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Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)2 is a
classicglycolyticenzymethatalsomediatescelldeathby itsnuclear
translocation under oxidative stress. Meanwhile, we previously
presented that oxidative stress induced disulfide-bonded GAPDH
aggregation in vitro. Here, we propose that GAPDHaggregate for-
mation might participate in oxidative stress-induced cell death
both in vitro and in vivo. We show that human GAPDH amyloid-
like aggregate formation depends on the active site cysteine-152
(Cys-152) in vitro. In SH-SY5Yneuroblastoma, treatmentwith do-
pamine decreases the cell viability concentration-dependently
(IC50 � 202 �M). Low concentrations of dopamine (50–100 �M)
mainly cause nuclear translocation of GAPDH, whereas the levels
of GAPDHaggregates correlate with high concentrations of dopa-
mine (200–300 �M)-induced cell death. Doxycycline-inducible
overexpression ofwild-typeGAPDH in SH-SY5Y, but not theCys-
152-substituted mutant (C152A-GAPDH), accelerates cell death
accompanying both endogenous and exogenous GAPDH aggre-
gate formation in response to high concentrations of dopamine.
Deprenyl, a blocker of GAPDH nuclear translocation, fails to
inhibit the aggregation both in vitro and in cells but reduced cell
death in SH-SY5Y treated with only a low concentration of dopa-
mine (100 �M). These results suggest that GAPDH participates in
oxidative stress-inducedcell deathvia analternativemechanism in
whichaggregationbutnotnuclear translocationofGAPDHplays a
role.Moreover, we observe endogenousGAPDHaggregate forma-
tion in nigra-striatum dopaminergic neurons after methamphet-
amine treatment in mice. In transgenic mice overexpressing wild-
type GAPDH, increased dopaminergic neuron loss and GAPDH
aggregate formationareobserved.Thesedata suggest a critical role
of GAPDH aggregates in oxidative stress-induced brain damage.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a
classic glycolytic enzyme that is also involved in cell death and
neuropsychiatric conditions (1, 2). GAPDHmediates cell death
under oxidative stress conditions at least in part through nu-
clear translocation together with Siah (3). In the nucleus,
GAPDH activates p300/CBP and regulates gene transcription
(4). The pathway can be blocked by deprenyl (Selegiline), a neu-
roprotective compound (5). Although nuclear translocation of
GAPDH is known to cause cell death, other mechanisms of
GAPDH-associated cell death may also exist.
Several neurodegenerative diseases are characterized by the

accumulation of misfolded proteins, resulting in intracellular and
extracellular protein aggregates (6, 7). For instance, conforma-
tional changes in �-amyloid (A�) in Alzheimer disease and
�-synuclein in Parkinson disease lead to the formation of
abnormal oligomers and amyloid fibrils (8). Similar to A� and
�-synuclein,GAPDHisalsoamyloidogenic (9–14).Wepreviously
reported the molecular mechanism underlying oxidative stress-
induced amyloid-like aggregation of GAPDH using the purified
rabbitGAPDHanddemonstrated the critical role of the active site
cysteine in its aggregation (15). The active site cysteine also plays a
key role in nuclear translocation of GAPDH during oxidative
stress-mediated cell damage (3). Thus, this specific cysteine resi-
due has two roles in oxidative stress-related events.
Methamphetamine (METH) is a psychostimulant that in-

creases extracellular dopamine levels, which frequently results in
oxidative stress and its associated cellular damage (16, 17). The
pathway by which METH causes dopaminergic neurotoxicity
shares similaritieswithotherneurodegenerativepathways, includ-
ing the GAPDH-Siah pathway (3–5), which is activated in both
animals and cells by the Parkinson disease-inducing agent,
1-methyl-4-phelyl-1,2,3,6,-tetrahydropyridine (MPTP) (18). To-
gether with the observation thatMETHcauses an increase in stri-
atal GAPDH protein levels (19), these findings led us to the
hypothesis that GAPDH might participate in the METH neuro-
toxicity pathway.
Here, we show that humanGAPDHaggregation is triggered by

oxidation of the specific cysteine (Cys-152) and participates in
dopamine-induced cell death of dopaminergic neuroblastoma
SH-SY5Y. Treatment of mice withMETH causes GAPDH aggre-
gate formation in vivo.Moreover, in transgenicmice overexpress-
ing wild-type GAPDH, METH-induced dopamine neuron loss
and GAPDH aggregate formation are increased.
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EXPERIMENTAL PROCEDURES

Chemicals, Plasmids, and Antibodies—Unless otherwise noted,
chemicals were of analytical grade. Deprenyl (Selegiline) is kindly
provided from Fujimoto Pharmaceutical (Osaka, Japan).

Thecloningofhumanwild-type (WT)GAPDHcDNAwasper-
formed as reported previously (15). For bacterial expression,
cDNA was cloned into pBAD-HisA (Invitrogen) using the SacI-
KpnI sites. Briefly, 1�g of total RNA, isolated using an RNeasyTM

FIGURE 1. The active site cysteine (Cys-152) plays an essential role in oxidative stress-induced disulfide-bonded GAPDH aggregate formation. A, shown is a
ribbon diagram of human GAPDH monomer (PDB code 1U8F). Side chains of three cysteines (152, 156, and 247) are indicated as yellow bonds. B, enzymatic activities
of WT-, C152A-, C156S-, and C247A-GAPDH are indicated as a percentage of that of WT GAPDH. Data are indicated as the means � S.D. of four samples (t test; **, p �
0.01). C, time course and concentration dependence of the increase in turbidity of GAPDH solutions in the presence of NOR3 are shown. Recombinant GAPDH (0.6
mg/ml) was treated with or without NOR3 (100 �M) at 37 °C for the indicated times (left panel) or treated with or without the indicated concentrations of NOR3 at 37 °C
for 72 h (right panel). Data are presented as the means � S.D. of three samples. D, NOR3-induced disulfide-bonded aggregates of GAPDH are shown. Samples without
NOR3 were used as controls (left panel). The reaction mixtures treated with or without NOR3 (100 �M) at 37 °C for 72 h were centrifuged, generating supernatants (S)
and pellets (P). The samples were subjected to either reduced or non-reduced 5–20% SDS-PAGE (right panels). E, semiquantification of the insolubility of GAPDH
derived from D is shown as a pellet/(pellet � supernatant) ratio. The pellet or supernatant value is expressed as all of intensity of each lane, which was measured by
Scion image software. Data are indicated as the means � S.D. of three samples (t test; **, p � 0.01 versus WT).
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mini kit (Qiagen) fromhumanneuroblastoma cells SH-SY5Y,was
reverse-transcribed at 37 °C for 1 h using OmniscriptTM reverse
transcriptase (Qiagen) with oligo(dT) primers to produce each of
the cDNAs. The sequences of the primers for amplification of the
full-lengthwild-typeGAPDH cDNAwere 5�-GGCCGCGAGCT-
CATGGGGAAGGTGAA-3� (forward) and 5�-CCTCTAGAGG-
TACCTTACTCCTTGGAG-3� (reverse). The bold letters in

the sequences were designed for SacI
and KpnI restriction sites for the
forward and reverse primers respec-
tively. The PCR products were
digested, purified, and cloned into the
pBAD-HisAbacterial expression vec-
tor with 5�-His6 according to the
manufacturer’s protocol (Invitrogen).
For mammalian cell line expression,
cDNA was cloned into pcDNA4-
TO-Myc/HisA (Invitrogen) using
the EcoRI-EcoRV sites. Alterna-
tively, GAPDH cDNAs were re-am-
plified using the pcDNA3.1/
Myc-His-human GAPDH (gener-
ously provided from Drs. Yamaji
and Harada at Osaka Prefecture
University) as a template according
to the manufacturer’s protocol. The
sequences of the primers were 5�-
CAAGCTTGGAATTCCGTTAT-
GGGGAAGGTG-3� (forward) and
5�-TCCCATATGAGATATCCC-
TCCTTGGA-3� (reverse). The
bold letters in the sequences were
designed as EcoRI and EcoRV
restriction sites for the forward and
reverse primers, respectively. All
constructs were transformed into
Escherichia coli DH5� (TOYOBO,
Tokyo, Japan), and then several col-
onies were grown in LB broth plus
100 �g/ml ampicillin. The plasmids
were purified by a QIAfilterTM
plamid midi kit, and the complete
sequences were confirmed using a
373ADNA sequencer (PerkinElmer
Life Sciences). The sequence of the
cloned cDNA of human GAPDH
was completely identical to that
reported (accession no. M33197).
Using the WT GAPDH as a tem-

plate, the alanine- or serine- substi-
tuted mutants C152A, C156S, and
C247A-GAPDH were generated us-
ing the QuikChange site-directed
mutagenesis kit according to the
manufacturer’s protocol (Stratagene).
The complementary primer pairs
were designed as follows: C152A,
5�-ATCAGCAATGCCTCCGCCA-

CCACCAAC-3�; C156S, 5�-TCCTGCACCACCAACTCCTTA-
GCACCCCTG-3;C247A, 5�-GTGGTGGACCTGACCGCCCG-
TCTAGAAAAA-3�. The bold letters in the sequences represent
the site of the point mutation. The sequences of all mutants were
also confirmed as described above.
Antibodieswerepurchased fromthe followingcompanies; anti-

GAPDH monoclonal antibody from Chemicon (MAB374); anti-

FIGURE 2. Structural analysis of aggregated GAPDH. A, shown are far UV (upper panels) and near UV (lower panels)
CD spectra of WT- or C152A-GAPDH-treated without (black lines) or with 100 �M NOR3 (red lines) at 37 °C for 1 h. The
data are expressed as molar residue ellipticity (�). B, thioflavin-S binding-dependent fluorescence of recombinant
GAPDH treated with 100 �M NOR3 at 37 °C for 72 h is shown. Data are the means�S.D. of four samples (t test; **, p �
0.01 versus WT). C, Congo Red birefringence of aggregated proteins is shown. WT GAPDH treated with 100 �M NOR3
for 72 h at 37 °C was shown under polarized lights. Aggregated A�1–42 (20 �M) was prepared by established meth-
ods (22). The magnification is �20 (upper panels) or �100 (lower panels). A.U., arbitrary units.
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GAPDH polyclonal antibody from
Abcam (ab9485); anti-Myc mono-
clonal antibody fromNacalai tesque
(#04362-34, Kyoto, Japan); anti-ty-
rosine hydroxylase (��) mono-
clonal antibody fromRocheApplied
Science (1017-381); anti-dinitro-
phenol monoclonal antibody from
Monosan (MONX10960); anti-his-
tone H2B monoclonal antibody
from Upstate Cell Signaling solu-
tions (07-371).
Expression and Purification of

Recombinant GAPDH—The pBAD-
HisA vector carryingWT- orC152A-
GAPDHcDNAwas transformed into
gap(�) E. coli. Strain W3CG (20).
These recombinant GAPDH pro-
teins were expressed and then puri-
fied as previously described (15).
Briefly, the transformants were
cultured for 2 h at 37 °C in M63
minimal medium containing both
50 �g/ml ampicillin and 15 �g/ml
tetracycline, and then 0.2% (w/v)
L-(�)arabinose was added to the
medium. After 24 h the cells
expressing recombinant proteins
were collected by centrifugation
(3000� g, 15min at 4 °C) and resus-
pended in lysis buffer containing 50
mM sodium phosphate (pH 8.0), 300
mM NaCl, 30 mM imidazole, 10%
glycerol, and 2 mM 2-mercaptoeth-
anol. The suspensions were soni-
cated on ice and centrifuged at
15,000 � g for 30 min (4 °C). The
supernatants were incubated with
nickel-nitrilotriacetic acid-agarose
resin (50% slurry) for 2 h at room
temperaturewith rocking. The resin
was washed with 50 mM phosphate
buffer (pH 8.0) containing 300 mM

NaCl, 50 mM imidazole, 10% glyc-
erol, and 2 mM 2-mercaptoethanol.
The proteins bound to the resin
were eluted with 50 mM phosphate
buffer (pH 8.0) containing 300 mM

NaCl, 300 mM imidazole, 10% glyc-
erol, and 2 mM 2-mercaptoethanol,
and the eluates were immediately
mixed with 1 mM NAD�, 1 mM di-
thiothreitol, and 1 mM EDTA fol-
lowed by incubation at 4 °C over-
night. The reduced proteins were
directly loaded onto a PD-10 col-
umn (GE Healthcare) equilibrated
with buffer G2� containing 50 mM

FIGURE 3. Dopamine-induced cell death, GAPDH aggregation, and nuclear translocation in SH-SY5Y
cells. A, concentration-dependent effects of dopamine on the viability of SH-SY5Y cells are shown. The cell
viabilities were measured at 48 h after dopamine treatment. Data are the means � S.D. of four samples
(Dunnet’s test; **, p � 0.01 versus no dopamine). The IC50 value (202 �M) is calculated from the concentration
dependence of the inhibition curves using nonlinear regression analyses assisted by a GraphPad Prizm 4
software. B, dopamine-induced disulfide-bonded aggregates of insoluble GAPDH in SH-SY5Y cells are shown.
The particulate fractions treated without or with dopamine (50 –300 �M) were subjected to non-reduced
5–20% SDS-PAGE. WB, Western blot. C, immunofluorescence of GAPDH (red) in SH-SY5Y cells treated without or
with dopamine (50 –300 �M) for 48 h is shown. Nuclei were stained by 4�,6-diamidino-2-phenylindole (blue).
Arrows or arrowheads indicate cells with GAPDH aggregates or nuclear translocation, respectively. The scale
bar 	 20 �m. IHC, immunohistochemistry; endo, endogenous. D, semiquantifications of the number of the cells
with aggregates are shown. Data are the means � S.D. of three samples (Dunnet’s test; **, p � 0.01 versus no
dopamine). E, semiquantification of the number of the cells with nuclear translocation are shown. Data are the
means � S.D. of three samples (Dunnet’s test; **, p � 0.01 versus no dopamine).
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Tris-HCl (pH 8.0), 150mMNaCl, 1mM EDTA, and 5% glycerol.
The fractions containing GAPDH were pooled and concentrated
using Amicon Ultra-15 (Millipore Japan, Tokyo, Japan). The pro-
tein concentrations were determined spectrophotometrically
assuming a �0.1% at 280 nm	 1.0.
GAPDH Enzymatic Assay—GAPDH enzymatic assay for

purified recombinant proteins were performed as previously
described (21) with some modifications. Briefly, the reaction
mixture (100 �l) was 100 mM triethanolamine hydrochloride
buffer (pH 8.9) containing 1 mM EDTA, 0.1 M KCl, 10 mM

K2HPO4, 0.2mMNAD�, and 0.8mMD-glyceraldehyde-3-phos-
phate. The reaction was started by the addition of purified
GAPDH (0.5–1 �g) to the reaction mixture at room tempera-
ture. The initial velocity of an increase in absorbance at 340 nm
due to the formation of NADHwas measured for 1 min using a
VERSAMaxmicroplate reader (Molecular Devices, Sunnyvale,
CA).
In Vitro Aggregation Assay—In vitro GAPDH aggregation

assays for purified recombinant proteins were performed as
previously described (15). The recombinant GAPDH (0.6
mg/ml) was treated with various concentrations of NOR3 (1-
(�)-(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide
(300 �M)), a nitric oxide donor, and the period of incubation
with NOR3 was varied (1–48 h). To measure the turbidity of
solutions derived from aggregated GAPDH, the absorbance at
405 nm was recorded using a VERSA Max microplate reader
(Molecular Devices). Alternatively, the reaction mixtures were
centrifuged (22,000� g, 30min), and the supernatants (soluble
GAPDH) were collected. The pellets (insoluble GAPDH) were
washed twice, resuspended in an equal volume of buffer G2�,
and sonicated on ice for 10 s. The samples were subjected to
either reducing or non-reducing SDS-PAGE.
Structural Analysis of Aggregated GAPDH—A subset of

structural analyses of GAPDH for purified recombinant pro-
teins was performed according to published methods (15).
Circular Dichroism—After GAPDH (0.6 mg/ml) was treated

with a control or 100 �M NOR3 for 1 h at 37 °C, the reaction
mixture was desalted with a NAP-5 column (GE Healthcare),
and the eluate was centrifuged at 22,000 � g for 30 min, pro-
viding cleared supernatant. The circular dichroism (CD) spec-
trum of GAPDH was measured with a spectropolarimeter
model J-820 (Jasco, Tokyo, Japan). The temperature of the solu-
tions in the cuvette was controlled at 37 °C by circulating water.
The path length of the optical quartz cuvette was 1.0 mm for
far-UV CD measurements at 200–250 nm and 10 mm for
near-UV CD measurements at 250–300 nm. GAPDH was dis-
solved in buffer G2� at a concentration of 0.1 to 0.2 mg/ml.
Spectrawere obtained as the average of 10 successive scanswith
a bandwidth of 2.0 nm. The data were expressed as molar resi-
due ellipticity (�).
Thioflavin-S Fluorescence—50 �l of GAPDH sample was

mixed with 450 �l of thioflavin-S solution (3.2 mg/ml in 20 mM

MOPS (pH 6.5)), and the fluorescence intensity was measured
at an excitation wavelength of 450 nm and an emission of 482
nm using a Fluorescence Spectrophotometer F-2000 (Hitachi,
Tokyo, Japan).
Congo Red Birefringence—Aliquots (100 �l) of GAPDH (0.6

mg/ml) as is or treatedwith 100�MNOR3 for 24 h at 37 °Cwere

added to 900 �l of Congo Red solution (25 �g/ml in PBS). This
mixture was incubated for 30 min at room temperature and
then centrifuged at 15,000� g for 30min. The pellet was resus-
pended in 100�l ofMilli-Qwater (Millipore). The drops of this
suspension were allowed to dry on a slide glass for 10 min. The
birefringence was determined with an Eclipse LV100POL
microscope equipped with a polarizing stage (Nikon, Tokyo,
Japan). As a positive control, amyloidal aggregates of�-amyloid
(1–42) (Peptide Institute, Osaka, Japan) were prepared accord-
ing to the established procedures (22).
Cell Culture, Subcellular Fractionation, andWestern Blotting—

Human SH-SY5Y neuroblastoma cells (ATCC) were grown in
Dulbecco’smodified Eagle’smedium/Ham’s F-12medium sup-
plemented with 10% fetal bovine serum, 2 mM glutamine, and
antibiotics-antimycotics (Invitrogen) at 37 °C in a 5% CO2
humidified incubator. Human carcinoma HeLa cells (ATCC)
were maintained in DMEM supplemented with 10% fetal
bovine serum, 2mM glutamine, and antibiotics-antimycotics in
the same environment. Subcellular fractionation and detection
of intracellular GAPDH oligomers by Western blotting were
performed as previously described (15). After treatment with
either a control or oxidative stress (dopamine or NOC18), cells
were washed twice with PBS and then incubated for 5 min in
ice-cold PBS containing 40 mM iodoacetamide to protect
unmodified thiols from oxidation during fractionation. All the
subsequent steps were performed at 4 °C. Cells were scraped in
500 �l of buffer A containing 10 mM Tris-HCl (pH 7.5), 10 mM

NaCl, 3 mM MgCl2, 0.05% Nonidet P-40, 0.5% Triton-X100, 40
mM iodoacetamide, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitor mixture. After 10 min, the suspensions of
cells were mixed vigorously for 15 s, and the aliquots were col-
lected as a total cell lysate. The remaining lysates were centri-
fuged at 800 � g for 5 min, and the pellets were collected. The
pellets were then resuspended in 200 �l of buffer B containing
10 mM Hepes-KOH (pH 7.4), 25 mM NaCl, 3 mM MgCl2, 300

FIGURE 4. Correlation between GAPDH aggregation and dopamine-in-
duced cell death. These plots indicate all of a datum of both the number of
cells with GAPDH aggregates (%) and its viability (%) in single sample. The
closed circles indicate as above the IC50 value. The correlation value (r2 	 0.96)
is calculated using linear regression analyses assisted by GraphPad Prizm 4
software.
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mMsucrose, 40mM iodoacetamide, 1mMphenylmethylsulfonyl
fluoride, and protease inhibitor mixture and washed 2 times by
centrifugation (3000 � g for 10 min) followed by suspension in
buffer. After the addition of 100 �l of buffer B, the pellets were
sonicated for 30 s and finally obtained as particulate fractions.

All samples were stored at �80 °C
until use. Protein concentrations of
the samples were determined by the
Bradford assay (Bio-Rad). Both total
cell lysates and fractionated pro-
teins were mixed with an equal vol-
ume of SDS-sample buffer contain-
ing 0.25 M Tris-HCl (pH 6.8), 2%
SDS, 30% glycerol, 0.01% bromphe-
nol blue in the presence (reduced)
or the absence (non-reduced) of 100
mM dithiothreitol and then heated
at 100 °C for 5 min. These samples
were separated by 5–20% SDS-
PAGE and transferred to a nitrocel-
lulose membrane (Bio-Rad). The
membranes were incubated for 1 h
with Blocking One (Nacalai Tesque,
Kyoto, Japan) to block nonspecific
binding. The membrane was then
incubated for 2 h at room tempera-
ture with an anti-GAPDH mono-
clonal antibody (1:300), an anti-Myc
monoclonal antibody (1:1000), or
an anti-TH monoclonal antibody
(1:200) in 10% Blocking One-PBST
(0.05% Tween 20, and 0.02% NaN3
in PBS) followed by incubation for
1 h at room temperature with a
peroxidase-conjugated affinity-pu-
rified secondary antibody (Zymed
Laboratories Inc.). The mem-
branes were also reprobed with an
anti-histone H2B polyclonal anti-
body (1:5000). Detection was
performed using ECL plus and
HyperFilm according to the man-
ufacturer’s protocol (GE Health-
care). The intensity of the bands
was measured using Scion image
software.
Generation of Stable Cell Lines for

Inducible Expression of GAPDH—
SH-SY5Y cells were co-transfected
with both pcDNA6/TR (Invitrogen)
and pcDNA4-TO/Myc-HisA vector
carrying WT- or C152A-GAPDH
(or mock-transfected) using Lipo-
fectamine 2000 (Invitrogen) or Hily-
Max (Dojindo, Kumamoto, Japan).
After 2–3 weeks, colonies resistant
to both blasticidin (20 �g/ml) and
zeocin (100 �g/ml) were dual-se-

lected for Tet-repressor and recombinant GAPDH. Stable cells
resistant to these antibiotics were treatedwithout orwith doxy-
cycline (1 �g/ml) for 1–9 days followed by screening for their
capacity to induce Myc-tagged GAPDH proteins using West-
ern blotting.

FIGURE 5. Dopamine-induced GAPDH aggregation, nuclear translocation, and cytotoxicity in DOX-in-
ducible, GAPDH-expressing SH-SY5Y cells. A, effects of dopamine on the viability of WT GAPDH expressing
cells with (�) or without (�) DOX treatment are shown. Data are the means � S.D. of four samples (t test; **, p �
0.01 versus DOX (�) control cells). B, shown are the effects of dopamine on the viability of C152A-GAPDH
expressing cells with (�) or without (�) DOX treatment are shown. Data are the means � S.D. of four samples.
C, immunofluorescence of Myc-tagged WT (upper panels) or C152A (lower panels)-GAPDH (green) in DOX-
inducible cells treated without or with dopamine (50 –300 �M) for 48 h is shown. Nuclei were stained by
4�,6-diamidino-2-phenylindole (red). Arrows or arrowheads indicate cells with GAPDH aggregates or the
nuclear translocation, respectively. The scale bar 	 20 �m. D, immunofluorescence of total GAPDH (red) includ-
ing both endogenous and Myc-tagged induced WT- and C152A-GAPDH in DOX-inducible cells treated without
or with dopamine (300 �M) for 48 h are shown (upper panels). Mock cells in the presence of DOX indicate a
control. The lower panels show the imaged particles, namely total GAPDH aggregates. IHC, immunohistochem-
istry. E, quantifications of the number of particles per cell are shown. Data are the means � S.D. of 20 samples
(t test; **, p � 0.01 versus mock control cell).
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Cell Immunofluorescence—We performed immunofluores-
cence as described in Nakajima et al. (15). After treatment with
either a control or oxidative stress (dopamine or NOC18), cells
were washed twice with ice-cold PBS and fixed with 4%
paraformaldehyde in PBS (pH 7.4) for 10 min at room temper-
ature. The cells were incubated with Blocking One for 1 h at
room temperature to block nonspecific binding and permeabi-
lized with PBS containing 0.1% Triton X-100 for 5 min. The
cells were then incubatedwith an anti-GAPDHpolyclonal anti-
body (1:1000) or anti-Myc monoclonal antibody (1:1000) in
10% Blocking One-PBST overnight at 4 °C. After four washings
with PBST, the specific signals were visualized by staining the
cells with an Alexa488 or an Alexa568-conjugated secondary
antibody (Invitrogen, 1:2000) using a confocal scanning micro-
scope (C1si-TE2000-E; Nikon). For nuclear staining, the cells
were labeled with 4�,6-diamidino-2-phenylindole (Dojindo, 1
�g/ml) for 10 min.
Assessment of GAPDH Aggregate Formation and Nuclear

Translocation of GAPDH in Cell Staining—Detailed proce-
dures are described in the legend to supplemental Fig. S3.

For semiquantification of cells
with aggregates, five microscopic
fields were selected at random,
and the number of cells with ag-
gregates among at least 500 total
cells was quantified (%). GAPDH
nuclear translocation was evalu-
ated by 4�,6-diamidino-2-phenyl-
indole staining. Semiquantification
of cells with GAPDH nuclear trans-
location was performed using the
same procedures.
Cytotoxicity—Cytotoxicity was

measured as cell viability using the
Cell Titer Glo Luminescent Cell Via-
bility Assay kit (Promega) according
to themanufacturer’s protocol.
Animal Procedures—All proce-

dures related to animals were per-
formed according to the guidelines
set by the Animal Ethical Commit-
tee of Osaka Prefecture University.
The detailed procedure of prepar-
ing GAPDH transgenic mice was
described in supplemental Fig. S5.
METH ((2S)-N-methyl-1-phenyl-
propan-2-amine (Dainippon Sumi-
tomo Pharma Co., Ltd., Osaka,
Japan)) treatment of mice (2 � 5
mg/kg, intraperitoneal, 2-h interval)
were performed as previously de-
scribed (23). Double immunofluores-
cence staining of paraffin-embedded
brain sections were performed using
both an anti-GAPDH polyclonal
antibody (1:1000) and an anti-TH
antibody (1:200). Protein carbonyls
in the striatum, a hallmark for oxi-

dative stress, were detected by Western blotting using anti-
dinitrophenol antibody (24). The dopamine contents in the
striatum were measured by electrochemical detection-HPLC
(16). Briefly, acidic extracts of striatum were applied to a C18
reversed phase column (Mightysil R18 GP250-4.6, Kanto
Chemical, Japan) equilibratedwith amobile phase composed of
70 mM sodium acetate, 78 mM citric acid, 0.014 mM Na2EDTA,
1 mM sodium 1-heptanesulfonic acid with 22% methanol at a
flow rate of 1 ml/min. L-Dopamine, 3,4-dihydroxyphenylacetic
acid, and homovanillic acid were detected using an analytical
electrochemical detection (ESACoulochem III electrochemical
detector; E1 	 �100 mV, E2 	 500 mV). Commercial L-dopa-
mine, 3,4-dihydroxyphenylacetic acid, and homovanillic acid
were used as the standard.

RESULTS

In a previous study we demonstrated that two of four Cys
residues present in rabbit GAPDH play key roles in aggregate
formation under oxidative stress conditions (15). Aggregate
formation requires oxidation of Cys-149 and is accelerated by

FIGURE 6. Effects of deprenyl (DEP) on dopamine-induced GAPDH-aggregation, nuclear translocation,
and cytotoxicity. A, no effects of DEP on the NOR3-induced increase of the turbidity of solution of WT GAPDH
are shown. Deprenyl at the indicated concentrations were preincubated for 30 min at 4 °C before the NOR3
treatment. Data are the means � S.D. of four samples. B, no effects of deprenyl on the dopamine-elicited
aggregation of endogenous GAPDH in SH-SY5Y cells are shown. Deprenyl at 10 nM was preincubated for 30
min at 37 °C before the dopamine treatment. Data are the means � S.D. of three samples. C, significant effects
of deprenyl on the dopamine-elicited nuclear translocation of endogenous GAPDH in SH-SY5Y cells are shown.
Data are the means � S.D. of three samples (t test; **, p � 0.05 versus control cells). D, partial effectiveness of
deprenyl on dopamine-elicited cytotoxity is shown. Deprenyl significantly prevented cytotoxicity only at 100
�M dopamine treatment. Data are the means � S.D. of four samples (t test; **, p � 0.01 versus control).
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further oxidation at Cys-281. In humanGAPDH the equivalent
to Cys-149 (Cys-152) is conserved, but a serine residue is found
at the equivalent to the Cys-281 position. Thus, we hypothe-
sized that Cys-152 in humanGAPDHmight also play a key role
in aggregate formation. To test this idea we purified recombi-
nant human WT GAPDH protein as well as three human
GAPDH mutants in which each of the cysteine residues was
substituted (Fig. 1A) and tested whether or not aggregate for-
mation was altered by these mutations. Mutation at Cys-152
but not at the other two cysteines altered GAPDH glycolytic
activity (Fig. 1B). In addition, aggregate formation of GAPDH
induced by the nitric oxide donor NOR3 was almost totally
suppressed by mutating Cys-152 (Fig. 1C). Cys-152-specific
effects on the formation of disulfide-bonded oligomers were
consistently observed bynon-reduced SDS-PAGE (Fig. 1,D and
E). Other oxidants such as H2O2, S-nitrosoglutathione, per-
oxynitrite, and dopamine also elicited GAPDH aggregation
(supplemental Fig. S1, A and B). To validate these in vitro bio-
chemical observations, HeLa cells were transfected withWTor
C152A mutant GAPDH. Similar results were obtained from
these cell-based assays (supplemental Fig. S1, C and D).
Our previous report also demonstrated that oxidative stress

induced conformational changes in rabbit GAPDH, resulting in
amyloid-like aggregates (15).We, therefore, examined whether
or not NOR3 led to structural changes in human GAPDH by
measuring the CD spectra. The absolute far-UV CD intensity
increased between the wavelengths of 205–230 nm as com-
paredwith untreatedWTGAPDH, suggesting augmentation of
the secondary structure of human GAPDH (Fig. 2A, left upper
panel). The C152A mutant, however, displayed no NOR3-in-
duced increase of the intensity (Fig. 2A, right upper panel).
Additionally, the near-UVCD spectrum ofWTGAPDHexhib-
ited cotton effects, with negative maxima at 269, 279, 282, 285,
and 291 nm and positivemaxima at 259, 264, 270, 272, 280, 284,
and 289 nm, indicating the anisotropic environment of the aro-
matic side chains (Fig. 2A, left lower panel) but not in theC152A
mutant (Fig. 2A, right lower panel). Moreover, the GAPDH
aggregates showed an affinity to amyloid dyes, such as thiofla-
vin-S and Congo Red (Fig. 2, B and C). Consistently, NOR3
barely increased the thioflavin-S-dependent fluorescence
intensity of C152A-GAPDH (Fig. 2B). The birefringence of the
GAPDHaggregates labeled byCongoRed somewhat resembled
that of amyloid � 1–42 (A�1–42), but the GAPDH aggregates
were granular, whereas A�1–42 aggregates were fibrous (Fig.
2C, High magnification). Together, these results indicate that
both the increase in the secondary structure and the conforma-
tional changes of humanGAPDHare triggered byNOR3-treat-
ment via the Cys-152 residue and that these structural changes
cause amyloid-like aggregates of human GAPDH, such as rab-
bit GAPDH.

To address whether or not human GAPDH aggregate for-
mation plays a role in cell death, we investigated the relation-
ship between cell viability and GAPDH aggregate formation
in SH-SY5Y human dopaminergic neuroblastoma cell lines.
Because GAPDH aggregate formation is triggered by oxida-
tive stress in vitro, we applied dopamine to the cells. Dopamine
is thought to cause oxidative stress and leads to neuronal cell
damage in neuropsychiatric and neurodegenerative diseases
(25, 26). We confirmed that dopamine treatment markedly
increased the level of oxidative stress in cells (supplemental Fig.
S2). Treatment of SH-SY5Y cells with dopamine decreased the
cell viability in a concentration-dependent manner (Fig. 3A).
The IC50 value was 202 �M. We observed robust formation of
disulfide-bonded GAPDH aggregates in cells 48 h after the
addition of dopamine (200–300 �M) (Fig. 3, B and C). Consis-
tently, the significant increases in the numbers of cells with
GAPDH aggregates were caused by dopamine treatment (200–
300 �M) (Fig. 3E). In contrast, nuclear translocation of GAPDH
without aggregate formation was observed with lower doses of
dopamine (50–100 �M) (Fig. 3, C and E). The relationship
between GAPDH aggregate formation and dopamine-induced
loss of cell viability was examined (Fig. 4). The aggregation over
20%, which corresponded to the IC50 value (202 �M), was
closely correlated with the decrease of the cell viability caused
by dopamine treatment (r2 	 0.96).
To further address that GAPDH aggregate formation might

mediate oxidative stress-induced cell death, we generated sta-
ble SH-SY5Y neuroblastoma cell lines in which Myc-tagged
WT- or C152A-GAPDH was expressed under the control of a
doxycycline (DOX)-inducible promoter. The expression level
of induced GAPDH treated by DOX was similar to that of
endogenous GAPDH (supplemental Fig. S4A). Induced expres-
sion of Myc-tagged GAPDH in these cell lines was also con-
firmed by immunofluorescence (supplemental Fig. S4B). We
found that the cellular glycolytic activities were augmented in
cells expressing WT GAPDH, but not C152A-GAPDH, con-
sistent with the results obtained from test tube studies (supple-
mental Fig. S4C).
We next investigated the effects of DOX-inducible overexpres-

sion ofWT- or C152A-GAPDHon dopamine-induced cell death.
Significant augmentation of cell death was observed in cells
expressing WT GAPDH (Fig. 5A), but not C152A-GAPDH (Fig.
5B), when 100–300 �M dopamine was added. We observed
robust formation of GAPDH aggregates in cells expressingWT
GAPDHafter the addition of dopamine (200–300�M) (Fig. 5,C
and D). In contrast, more pronounced nuclear translocation
without aggregate formation was observed with lower doses of
dopamine (50–100 �M) (Fig. 5C). In cells expressing C152A-
GAPDH, we did not observe aggregate formation or nuclear
translocation even in the presence of dopamine (Fig. 5C). We

FIGURE 7. METH-treated GAPDH transgenic mice show robust GAPDH aggregate formation and a marked reduction in dopaminergic neurons in the
nigra-striatum. A, effects of METH treatment on oxidative stress levels in the striatum of WT mice are shown. DNP, dinitrophenol. WB, Western blot. B, effects
of METH treatment on dopamine levels in the striatum of WT mice are shown. C, Western blotting analysis of GAPDH aggregate formation in the striatum of
METH-treated WT mice are shown. D, double immunofluorescence staining of TH and GAPDH in the substantia nigra of METH-treated WT mice is shown.
TH-positive dopaminergic neurons (green) and GAPDH-positive plaques (red) are shown. E, Western blotting analysis of GAPDH aggregate formation in the
striatum of METH-treated WT or GAPDH-Tg mice is shown. F, dopamine levels in the striatum of METH-treated GAPDH-Tg mice are shown. G, semiquantification
of TH levels in the midbrain of METH-treated GAPDH-Tg mice is shown. All of data in these graphs are the means � S.E. of WT (littermate controls) (n 	 15), WT
METH-treated (n 	 12), GAPDH-Tg control (n 	 8), or GAPDH-Tg METH-treated (n 	 8) animals (t test; *, p � 0.05; **, p � 0.01 versus WT).
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then examined how much aggregation there is of GAPDH in
cells expressing mock, WT GAPDH, and C152A-GAPDH to
demonstrate that GAPDH aggregation correlates with the
degree of dopamine-induced cell death. Both endogenous and
exogenous GAPDH in these cell lines were concomitantly
detected by immunofluorescence using anti-GAPDH antibody
(Fig. 5D, upper panels). The number of imaged particles was
measured (Fig. 5D, lower panels). Significant levels of dopa-
mine-induced increase of aggregation were observed in cells
expressing WT GAPDH but not the C152A-GAPDH and
mock-transfected (Fig. 5E).
GAPDH mediates cell death under oxidative stress through

nuclear translocation (3). The pathway can be blocked by
deprenyl (Selegiline), a neuroprotective compound (5). We,
therefore, investigated the effect of deprenyl on dopamine-in-
duced aggregation and cell death both in vitro and in cells (Fig.
6). Treatment of purified human WT GAPDH with deprenyl
(1–100 nM) failed to block the increase ofNOR3-indued turbid-
ities in vitro (Fig. 6A). Consistently, deprenyl did not affect do-
pamine-induced aggregation of GAPDH in SH-SY5Y cells (Fig.
6B). On the other hand, we found that deprenyl significantly
inhibited the dopamine-induced nuclear translocation in
SH-SY5Y cells (Fig. 6C) and ameliorated the cell death treated
with 100 �M dopamine but not with higher concentrations
(200–300 �M) (Fig. 6D).
To ascertain whether GAPDH aggregates form in animals,

we treated mice with METH, which is known to induce loss of
nigra-striatum dopaminergic neurons due to excess release of
dopamine and the associated oxidative stress (16, 17). We con-
firmed that oxidative stress was increased in animal brains after
METH treatment (Fig. 7A) and observed a significant reduction
in the levels of striatal dopamine (Fig. 7B). In METH-treated
animals, we observed GAPDH oligomer and aggregate forma-
tion detected by Western blot (Fig. 7C). Consistent with this
observation, intracellular, plaque-like foci ofGAPDH immuno-
reactivity were also observed in TH-positive neurons in the
substantia nigra (Fig. 7D). To address whether GAPDH medi-
ates METH-induced dopamine cell damage, we examined
transgenic mice overexpressing WT GAPDH (supplemental
Fig. S5). The level of GAPDH aggregate formation was elevated
in the transgenic mice compared with that of their littermate
controls (Fig. 7E). Moreover, a marked reduction in striatal do-
pamine and TH in the midbrain was observed (Fig. 7, F andG).

DISCUSSION

Based on our findings, we propose that disulfide-bonded,
amyloid-like aggregate formation of GAPDH in response to
oxidative stress might participate in cell death. Under some
conditions, the levels of dopamine-induced cell death and
GAPDH aggregate formation in dopaminergic SH-SY5Y neu-
roblastoma cells are correlated. In METH-treated mice, we
observed GAPDH aggregate formation in dopaminergic neu-
rons. In transgenic mice overexpressing WT GAPDH, METH
treatment elicited more robust formation of GAPDH aggre-
gates and dopaminergic cell loss.
Our data indicate that a specific cysteine residue (Cys-152) of

GAPDH might have at least two distinct roles in cell death.
Requirement of Cys-152 (Cys-150 in rats) to nuclear transloca-

tion ofGAPDHhas been fully characterized (3). In addition, the
present study suggests the role of Cys-152 inGAPDHaggregate
formation and its accompanying cell death. Our data provide
hints to how these two mechanisms are differentially used in
cells. In SH-SY5Y cells, low doses of dopamine elicited nuclear
translocation of endogenous GAPDH without robust forma-
tion of the aggregates, whereas high doses of dopamine induced
endogenous GAPDH aggregate formation with less nuclear
translocation (Fig. 3), and the levels of endogenous GAPDH
aggregates correlate with a high concentration of dopamine-
induced cell death (Fig. 4). These results are also consistentwith
the data using DOX-inducible SH-SY5Y cells overexpressing
WT- or C152A-GAPDH (Fig. 5). It is, therefore, possible that
Cys-152-dependent GAPDH aggregate formation has a role in
cell death when massive levels of oxidative stress occur. More-
over, deprenyl, a blocker of GAPDH nuclear translocation (5),
fails to inhibit the aggregation both in vitro and in cells but
reduced cell death in SH-SY5Y treated with only a low concen-
tration of dopamine at 100 �M (Fig. 6). Thus, GAPDH nuclear
translocation seems to be an initial event triggered by low to
moderate oxidative stress-induced cell death. Then increasing
stress promotes GAPDH aggregate formation in cytoplasm,
which may lead to disturbance of the nuclear translocation,
resulting in more severe cell death.
We also demonstrated that disulfide-bonded endogenous

GAPDHaggregation occurs in dopamine neurons ofmice treated
with METH (Fig. 7). Furthermore, we observed increased dopa-
mine neuron loss accompanied by more robust formation of
GAPDH aggregates in METH-treated transgenic mice overex-
pressing WT GAPDH (Fig. 7). These findings suggest that
GAPDH may participate in METH-induced neurotoxicity.
This observation may contribute to a better understanding of
the brain damage inMETH abusers who exhibit various neuro-
psychiatric manifestations (27).
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