of the cells
peptide matches (errot-0.01%), which represents 26% gis0 gave rise to oxidative modification of S6 ATPase (Figure
sequence coverage (Supporting Information, Figure S2 andg) These findings suggest that this subunit may represent
Table SllI)]. The identity of S6 ATPase was further confirmed ihe oxidation-sensitive proteins in the cells.
by Western blot analysis using an anti-S6 ATPase polyclonal |t is also notable that in vitro oxidation of the purified 26
antibody (Figure 6B). Thus, these in vitro studies have proved g proteasome with the €tH,0, oxidation system resulted
that S6 ATPase represents one of the most §ensitive target$, selective oxidation of S6 ATPase (Figures 5 and 6). Metal-
of ROS among the 26 S proteasome subunits. ~ catalyzed oxidation of proteins is a highly selective reaction
Effect of RNAi of S6 ATPase on 26 S Proteasomeificti - hat occurs primarily at protein sites with transition metal-
Finally, to establish that S6 ATPase inhibition is associated binding capacity. Therefore, based on the observation that
with the impairment of proteasome function, we utilized gg ATPase was identified as the selective target of tHé/Cu
RNAI to block expression of the proteasome subunitin SH- . 5, oxidation system, it is hypothesized that metal {Qu
SYSY cells. The cells were treated with SIRNA correspond- inging would make the S6 ATPase protein a relatively easy
ing to the S6 ATPase subunit (S6-siRNA), and the protein (4rget of the metal-catalyzed oxidation. Although the detailed
level of S6 ATPase was assessed by immunoblot analysis.mechanism for this preferential oxidation of S6 ATPase by
As shown in Figure 7A, the protein level of S6 ATPase was CW?*/H,0, remains unclear, Gt bound to specific metal-
significantly reduced by RNAI. 'I_'o determine the effect of binding sites on S6 ATPase may react witsChito generate
RNAi on proteasomal degradation, we blotted extracts of 5 Ros, which immediately oxidizes neighboring amino acid
control and S6-siRNA-treated SH-SYSY cells with an anti- egiques to generate carbonyl groups on S6 ATPase. It has
ubiquitin antibody. As shown in Figure 7B, the treatment of |joap, proposed that, upon reaction of2Cwith H,O,, the
cells with S6-siRNA resulted in the enhanced accumulation hydroxy! radical bound to Cd (Ci?*-OH:) is generated by
of upi.quit.inated proteins. These data_suggest that oxidative e Fenton-type reaction of reduced copper’(Guith H,0,
modification of this regulatory subunit of proteasome may anq that this bound oxidant then attacks adjacent amino acid
be functionally associated with the altered recognition and (esjdues. In the meantime, formation of the high valent
degradation of proteasomal substrates in the cells. oxocopper (I1) species (Gt—0), a possible hydroxylating
DISCUSSION species of copper oxygenases including tyrosinase and
dopamine -hydroxylase 20), has also been proposed.
In our previous study, as part of an effort to identify the Neither Cd"-OH- nor C#"=0 has been detected experi-
endogenous inducer of intracellular oxidative stress and to mentally; however, it is not unlikely that the protein carbonyl
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formation within S6 ATPase is provoked by these types of system. Our results provide support for the hypothesis that

copper-bound free radicals. free radicals generated upon electrophile-induced oxidative
S6 ATPase subunit of the 19 S regulatory complex of the stress mediate declines in proteasome function, thereby

26 S proteasome is one of six nonredundant ATPases, allaltering the balance between protein oxidation, ubiquitination,

belonging to the AAA (ATPases associated with diverse and degradation. Future studies must identify sites and forms

cellular activities) superfamily21), and has been shown to  of oxidative modification to the S6 ATPase subunit in order

interact with other 19 S regulatory subunit, such a$ S6 to fully characterize specific mechanisms by which the

ATPase and S7 ATPas24—25). Among ATP-dependent proteasome is inactivated.

proteases, these hexameric ATPase complexes are associated

with substrate unfolding and translocation into an enclosed ACKNOWLEDGMENT

chamber where proteolysis occurs. Thus, the impairment of

the regulatory complex may be functionally associated with hi

the altered recognition and degradation of proteasomal

substrates. Indeed, accompanied by a dramatic increase iI5UPPORTING INFORMATION AVAILABLE

protein carbonyls within the S6 ATPase subunit, 15d-PGJ

treatment exerted a significant decrease in the ATPase MALDI-TOF MS spectra corresponding to GST P1 and

activities (Figure 4). Moreover, down-regulation of S6 S6 ATPase and tables showing the peptides identified by

ATPase by RNAI resulted in the enhanced accumulation of MALDI-TOF MS from spot no. 2 and a 48-kDa oxidized

ubiquitinated proteins (Figure 7). On the other hand, the proteasome subunit. This material is available free of charge

human S6 ATPase has been shown to form a complex withVia the Internet at http://pubs.acs.org.
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