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Mutations in the PARK7 gene encoding DJ-1 cause autoso-
mal recessive Parkinson disease. The most deleterious point
mutation is the L166P substitution, which resides in a struc-
ture motif comprising two a-helices (G and H) separated by a
kink. Here we subjected the C-terminal helix-kink-helix
motif to systematic site-directed mutagenesis, introducing
helix-incompatible proline residues as well as conservative
substitutions into the helical interface. Furthermore, we gen-
erated deletion mutants lacking the H-helix, the kink, and the
entire C terminus. When transfected into neural and non-
neural cell lines, steady-state levels of G-helix breaking and
kink deletion mutants were dramatically lower than wild-
type DJ-1. The effects of H-helix breakers were comparably
smaller, and the non-helix breaking mutants only slightly
destabilized DJ-1. The decreased steady-state levels were due
to accelerated protein degradation involving in part the pro-
teasome. G-helix breaking DJ-1 mutations abolished dimer
formation. These structural perturbations had functional
consequences on the cytoprotective activities of DJ-1. The
destabilizing mutations conferred reduced cytoprotection
against H,O, in transiently retransfected DJ-1 knock-out
mouse embryonic fibroblasts. The loss of survival promoting
activity of the DJ-1 mutants with destabilizing C-terminal
mutations correlated with impaired anti-apoptotic signaling.
We found that wild-type, but not mutant DJ-1 facilitated the
Akt pathway and simultaneously blocked the apoptosis sig-
nal-regulating kinase 1, with which DJ-1 interacted in aredox-
dependent manner. Thus, the G-helix and kink are critical
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determinants of the C-terminal helix-kink-helix motif, which
is absolutely required for stability and the regulation of sur-
vival-promoting redox signaling of the Parkinson disease-as-
sociated protein DJ-1.

DJ-1 is the gene mutated in the PARK?7 locus associated with
autosomal-recessive Parkinson disease (PD)* (1). It is believed
that loss of function accounts for the symptoms in DJ-1 muta-
tion bearers, but it remains to be shown exactly what physio-
logical role of DJ-1 is depleted in PD. Post-mortem studies on
sporadic PD patients showed that DJ-1 did not accumulate in
Lewy bodies, the neuropathological hallmark lesions of PD and
related diseases. Rather, DJ-1 was prominently expressed in
reactive astrocytes under neurodegenerative conditions,
including PD (2-4), as well as in a transgenic mouse model of
Lewy pathology (3). Astrocytes have a high antioxidative capac-
ity and support adjacent neurons suffering from oxidative stress
(5). Oxidative modifications of DJ-1 were found in brains of
patients with PD and Alzheimer disease (2, 6). Thus, DJ-1 up-
regulation appears to be associated with oxidative stress in neu-
rodegenerative brain.

Overexpression of DJ-1 conferred resistance against H,O.,,
1-methyl-4-phenylpyridinium, bisphenol A, and other oxida-
tive stressors in neuroblastoma cells (7-9). Conversely, RNA
silencing (9) or targeted disruption of the DJ-1 gene (10, 11)
enhanced cytotoxicity mediated by H,O,. The involvement of
DJ-1 in the management of oxidative stress was confirmed at
the level of whole organisms in DJ-1 knock-out (ko) mice and
flies. The PD-relevant nigral dopaminergic neurons were
slightly, but significantly sensitized to the toxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine in mice with targeted dis-
ruption of the dj-1 gene (10). Importantly, this phenotype was
rescued with adenoviral delivery of wild-type [wt]DJ-1, but not
[L166P]DJ-1 (10). Likewise, Drosophila deficient in the homo-
log DJ-13 were sensitized to H,O, toxicity and other forms of

“The abbreviations used are: ASK1, apoptosis signal-regulating kinase 1; HA,
hemagglutinin; ko, knock-out; LDH, lactate dehydrogenase; MEM, minimal
essential medium; MEF, mouse embryonic fibroblast; mt, mutant; NEM,
N-ethylmaleimide; PD, Parkinson disease; PTEN, phosphatase and tensin
homologue deleted on chromosome 10; ROS, reactive oxygen species;
Trx1, thioredoxin 1; wt, wild type.
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oxidative stress (12—14). Drosophila DJ-1 was cytoprotective by
facilitating the Akt pathway via suppression of the phosphatase
and tensin homologue deleted on chromosome 10 (PTEN) (14,
15). Furthermore, DJ-1 was found to interact with Daxx,
thereby preventing formation of an active complex with apo-
ptosis signal-regulating kinase 1 (ASK1) (16).

The most striking PARK7/DJ-1 mutations are a large
genomic deletion removing virtually all protein-coding
sequences, and the L166P point mutation (1). The L166P sub-
stitution impairs dimer formation and dramatically accelerates
DJ-1 degradation (17-22). The L166P mutation is predicted to
break a characteristic a-helical fold in the C terminus, which is
part of the DJ-1 dimer interface and distinguishes DJ-1 from
structurally related proteins like the bacterial PH1704-type
proteases and Hsp31-type chaperones (23-28).

To investigate the structural and functional importance of
individual side chains and the overall topology of the DJ-1 C
terminus, we introduced helix-breaking proline residues at
selected sites within the G-helix and H-helix. As controls, we
introduced helix-compatible substitutions at the same posi-
tions. Moreover, we inserted deletions into the helix-kink-helix
region. We report that secondary structure perturbing muta-
tions in the G-helix and kink specifically destabilized the DJ-1
dimer. The instable PD-associated [L166P]DJ-1 as well as our
novel synthetic G-helix breaking [V169P]DJ-1 and kink dele-
tion mutants failed to protect DJ-1 ko mouse embryonic fibro-
blasts (MEFs) against H,O, toxicity. Consistently, these DJ-1
mutants did not facilitate the stimulatory phosphorylation of
the pro-survival kinase Akt and failed to repress ASK1. Thus,
topology of the C-terminal helix-kink-helix motif is essential
for protein stability and survival promoting activities of DJ-1.

EXPERIMENTAL PROCEDURES

Molecular Display—The atom coordinates of the 1.95-A res-
olution crystal structure of the DJ-1 dimer (23) were down-
loaded from the Protein Data Bank (Protein Data Bank code
1PDW) and visualized with PyMOL.

Site-directed Mutagenesis—For the generation of C-terminal
V5-tagged DJ-1 mutants, [wt]DJ-1/V5 (17) was used as tem-
plate for two independent PCRs with the following primer
pairs: forward mutagenesis primer (see supplementary table)
and BamHI-Stop reverse primer, 5'-ATCTGGATCCGTCTT-
TAAGAACAAGTGGAGCC-3', and for the second PCR
reverse mutagenesis primer (see supplementary table) and
Ncol forward primer, 5'-AACCATGGGAATGGCTTCCAA-
AAGAGCTCTG-3'. These two PCR products were then used
as templates for a PCR using Ncol forward primer (see above)
and BamHI-Stop reverse primer (see above). Mutagenized
PCR products were subcloned into pcDNA3.1/V5-His-TOPO
(Invitrogen).

To generate N-terminal MYC-tagged DJ-1 mutants, first
PCR products were also used as templates for a PCR with EcoRI
forward primer, 5'-ACGAATTCGAATGGCTTCCAAAAG-
AGCTCTGGT-3', and Notl reverse primer, 5'-AGCGGCCG-
CGTCTTTAAGAACAAGTGGAGCC-3'. These PCR prod-
ucts were subcloned into pCMV-Myc (Clontech).

Kink deletions were sequentially introduced. First, an
in-frame point deletion of Gly'”* was generated using EcoRI
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forward primer and Notl reverse primer (see above) and the
mutagenesis primers specified in the supplementary table. This
MYC/[AG174]DJ-1 construct then served as a template for
deletion of codon 173 following the same strategy, yielding the
double mutant MYC/[Akink]DJ-1. All constructs were sequence
confirmed (GATC, Konstanz, Germany).

Determination of Steady-state DJ-1 Levels—Human embry-
onic kidney HEK293 cells, rat pheochromocytoma PC12 cells,
and MEFs were grown to near confluence in Dulbecco’s mini-
mal essential medium (MEM) plus 10% fetal calf serum and 1%
penicillin/streptomycin. Transient transfection was performed
using Lipofectamine 2000 (DNA:lipid ratio, 1:2.5) in Opti-
MEM (Invitrogen). Two days after transfection, cells were lysed
in 1% Triton X-100, 150 mm NaCl, 1 mm EDTA, 10 mM Tris-
HCI (pH 7.5) plus Complete protease inhibitor mixture (Roche
Diagnostics). Protein content in the lysates was determined
with the Bio-Rad Protein Assay. After denaturing 15% PAGE,
proteins were electroblotted onto polyvinylidene fluoride
membranes (Millipore, Eschborn, Germany).

DJ-1 was detected on Western blots with mouse monoclonal
antibodies against the epitope tags, anti-V5 (Invitrogen) and
9E10 anti-MYC (Developmental Studies Hybridoma Bank,
University of Iowa, lowa City, [A), or polyclonal rabbit antisera
(see below). Equal loading was confirmed by reprobing blots
with anti-a-tubulin (Sigma). Secondary antibodies used were
peroxidase-conjugated anti-mouse and anti-rabbit immuno-
globulins (Sigma). Immunoreactive bands were visualized by
enhanced chemiluminescence (Amersham Biosciences).

Generation of DJ-1 Antisera—Rabbit polyclonal antiserum
3407 against DJ-1 protein was generated by injecting 400 ug of
recombinant human full-length [wt]DJ-1/HIS, which was
expressed in Escherichia coli and chromatography purified as
described previously (17). Another rabbit polyclonal antiserum
was generated against the extreme C-terminal peptide DJ-1
(167-189). The peptide AIVEALNGKEVAAQVKAPLVLKD
was synthesized by the solid-phase method using Fmoc (N-(9-
fluorenyl)methoxycarbonyl) chemistry at 90% purity and vali-
dated by matrix-assisted laser desorption ionization time-of-
flight mass spectrometry and reverse phase high performance
liquid chromatography. The peptide was then conjugated to
keyhole limpet hemocyanin at the N-terminal end and used to
immunize New Zealand White rabbits in a standard 90-day
immunization protocol. Following enzyme-linked immunosor-
bent assay to determine the titer, the antibody was purified
using peptide immunoaffinity chromatography.

Determination of DJ-1 mRNA—Total RNA was extracted
from transfected cells with TRIzol (peQLab, Erlangen, Ger-
many) and reverse transcribed using SuperScript II and
oligo(dT) primers (Invitrogen). The resulting cDNAs were
PCR-amplified using Ncol forward primer (see above) in com-
bination with BamHI-V5 reverse primer: 5'-ATCTGGATCC-
CGTAGAATCGAGACCGAGGAG-3" (V5 constructs), or
EcoRI forward primer in combination with NotI reverse primer
(see above) and AGH mutagenesis reverse primer (see supple-
mentary table) for MYC-tagged point mutants and deletion
mutants, respectively. Amplification rates were linear at 25
cycles, as visualized on ethidium bromide-stained 1.2% agarose
gels.
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Real-time PCR was performed in a LightCycler (Roche). Two
PCRs were performed with Ncol forward primer and
BamHI-V5 reverse primer (see above) amplifying DJ-1, and two
PCRs amplifying B-actin as standard (forward primer, 5'-CATG-
GAGAAAATCTGGCACCACACC-3’, and reverse primer, 5'-
TGGCCATCTCTTGCTCGAAGTCC-3’) using Fast Mix (Fast
Start Taq DNA Polymerase, reaction buffer, MgCl,, SYBR
Green I dye, and ANTP mixture). This master mixture was
pipetted into a pre-cooled Light Cycler capillary and 50 ng of
¢DNA or H,O was added. Each capillary was sealed and centri-
fuged at 700 X gfor 5, and the following program was started:
preincubation, 95 °C for 10 min; amplification, 95 °C for 10 s,
57 °Cfor 105, 72 °C for 15 s (45 cycles); melting curve, denatur-
ation 95 °C for 20°/s, annealing 65 °C for 15 s, melting 95 °C for
0.1°/s continuously; cooling, 40 °C for 30 s. Amplification
curves, melting curve, and the Cp temperatures were computed
(LightCycler software version 4.0).

Pulse-Chase Labeling—HEK293T cells were transiently
transfected as above. One day after transfection the cells were
starved in methionine/cysteine-free MEM (Sigma) plus 1%
L-glutamine and 1% penicillin/streptomycin for 1 h. They were
then pulsed for 3 h with 75 wCi/ml [**S]methionine/[**S]cys-
teine (Promix) (Amersham Biosciences), rinsed, and chased
with Dulbecco’s MEM (PAA, Pasching, Austria) plus 1% L-glu-
tamine, 1 mm L-methionine, 10% fetal calf serum, and 1% pen-
icillin/streptomycin. The cells were lysed in 1% Triton X-100,
150 mm NaCl, 2 mm EDTA, 50 mm Tris (pH 7.6) plus Cemplete
protease inhibitor mixture, and immunoprecipitation was per-
formed with monoclonal anti-V5 or anti-MYC and protein
G-Sepharose (Sigma). After denaturing 15% PAGE, the gels
were fixed, soaked in Amplify (Amersham Biosciences), and
dried. The radiolabeled proteins were visualized on BioMax
film (Kodak).

For quantification, dried gels with radiolabeled proteins were
put on a white screen for 1 day. The screen was then scanned
with a Phosphorlmager (GE Healthcare). Metabolically labeled
full-length DJ-1 bands were quantified in triplicate with the
ImageQuant program. Band intensities of the 10-h time points
were calculated in percentage to the DJ-1 band intensity pro-
tein at 0-h time point. Quantitative pulse-chase experiments
were performed covering 10 chase times ranging from 15 s to
24 h, and half-life times were calculated by a non-linear least
squares curve fit assuming a first order exponential decay
rate (y = e *).

Proteasome Inhibition—HEK293T cells were transiently
transfected with C-terminal tagged mt DJ-1 and cultured for
24 h. Then pulse-chase experiments were performed in the
presence of 10 um MG-132 (Calbiochem), or incubated for up
to 24 h with 1 uMm epoxomicin (Calbiochem) and steady-state
DJ-1 levels at selected time points were determined by Western
blotting with 3407 polyclonal to detect DJ-1, mouse mono-
clonal antibody against 3-catenin (Transduction Laboratories,
Lexington, KY), to measure efficiency of proteasome inhibition,
and anti-B-actin (Sigma) to confirm equal loading. Both pro-
teasome inhibitors were delivered in 0.1% dimethyl sulfoxide as
vehicle.

Dimerization of DJ-1—HEK293T cells were transiently co-
transfected with point mt DJ-1/V5 constructs and MYC/
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[wt]DJ-1 using Lipofectamine 2000. After 30 h, cells were lysed
in 1% Triton X-100, 150 mM NaCl, 2 mm EDTA, 50 mm Tris (pH
7.6) plus Complete protease inhibitor mixture, and immuno-
precipitation was performed with monoclonal anti-V5 and pro-
tein G-Sepharose. After denaturing 15% PAGE and Western
transfer, blots were sequentially probed with polyclonal anti-
bodies against MYC (Santa Cruz Biotechnology, Santa Cruz,
CA) and monoclonal anti-V5.

N-terminal MYC-tagged deletion mutants were co-trans-
fected with [wt]DJ-1/V5 in HEK293T cells. After 24 h cell
lysates were prepared as above and incubated for 1 h with anti-
MYC agarose affinity gel (Sigma). Immunoprecipitates were
subjected to denaturing 15% PAGE and Western transfer, and
blots were probed with 9E10 monoclonal anti-MYC and mono-
clonal anti-V5.

Establishment of DJ-1-deficient MEF Cell Cultures—DJ-1 ko
mice were generated using the genetrap approach (described in
detail elsewhere). Briefly, genetrap ES cells (clone XE726 from
Baygenomics) were generated using the genetrap vector
pGT1Lxf. The vector was inserted in the intron between exons
6 and 7. This insertion is predicted to truncate the DJ-1 protein
after amino acid residue 136. We verified at the mRNA level the
truncation of DJ-1 and showed at the protein level that no
[wt]DJ-1 protein was present (data not shown). Cells of the
XE726 ES cell clone were of the OLA/SV129 strain and were
used to inject into C57BL6/] blastocysts to generate chimeras,
which were then mated with C57BL6/J wt mice. The heterozy-
gote offspring was interbred to generate mt mice and wt litter-
mate controls.

DJ-1 ko mouse embryos were dissected, heads and red organs
were removed and minced in cell culture plates containing Dul-
becco’s MEM supplemented with 50% fetal calf serum and 1%
penicillin/streptomycin. As the cultures reached stable growth,
serum was gradually reduced to 10%. Then MEFs were immor-
talized by lipofection with 4 ug of pMSSVLT harboring the
SV40 large T antigen (kindly provided by P. Saftig, University of
Kiel). After ~50 passages, immortalized MEFs were used in
transient transfection experiments with DJ-1 constructs.

Genotyping was performed on genomic DNA extracted
with the DNeasy kit (Qiagen). PCR with wt primer forward, 5'-
AGGCAGTGGAGAAGTCCATC-3', and wt primer reverse, 5'-
AACATACAGACCCGGGATGA-3', and mt primer reverse,
5'-CGGTACCAGACTCTCCCATC-3', amplified 475- and
230-bp products in wt and mt MEFs, respectively. In addition,
Southern blot analysis of HindIII-digested genomic DNA gen-
erated 8.4- and 16-kb fragments corresponding to wt and mt
MEFs, respectively (data not shown).

H,0, Cytotoxicity Assay—Immortalized MEF cell cultures
were transfected with DJ-1 expression constructs using Lipo-
fectamine 2000. After 24 h, 10,000 cells per well covered with
poly-L-lysine (BD Biosciences) were seeded in 96-well plates.
After another 24 h, cells were either treated or not with 20 um
H,O, for 15 h. One-half of the cells were lysed in 9% Triton, the
other half was left untreated for 45 min in the incubator.
Medium (50 ul) of each well was transferred into a fresh micro-
titer plate and 50 ul of CytoTox 96 substrate mixture (Promega)
was added. After a 30-min incubation at room temperature in
the dark, 50 ul of stop solution was added and absorption at 490
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was determined in a fluorescence
plate reader with 485 nm excitation
and 525 nm emission wavelengths,
respectively. Fluorescence was nor-
malized to the protein content of
the well, as determined by BCA pro-
tein assay (Pierce).

Assessment of Akt Pathway and
ASK1 Activity—MEFs were tran-
siently transfected with MYC/DJ-1
constructs using Lipofectamine
2000 and 48 h later incubated over-
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Cc kink night in serum-free Dulbecco’s
E.c.YajL ...AIDFGILKIIDLLVGREK HE ASQ VMAA... MEM ‘containing‘, 1% bf)vine.serum
C.e.DJ-1a ...AFEFATKIVELLEGKDK TSLIAPMLLKL albumin. After stimulation with 500
uM H,O, for 30 min, cells were lysed
C.e.DJ-1b ... AFEFA KI ETLEGPEKTNSLLKP CLAK in lysjs buffer (see above) plus 100
D.m.DJ-1la ...TFDFA KITEQLVGAEV KE AKAMLWTYKP mM NaF, 1 mM NaVO; 10 mm
D.m.DJ-1b ...AYEFA KIAFELAGKEKVQE AKG LVAYN Na,P,0,. . A
To determine the oxidation state
D.r.DJ-1 .. .SFEFALTIVEELMGAEV AQ AP TILKD of PTEN, lysates were reacted with
X.1.DJ-1 .« e o SFEFALEIVCTLLGKEV EQ "TPIVLEKD 10 mMm N-ethylmaleimide (NEM)
_ T for 15 min on ice. Samples were cen-
G.g.DJ-1 ...SFEFG.AT EALMGKEV EQ @ AP I:.eKD trifuged for 10 min at 16,000 X g,
M.m.DJ-1 ...SFEFA AT EALVGKDM NQ AP VLKD and supernatants mixed with non-
R.n.DJ-1 ...SFEFA ATl EALSGKDM NQ AP VLKD reducing Laemmli buffer. Forty ug
H.s.DJ-1 ...SFEFALAIVEALNGKEV AQ AP VLKD of sample was subjected to denatur-
LTIy e . — s a o o A ing 10% PAGE and immunoblotting
. 88 B33 R o8 8 & using anti-PTEN (Cell Signaling,
i - S>> < > - A Beverly, MA). For determination of

Deletion mutants:
[AGH]DJ-1
[AH]DJ-1

Akt phosphorylation, samples were
subjected to denaturing 15% PAGE,
and Western blots were sequentially

[Akink]DJ-1

probed with phospho-specific anti-

[AG174]DJ-1

[p-T308]Akt, anti-Akt (Cell Signal-

FIGURE 1. Localization of mutated residues in the C-terminal helix-kink-helix motif of DJ-1. A, the crystal
structure of the DJ-1 dimer is depicted as a ribbon diagram with one homomer colored gray and the other off-
white. C-terminal secondary structure elements are colored: helix G, green; kink, purple; helix H, cyan; extreme
C terminus, orange. The PD-mutated Leu'®® is highlighted red. B, the C terminus of DJ-1 comprises a helix-kink-
helix motif with the hydrophobic side chain of Leu'®® in the center. Amino acid residues that were selected for
site-directed mutagenesis based on structural considerations (see text for rationale) are identified. C, DJ-1 is
evolutionarily conserved from mammals to bacteria; YajL from E. coli is taken as representative of prokaryotic

ing), and anti-a-tubulin as loading
controls, and 9E10 anti-MYC to
measure MYC/DJ-1 expression in
parallel.

To measure ASKI activity, immu-

DJ-1 sequences. Point mutated amino acid residues (bold) in helix G are highlighted green, those in helix H cyan,
protruding into the helix-kink-helix orange. Deletion mutations are

Glu'”# within the kink purple, and Leu'®”

schematically represented by bars below.

nm measured in a photometer. Cytotoxicity was determined by
calculating the lactate dehydrogenase (LDH) release into the
medium divided by maximal LDH release upon cell lysis.
Measurement of Reactive Oxygen Species (ROS)—DJ-1"'~
MEEF cell cultures were transfected with MYC/D]J-1 expression
constructs using Lipofectamine 2000. After 24 h, cells were har-
vested and seeded (20,000 viable, trypan blue excluding cells
per well) into black microtiter plates. Another 24 h later, cells
were loaded for 30 min with 100 um dichlorodihydrofluores-
cein diacetate (Molecular Probes, Leiden, Netherlands) in Dul-
becco’s MEM plus 10% fetal calf serum. After washing, the cells
were incubated for 1 h in KRH buffer (118 mm NaCl, 4.8 mm
KCl, 1.2 mm MgSO,, 2.5 mm CaCl,, 5 mm glucose, 10 mm
HEPES pH 7.4) with or without 200 uM diamide (Fluka, Stein-
heim, Germany). The amount of dichlorofluorescein generated
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nocomplex kinase assays were per-
formed with the same lysates.
Immunoprecipitation was per-
formed with ASK1 antibody (Santa Cruz Biotechnology) and
protein A-Sepharose (Sigma) overnight. Immunoprecipitates
were washed three times with lysis buffer and once with H,O,
followed by washing with kinase buffer (Cell Signaling). Beads
were resuspended in 27 ul of kinase buffer and 1 ul each of 10
mMm ATP, 10 pg/pml myelin basic protein, 10 MBq/ul of
[y->?P]ATP was added. After a 20-min incubation at 37 °C, the
reaction was stopped with 4X Laemmli buffer. Samples were
heated at 95 °C for 5 min and loaded on two denaturing 15%
polyacrylamide gels. One gel was Coomassie stained, dried, and
the radioactive proteins were visualized on BioMax film. The
other gel was Western blotted and probed with 3E8 monoclonal
DJ-1 antibody (Stressgen, San Diego, CA).

For ASK1 co-immunoprecitations, HEK293E cells were
transiently co-transfected with constructs encoding ASK1
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FIGURE 2. G-helix breaking and kink deletion mutations reduce steady-state expression of DJ-1 protein.
PC12 (A and B) and HEK293T cells (C and D) were transiently transfected with C-terminal V5-tagged (A and C)
and N-terminal MYC-tagged (B and D) DJ-1 constructs with the indicated mutations or vector alone. Steady-
state DJ-1 levels in whole cell lysates were determined on Western blots probed with anti-V5 and anti-MYC,
respectively (upper panels) and polyclonal antiserum 3407 against DJ-1 (middle panels). Positions of molecular
weight markers are indicated to the left, open arrows denote tagged, transfected DJ-1, and filled arrows endog-
enous DJ-1. Equal loading was confirmed by reprobing the blots with an antibody against a-tubulin (lower

panels).

fused to a C-terminal hemagglutinin (HA) tag (kindly provided
by H. Ichijo, University of Tokyo, Japan) and MYC/DJ-1. Two
days after transfection, cells were lysed in 0.2% Nonidet P-40, 10
mM KCl, 50 mm NaCl, 1 mm EDTA, 0.5 mm EGTA, 1.5 mm
MgCl,, 10% glycerol, 10 mm sodium PP;, 1 mm dithiothreitol, 50
mwm HEPES (pH 7.5) plus Complete protease inhibitor mixture,
and immunoprecipitated with monoclonal anti-HA-agarose
(Sigma). Samples were electrophoresed through 4-20% Tris
glycine polyacrylamide gels (Invitrogen). Corresponding West-
ern blots were sequentially probed with polyclonal antibodies
against ASK1 and human thioredoxin 1 (Trx1) (Cell Signaling),
and monoclonal 9E10 anti-MYC.

RESULTS

The DJ-1 crystal structure contains a prominent C-terminal
fold comprising two a-helices (termed G and H) connected by a
kink (Fig. 1). Both helices are well conserved (29), and in
between at position 174 there is a glycine residue allowing very
tight turns, which is absolutely conserved down to bacteria (Fig.
1C). The C-terminal helix-kink-helix configuration sets DJ-1
apart from the other members of this protein superfamily (30),
and may therefore be an important structure and/or function
determinant of the PD-associated protein DJ-1. This assump-
tion is further emphasized by the fact that the most dramatic
PD point mutation is substituting Leu'®® in the middle of helix
G with a helix-breaking proline (Fig. 1).

To study if the deleterious effect of the L166P mutation is due
to a lack of a hydrophobic side chain oriented into the helix-
kink-helix fold, we generated the [L166E]DJ-1 mutant. The
acidic residue glutamate is well compatible with secondary
structure elements, and at position 166 of DJ-1 one might even
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erating mutants [A178P]DJ-1,
[V181P]DJ-1, [K182P]DJ-1, and
[L185P]DJ-1. We also mutagenized
to proline Leu'®”, whose side chain
stretches into the helix-kink-helix
motif and is engaged in hydropho-
bic interactions with Val'®!, Lys'®?,
and Leu'®® (23).

Furthermore, we inserted deletions into the helix-kink-helix
fold (Fig. 1C). Single deletion of the tight turn at Gly'”* was
designed to perturb secondary structure within the kink, and
double deletion of amino acids. Asn'”® and Gly'”* yielded
[Akink]DJ-1. Deletion of helix H and the extreme C terminus
resulted in a C-terminal-truncated DJ-1 mutant lacking amino
acids 175-189 ([AH]DJ-1), and the entire helix-kink-helix
motif was deleted in a mutant lacking amino acids 161-189
([AGH]DJ-1).

All substitution mt DJ-1 cDNAs were cloned in-frame with a
C-terminal V5 tag as described previously for [L166P]DJ-1 (17).
To rule out artifacts due to the addition of a tag at the C termi-
nus, we also cloned the DJ-1 mutants in-frame with an N-ter-
minal MYC tag. These constructs were transiently transfected
into rat pheochromocytoma PC12 cells and human embryonic
kidney HEK293T cells. Two days after transfection, the steady-
state levels of the DJ-1 mutants were determined on immuno-
blots of whole cell lysates (Fig. 2). Generally, the C-terminal
V5-tagged constructs gave lower signals relative to endogenous
DJ-1 than the N-terminal MYC-tagged ones, hinting to the
importance of an intact C terminus of DJ-1. Compared with
[wt]DJ-1, [L166P]DJ-1/V5 levels were greatly reduced and
MYC/[L166P]DJ-1 was practically undetectable in both cell
lines. In contrast, steady-state levels of [L166E]DJ-1 were much
higher than [L166P]DJ-1, reaching almost wt levels regardless
of tag or cell type (Fig. 2). Thus, the deleterious effect of the
L166P mutation on DJ-1 expression seems to be due to a G-he-
lix break rather than loss of the hydrophobic leucine side chain.
Indeed, insertion of a helix-breaking proline one turn down-
stream abolished the protein expression of [V169P]DJ-1,
whereas the conservative mutation V1691 did not affect DJ-1
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protein stability at all (Fig. 2). Interestingly, removal of the
hydrophobic Val'®® side chain markedly reduced the steady-
state levels of the [V169A]DJ-1/V5 mutant protein, pointing to
some importance of hydrophobic contacts close to the kink.

In contrast to the dramatic effects of G-helix breaking muta-
tions, introduction of prolines along the H-helix interface only
mildly affected mt DJ-1 levels, if at all. Only [V181P]DJ-1/V5
levels were appreciably reduced in both PC12 and HEK293T
cells (Fig. 2, A and C), but this effect was not observed for MYC/
[V181P]DJ-1 (Fig. 2, B and D). Mutation of the C-terminal
Leu'®” only mildly decreased expression levels when comparing
[L187P]DJ-1/V5 signals with [wt]DJ-1/V5 (Fig. 2, A and C).

The relatively small contribution of the H-helix for DJ-1 pro-
tein stability was confirmed by deletion of the H-helix and
extreme C terminus, which barely reduced protein levels of
MYC/[AH]DJ-1 relative to MYC/[wt]DJ-1. In contrast, dele-
tion of the entire helix-kink-helix motif abolished expression
of MYC/[AGH]DJ-1 in both cell lines (Fig. 2, B and D).
Remarkably, we found that the kink was of critical impor-
tance for DJ-1 stability. Deletion of the kink (Asn'”>*~Gly'”*)
greatly reduced MYC/[Akink]DJ-1 steady-state expression
levels compared with MYC/[wt]DJ-1 (Fig. 2, B and D).

Use of 3407 polyclonal antiserum, which we raised against
human recombinant DJ-1 confirmed the results of epitope tag
Western probings (Fig. 2). Thus, the disappearance of the G-he-
lix breaking point mutants [L166P]DJ-1 and [V169P]DJ-1, and
the deletions MYC/[Akink]DJ-1 and MYC/[AGH]D]J-1 was due
to loss of protein rather than limited proteolysis and cleavage of
the terminal epitope tags. In conclusion, the G-helix and kink
are pivotal secondary structure elements of the C-terminal
helix-kink-helix motif of DJ-1, with minor contributions from
the H-helix and extreme C terminus.

To determine whether the loss of steady-state expression of
mt DJ-1 occurred at the mRNA level, reverse transcriptase-
PCR experiments were performed. Two days after transient
transfection, total RNA was extracted and reverse transcribed.
Using the resulting cDNA samples as templates, semi-quanti-
tative PCR yielded the same amounts of product for all DJ-1
mutants (Fig. 3, A and B). The effect of the most dramatic G-he-
lix breaking mutations L166P and V169P on mRNA expression
was measured more precisely by real-time PCR (Fig. 3C). The
amplification curves for [L166P]DJ-1/V5 and [V169P]DJ-1/V5
were no different from [wt]DJ-1/V5. Thus, G-helix mutations
appear to affect DJ-1 at the protein level.

Pulse-chase experiments with transiently transfected
HEK293T cells demonstrated that [wt]DJ-1/V5 is a very stable
protein with a half-life time of >24 h, whereas full-length
[L166P]DJ-1/V5 was completely degraded in less than 2 h, con-
sistent with previous reports (17,19, 21, 22). The G-helix break-
ing L166P and V169P mutations had the same detrimental
effect on DJ-1 protein stability (Fig. 44). The conservative
V1691 did not significantly alter DJ-1 protein stability, and the
less destabilized [L166E]DJ-1/V5 mutant was also not signifi-
cantly different from [wt]DJ-1/V5 in pulse-chase experiments
(Fig. 4A). Likewise, N-terminal-tagged MYC/[L166P]DJ-1 and
MYC/[V169P]DJ-1 had greatly reduced pulse-chase signals
compared with the stable MYC/[wt]DJ-1 and the control
mutant proteins MYC/[L166E]DJ-1 and MYC/[V1691]DJ-1
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FIGURE 3. Mutagenesis at the DJ-1 C terminus does not alter mRNA levels.
Total RNA was extracted from HEK293T cells transiently transfected with
C-terminal V5-tagged (A and C) and N-terminal MYC-tagged (B) DJ-1 con-
structs with the indicated point (left panel) and deletion (right panel) muta-
tions plus pCMV vector control (last lane). After reverse transcription, cDNA
samples were amplified by PCR and subjected to agarose gel electrophoresis
followed by ethidium bromide staining (A and B), or subjected to real-time
PCR (C). Incorporation of the SYBR Green dye into the PCR products was plot-
ted in the amplification curves.

(Fig. 4B). Consistent with the very low steady-state expression
levels, MYC/[Akink]DJ-1 showed dramatically reduced protein
stability in pulse-chase experiments (Fig. 4B). In contrast,
H-helix mutants only weakly altered the half-life time of the
DJ-1, if at all (Fig. 4B, and results not shown). Thus, regardless
of the position of short epitope tags, breaking the G-helix and
perturbing the kink specifically destabilizes the DJ-1 protein.
Enhanced degradation of [L166P]DJ-1 was reported to
involve the proteasome (20-22), at least in part. Consistent
with our previous report (17), quantitative pulse-chase experi-
ments showed only a small increase in half-life time of
[L166P]DJ-1/V5 in the presence of the reversible inhibitor
MG-132 (ti,, control, 100 min; t,, MG-132, 112 min). Use of
epoxomicin, a more specific, irreversible inhibitor of the major
chymotrypic proteasome activity allowed prolonged inhibition
with less toxic side effects. The long-lived endogenous DJ-1 and
[wt]DJ-1/V5 did not significantly accumulate over the whole time
course of epoxomicin treatment (Fig. 5). However, the highly
unstable proteins [L166P]DJ-1/V5, [V169P]DJ-1/V5, and
[AGH]DJ-1/V5 accumulated after long-term (24 h) epoxomicin
treatment (Fig. 5), whereas 3-catenin, a control protein known to
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FIGURE 4. G-helix breaking and kink deletion mutations accelerate deg-
radation of DJ-1 protein. HEK293T cells were transiently transfected with
C-terminal V5-tagged (A) and N-terminal MYC-tagged (B) DJ-1 and the indi-
cated mutants. After a 3-h pulse metabolic labeling with a mixture of [>*SIme-
thionine and [**S]cysteine, cells were chased with non-radioactive sulfur-con-
taining amino acids. After lysis, DJ-1 proteins were immunoprecipitated with
anti-V5 (A) oranti-MYC (B) and subjected to denaturing 15% PAGE. Full-length
DJ-1 protein band intensities at the 10-h chase time were quantified with a
Phosphorlmager, and expressed as percentage relative to the 0-h time point.
Results are mean values of three independent experiments with error bars
indicating S.E. (A) and two independent experiments with error bars indicat-
ing range (B). *, p < 0.05; **, p < 0.01; t test.

be rapidly turned over by the proteasome (31), begins to accumu-
late already by 2 h of epoxomicin exposure. Thus, G-helix disrupt-
ing mutations appear to cause a complex DJ-1 breakdown process
involving partly the proteasome.

To examine the effects of C-terminal point mutations on the
functionally relevant dimer formation of DJ-1 (20 —22), we have
co-transfected N-terminal MYC-tagged [wt]DJ-1 with C-ter-
minal V5-tagged DJ-1 constructs harboring severely destabiliz-
ing (L166P and V169P) and barely destabilizing (L166E and
V169I) mutations in the G-helix. Cells were lysed and mt DJ-1
immunoprecipitated with anti-V5. In contrast to [wt]DJ-1/V5,
the steady-state expression of [L166P]DJ-1/V5 and [V169I]D]J-
1/V5 were below detection limits on straight Western blots, but
the signal could be enriched by immunoprecipitation. Still,
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FIGURE 5. G-helix disrupting DJ-1 mutants are inefficiently stabilized by
proteasome inhibition. HEK293T cells were transiently transfected with
[wt]DJ-1/V5 (A), [AGHIDJ-1/V5 (B), [L166PIDJ-1/V5 (C), and [V169P1DJ-1/V5
(D). After 24 h, cells were harvested immediately or incubated for another 2, 5,
10, and 24 h in the presence of 1 um epoxomicin. After the indicated times,
cells were lysed and subjected to denaturing 15% PAGE. Western blots were
prepared and sequentially probed with 3407 polyclonal antibody against
DJ-1 (top panels), and monoclonal antibodies against B-catenin (middle pan-
els) and B-actin (bottom panels). Endogenous DJ-1 bands are denoted by
closed arrows and transfected tagged DJ-1 bands by open arrows. These
results are representative for two to three independent experiments.

both the PD-associated [L166P]DJ-1/V5 and our synthetic
[V169P]DJ-1/V5 failed to co-immunoprecipitate co-trans-
fected MYC-[wt]DJ-1 (Fig. 6A). In contrast, [wt]DJ-1/V5 as well
as the control mutants [L166E]DJ-1/V5 and [V1691]DJ-1/V5
did form heterodimers with the co-transfected MYC/DJ-1.

To examine the influence of deletions within the helix-kink-
helix motif, N-terminal MYC-tagged deletion constructs were
co-transfected with [wt]DJ-1/V5 in HEK293T cells, and immu-
noprecipitated with anti-MYC-agarose conjugate. MYC/
[wt]DJ-1 co-immunoprecipitated with [wt]DJ-1/V5, consistent
with the reverse immunoprecipitation above (Fig. 6). The rela-
tively stable MYC/[AH]DJ-1 was found to co-immunoprecipi-
tate with [wt]DJ-1/V5, whereas the MYC/[AGH]DJ-1 mutant
did not (Fig. 6B). Thus, the C-terminal helix-kink-helix motif of
DJ-1 is essential for protein stability and dimerization, with
relatively little contribution of the H-helix. Interestingly, the
destabilizing kink deletion did not abolish heterodimerization
with co-transfected [wt]DJ-1/V5 (Fig. 6B), suggesting some sta-
bilizing effect of wt DJ-1 homomers.

To test if the reduced stability of mt DJ-1 has functional con-
sequences, and to gain further insight into the physiological
role of DJ-1, we investigated cytoprotective effects against
H,0, (9). To minimize the strong protective contribution of
endogenous DJ-1, which is expressed in quite high amounts in
model cell lines (see Fig. 2), we established immortalized MEF
cultures from DJ-1 ko mouse embryos. We made use of a pep-
tide antibody (Alphagenix, Inc.) that reacted well with mouse
DJ-1 to prove that the relatively low amount of endogenous
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FIGURE 6. DJ-1 dimer formation depends on an intact G-helix. HEK293T cells
were co-transfected with MYC/[wt]DJ-1 and the indicated G-helix point mt
DJ-1/V5 constructs (A) or [wt]DJ-1/V5 and the indicated MYC/DJ-1 deletion con-
structs (B). One day after transfection, cells were lysed and (input) directly Western
probed with monoclonal antibodies against the MYCand V5 tags, as indicated to
the right. Equal amounts of the prey [wt]DJ-1 proteins were detected in the lower
input panels. A, monoclonal anti-V5 immunoprecipitates (V5 IP) were Western
blotted and probed with anti-V5 (upper panel) as control and with polyclonal
anti-MYC (lower panel) to detect co-immunoprecipitation. B, anti-MYC agarose-
bound proteins were Western blotted and probed with monoclonal anti-MYC
(upper panel) as control and with monoclonal anti-V5 (lower panel) to detect co-
immunoprecipitation. Positions of molecular weight standards are indicated to
the left. The experiment was repeated with the same result.
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DJ-1 in wt MEFs was completely absent in DJ-1"/" cells (Fig.
7A). These ko cells allow strong and exclusive expression of
back-transfected DJ-1. Consistent with the results in HEK293T
and PC12 cells (Fig. 2), steady-state levels of [L166E]DJ-1 and
[V1691]DJ-1 were similar to those of [wt]DJ-1, whereas MYC/
[L166P]DJ-1 and MYC/[V169P]DJ-1 levels were greatly
reduced, and MYC/[AGH]DJ-1 expression was completely
abolished (Fig. 7A). In contrast, MYC/[AH]DJ-1 was detectable
practically at wt level with antibodies against the N-terminal
MYC tag, whereas the C-terminal epitope recognized by the
DJ-1 peptide antibody was deleted (Fig. 7A). Point deletion of
the absolutely conserved Gly'”* within the kink reduced MYC/
[AG174]DJ-1 expression in MEF cells, and deletion of both kink
amino acids (Asn'”>-Gly'”*) even further reduced MYC/
[Akink]DJ-1 steady-state expression to barely detectable levels
(Fig. 7A).

DJ-1ko sensitized MEFs to H, O, toxicity. LDH release assays
revealed that application of 10 um H,O, for 15 h caused strong
cytotoxicity in DJ-17/~ MEF cell cultures, whereas DJ-1*/*
MEFs were refractory to H,O, toxicity under these conditions
(Fig. 7B). Transient re-transfection of DJ-1~/~ MEFs with
[wt]DJ-1 reduced LDH release by 20 um H,O,, by ~50% relative
to vector controls, whereas [L166P]DJ-1 and [V169P]DJ-1 had
no significant cytoprotective effect (Fig. 7C). The less destabi-
lized [L166E]DJ-1 was fairly cytoprotective, and the stable
[V1691]DJ-1 had almost wt survival promoting activity. Like the
G-helix incompatible mutants, the unstable kink mutant MYC/
[AG174]DJ-1 displayed very little cytoprotective activity
against H,O, (Fig. 7C). Thus, the destabilizing influence of DJ-1
G-helix breaking and kink perturbing mutations has functional
consequences, namely loss of cellular antioxidative defense
capacity.

DJ-1 could act as a direct antioxidant (9) or an oxidation-
activated chaperone (32, 33). Alternatively, DJ-1 may indirectly
mediate cellular survival by facilitating the cytoprotective Akt
pathway (14, 15) and/or suppress the pro-apoptotic ASK1 (16).
To evaluate the influence of DJ-1 protein destabilizing muta-
tions on these pathways, we transiently transfected DJ-1~/~
MEF cells with N-terminal MYC-tagged [wt]D]J-1 as well as
destabilizing and control mutants in the G-helix.

First we investigated the effects of DJ-1 on PTEN-mediated
Akt signaling. We found no yeast two-hybrid interaction and
we could not reliably co-immunoprecipitate PTEN and DJ-1
(results not shown), arguing against a stable physical interac-
tion of PTEN and DJ-1. Next, we considered the possibility that
DJ-1 modulates the redox activation of PTEN. PTEN is a phos-
phatase with catalytical cysteine residues that are oxidizable
(34). Active (reduced) PTEN can be distinguished from inactive
(oxidized) PTEN in a biochemical reaction with NEM (35). The
sulthydryl groups in the catalytic center of PTEN can react with
NEM in the free (-SH) but not the oxidized (-SO,,) state. PTEN-
NEM adducts derived from active PTEN migrate slower in
SDS-PAGE than inactive PTEN-SO,,. As shown in Fig. 84,
PTEN in untreated cells was mostly in the active, reduced state,
because all of the PTEN immunoreactivity was converted to the
NEM-shifted band. After treatment with 500 um H,O, for 30
min, about half of the PTEN protein failed to react with NEM,
indicating oxidation of the reactive sulthydryl groups. Expres-
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FIGURE 7. Expression of DJ-1 mutants in MEFs influences cytotoxicity in
the presence of H,0,. A, immortalized DJ-1~/~ MEF cell cultures (lanes 1-10)
were transiently transfected with the indicated MYC/DJ-1 constructs (lanes
1-9) or empty vector (lane 10). An untransfected wt DJ-1*/* control was runin
parallel (lane 17). Cell lysates were electrophoresed and Western blots
sequentially probed with antibodies against the MYC tag (top panel) and DJ-1
peptide (middle panel). The open arrow points to tagged, transfected DJ-1 and
thefilled arrow identifies endogenous DJ-1 in wt MEFs. Reprobing the blot for
a-tubulin confirmed equal loading (bottom panel). B, DJ-17/~ and littermate
wt control DJ-1*/" MEF cell cultures were exposed for 15 h to 0 and 10 um
H,0,. Cytotoxicity was determined in LDH release assays. DJ-1~/~ MEFs were
significantly sensitized to H,0, toxicity. C, DJ-17/~ MEFs were transiently
transfected with the indicated MYC/DJ-1 constructs or empty vector. After 2
days, cells were exposed to 20 um H,O, for 15 h, and cytotoxicity measured as
LDH release. Error bars delineate standard deviation of quadruplicate meas-
urements; *, p < 0.05; ***, p < 0.001, t test. The experiment was repeated
another 3 times with DJ-1/V5 constructs yielding the same result.

sion of DJ-1 did not influence PTEN oxidation in basal and
oxidative conditions (Fig. 84). Thus, DJ-1 does not directly
influence the redox state of PTEN. Likewise, global ROS pro-
duction stimulated by the thiol-selective oxidant diamide (36)
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FIGURE 8. Destabilizing DJ-1 mutations fail to facilitate Akt phosphory-
lation and do not repress ASK1. A and B, immortalized DJ-1"/~ MEF were
transfected with the MYC/DJ-1 constructs indicated on top, and 48 h later
treated (+) or not (—) with 500 um H,O, for 30 min. A, cell lysates were reacted
with NEM for 15 min on ice. For PTEN detection, sample aliquots were sub-
jected to denaturing 10% PAGE, omitting the reducing agent dithiothreitol
for separation of oxidized (lower band) and reduced (upper band) PTEN (sec-
ond panel). Denaturing 15% PAGE was done for Western probing with 9E10
anti-MYC to detect tagged DJ-1, as well as total PTEN and phosphorylated
and total Akt, as indicated to the left. B, further aliquots of the same lysates
were immunoprecipitated with anti-ASK1 and stained with Coomassie Blue
(upper panel). Immunocomplex ASK1 assays were performed, and incorpora-
tion of >?PO, into the substrate myelin basic protein detected by autoradiog-
raphy (middle panel). DJ-1 co-immunoprecipitated with ASK1 was detected
on parallelimmunoblots probed with 3E8 monoclonal antibody against DJ-1
(lower panel). C, HEK293E cells were co-transfected with ASK1/HA and MYC/
DJ-1. After 48 h, cells were exposed to 1000 um H,0, for the indicated times
and lysed. ASK1 complexes were immunoprecipitated with anti-HA-agarose
and subjected to 4-20% PAGE. Western blots were sequentially probed with
anti-ASK1 (top panel), anti-Trx1 (middle panel), and 9E10 anti-MYC (lower
panel). This experiment is representative of three independently repeated
experiments.

was not quenched after transfection with any of the MYC/DJ-1
constructs tested (Table 1). In conclusion, DJ-1 does not seem
to exert its cytoprotective role as a direct antioxidative agent,
but may rather indirectly influence cellular viability redox sig-
naling pathways.

The major redox signaling effector of PTEN (37), Akt was
activated upon H,O, treatment of MYC/[wt]DJ-1-transfected
MEEF cells, as determined on Western blots using the phospho-
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TABLE 1

ROS production induced by diamide is not quenched by DJ-1

DJ-17/~ MEEF cells were transiently transfected with N-terminal MYC-tagged DJ-1
constructs harboring the indicated mutations. Cells were loaded with the probe
dichlorodihydrofluorescein diacetate, and exposed for 1 h to medium alone or 200
uM diamide. ROS production was measured as dichlorofluorescein fluorescence
relative to total protein content. Values are mean = S.D. of triplicate measurements.

ROS/relative fluorescence units

Construct
Control 200 puM Diamide ROS production

-fold
pCMV 539 162 £ 10 3.1
wt 60 =8 228 21 3.8
L166P 53+ 6 160 *+ 26 3.0
L166E 558 163 £ 13 3.0
V169P 65+9 2397 3.7
V1691 50 =8 164 = 11 3.3
AG174 52+5 171 £ 19 3.3

specific [p-T308] Akt antibody. The same strong Akt phospho-
rylation was observed in H,O,-treated MEF cells transfected
with the non-destabilizing MYC/[L166E]DJ-1 and MYC/
[V1691]DJ-1. In sharp contrast, transfection with MYC/
[L166P]DJ-1 and MYC/[V169P]D]J-1 caused a greatly reduced
Akt phosphorylation at Thr**® upon H,0, treatment, despite
constant levels of total Akt (Fig. 84). Thus, it appears that fail-
ure to facilitate the Akt pathway is a common feature of desta-
bilizing, G-helix breaking DJ-1 mutants.

To evaluate the influence of DJ-1 on the pro-apoptotic ASK1
pathway (16), we immunoprecipitated endogenous ASK1 and
performed immunocomplex kinase assays using myelin basic
protein as substrate. We found no H,O,-mediated stimulation
of ASK1 activity in DJ-1 ko MEF cells transfected with MYC/
[wt]DJ-1 and the control mutants MYC/[L166E]DJ-1 and
MYC/[V1691]DJ-1. In contrast, transfection with the PD
mutant MYC/[L166P]DJ-1 as well as MYC/[V169P]DJ-1 was
permissive for stimulation of ASK1 upon H,O, treatment (Fig.
8B), consistent with the lack of cytoprotective activity of these
G-helix breaking DJ-1 mutants.

Interestingly, anti-ASK1 co-immunoprecipitated MYC/
[wt]DJ-1, and this interaction was greatly increased after H,O,
treatment (Fig. 8B). Oxidation-enhanced interaction with
ASK1 was also seen for control mutants MYC/[L166E]DJ-1 and
MYC/[V169I]DJ-1. In contrast, no co-immunoprecipitation
was observed for MYC/[L166P]DJ-1 and MYC/[V169P]DJ-1,
even after H,O, treatment, and these immunocomplexes did
show ASK1 activity (Fig. 8B). These results suggest that oxida-
tive stress activates DJ-1 to directly bind ASK1 and inhibit the
pro-apoptotic ASK1 pathway.

ASK1 activity is normally suppressed by binding to reduced
Trx1, and ROS production causes dissociation of oxidized Trx1
and activation of the ASK1 signalosome (38 —40). To test if the
redox-sensitive DJ-1 had a similar effect on ASK1, we co-im-
munoprecipitated HA-tagged ASK1 with endogenous Trx1
and co-transfected MYC/DJ-1. In control HEK293E cells,
ASK1/HA co-immunoprecipitated with Trx1, but not with
MYC/DJ-1 (Fig. 8C). After a 15-min H,O, treatment, Trx1 dis-
sociated from ASK1/HA (Fig. 8C). Interestingly, MYC/DJ-1
binding to ASK1/HA followed Trx1 dissociation after a 20-min
H,O, challenge (Fig. 8C). Thus, Trx1 and DJ-1 sequentially
bind to ASK1 and thus might both contribute to suppression of
ASK1 activity under acute oxidative stress.
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DISCUSSION

Several sometimes conflicting findings about DJ-1 activities
have been reported, including oncogenesis, RNA binding, male
fertility, transcriptional modulation, molecular chaperoning,
and management of oxidative stress (7, 9, 11, 15, 25, 32, 33,
41-50). However, the molecular mechanisms and cellular roles
of the ubiquitously expressed and evolutionarily extremely
conserved DJ-1 remain unclear, and particularly how loss of
DJ-1 causes PD is not understood.

Solving the crystal structure of DJ-1 and related proteins has
prompted a number of rational hypotheses about DJ-1 func-
tions. DJ-1 proteins are structurally similar to bacterial
PH1704-type proteases (23, 24, 26, 27). However, the putative
active site with Cys'°® as potential catalytic residue and His'*® is
missing an acidic residue (glutamate in PH1704) to complete
the catalytic triad of this class of proteases. Moreover, the puta-
tive DJ-1 active site is occluded by the C-terminal helix-kink-
helix motif. There is little experimental evidence that DJ-1 acts
as a protease.

Structural similarity to Hsp31 suggested some chaperone
activity of DJ-1 (25), although the helix-sheet-helix sandwich
structure that characterizes the DJ-1 superfamily actually forms
a domain outside the catalytic center of Hsp31. In vitro chaper-
one activity of DJ-1 toward a-synuclein, the major misfolded
protein in PD and related diseases was shown to depend on
oxidative conditions (32, 33). It remains to be confirmed in vivo
that DJ-1 has direct chaperone activity.

It is remarkable that the tertiary structure of DJ-1 differs
from all other members of this protein superfamily by the pres-
ence of a C-terminal helix-kink-helix motif. Importantly, the
most deleterious DJ-1 point mutation, L166P, resides in this
C-terminal motif. To investigate structural determinants of the
helix-kink-helix motif, we have performed an extensive
mutagenesis study. Introduction of helix-breaking proline res-
idues in the G-helix (both PD-associated L166P and our syn-
thetic V169P one helical turn downstream) resulted in dramat-
ically destabilized DJ-1 mutants. Although the amounts of
immunoprecipitated G-helix breaking and deletion mutants
were relatively low, our co-immunoprecipitation experiments
indicated that the quarternary structure of DJ-1 was disrupted
by G-helix breaking mutations, consistent with the rather large
surface of the DJ-1 C terminus that forms part of the dimer
interface. By comparison, hydrophobic side chains pointing
into the helix-kink-helix motif, and the H-helix turned out to be
of lesser importance for DJ-1 stability.

Perhaps less expectedly, the sharp kink between helices G
and H was found to be an important determinant for DJ-1 pro-
tein stability. Kink deletions destabilized the DJ-1 protein (Fig.
2, Band D), and point deletion of the absolutely conserved tight
turn Gly'”* was found to be sufficient for this effect in DJ-1~/~
MEF cells devoid of endogenous [wt]DJ-1 (Fig. 7A). MYC/
[Akink]DJ-1 retained some capacity to form heterodimers with
co-transfected [wt]DJ-1/V5 (Fig. 6B), in contrast to mutant
homodimers that were undetectable (results not shown).
Although the low expression levels of destabilized DJ-1
mutants make it difficult to distinguish loss-of-function from
simple loss-of-protein, our experiments support the view that
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dimerization is crucial for DJ-1 stability in a recessive manner,
consistent with the recessive association of DJ-1 with PD (1).
We conclude that the DJ-1 dimer is a globular protein with the
PD-associated L166P mutant containing helix G and kink as
critical determinant and lesser contribution of helix H. Our
study shows that the unique DJ-1 helix-kink-helix motif is not
an independent domain but an integral part of functional, sta-
ble DJ-1 dimers.

Previous studies had implicated the proteasome in
[L166P]DJ-1 degradation, although full recovery was not
achieved with proteasome inhibitors (17, 20-22). In accord
with our previous studies (17), the reversible proteasome inhib-
itor MG-132 failed to stabilize our new synthetic mutants.
However, the more specific, irreversible proteasome inhibitor
epoxomicin caused some accumulation of [L166P]DJ-1/V5 as
well as [V169P]DJ-1/V5 and [AGH]DJ-1/V5, but only after
long-term treatment, and wt levels were mostly not reached
even under these conditions. Thus, degradation of unstable
DJ-1 mutants is a complex process that involves in part the
proteasome.

To demonstrate that the destabilizing DJ-1 mutations caused
functional impairments, we established a cell culture system in
which no endogenous DJ-1 obscures any effects of loss-of-func-
tion DJ-1 mutants. MEF cells were derived from DJ-1"/~
mouse embryos and immortalized with the large T oncogene.
As expected, compared with DJ-1"/" littermate control MEFs,
our DJ-1"/~ MEFs were sensitized to H,O, toxicity. In these
cells, steady-state levels of transiently transfected [L166P]D]J-1,
[V169P]DJ-1, and [AG174]DJ-1 were dramatically reduced
compared with [wt]DJ-1 and the control mutants [L166E]DJ-1
and [V169I]DJ-1. Consistently, the destabilizing mutants lost
cytoprotective activity against H,O, (Fig. 7).

Although DJ-1 appears to have limited direct antioxidative
activity (9), the effect seems to be quite weak to explain the
powerful cytoprotective functions of DJ-1. When determining
the highly sensitive redox state of PTEN (35), we found that
DJ-1 failed to exert Trx activity on PTEN in H,O,-exposed
MEEF cells. Global ROS production induced by diamide was also
not reduced by DJ-1. Thus, DJ-1 may not be a major antioxida-
tive enzyme itself, but play a role as redox sensor that regulates
signaling cascades protecting cells against oxidative stress.
Here we show that DJ-1 concomitantly facilitates the survival-
promoting Akt pathway and suppresses the pro-apoptotic
ASK1 (Fig. 8). We demonstrate that DJ-1 co-immunoprecipi-
tates with ASK1 upon H,O, exposure. Interestingly, DJ-1
appeared to bind to ASK1 after dissociation of Trx1, which
normally binds to ASK1 in an inhibitory manner (40). It is pos-
sible that DJ-1 replaces Trx1 under acute oxidative stress, pro-
viding a second safeguard suppressing ASK1-mediated apopto-
sis. Our results indicate that DJ-1 mediates its effects on ASK1
directly and not (only) via the indirect mechanism of nuclear
Daxx sequestration as proposed by Junn et al. (16).

The great majority of the highly soluble wt DJ-1 protein is in
the cytosol, and we suggest that a pivotal role of DJ-1 is to react
with ROS in the vicinity of mitochondria and throughout the
cytoplasm. Under these conditions, DJ-1 directly binds to and
inhibits the pro-apoptotic ASK1, and at the same time facili-
tates the Akt pathway, which among many effectors suppresses
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apoptotic genes (37). It will be interesting to study how DJ-1 is
involved in transcriptional regulation of Akt target genes.

DJ-1 might act cell autonomously to block ASK1 and facili-
tate Akt in stressed dopaminergic neurons. PD mutations in
humans as well as targeted disruption of DJ-1 in mice and flies
do not cause acute cell loss. Dopaminergic neurodegenerative
phenotypes only become apparent under stress conditions in
DJ-1 ko flies and mice (10, 13, 14). Basal morphology and via-
bility/growth properties of our DJ-1 ko MEF cell cultures did
not differ from DJ-1 wt MEFs (Fig. 7B). Thus, DJ-1 appears to be
part of aredundant signaling network that becomes active upon
oxidative stress. This could even involve trans-cellular mecha-
nisms. Reactive astrocytes greatly up-regulate DJ-1 in
chronic and acute neurodegenerative diseases (2—4). DJ-1
was recently found to regulate antioxidant transcriptional
responses leading to induction of glutathione biosynthesis and
expression of extracellular superoxide dismutase in cell lines
(50-52). Although it remains to be confirmed that astrocytes
proper are capable of DJ-1-regulated induction of antioxidative
genes, it is known that astrocytes support adjacent, stressed
neurons with secreted glutathione precursors and secreted
superoxide dismutase (5). Therefore, loss-of-function muta-
tions disrupting the unique C-terminal helix-kink-helix motif
of DJ-1 probably weaken anti-oxidative defense pathways in
cells and organs, most prominently the PD-affected nigral do-
paminergic neurons with their high basal oxidative burden. It
will be interesting to study if and how the DJ-1 inhibition of
ASK1 breaks down in PD, and if the DJ-1-ASK1 complex might
be exploited as a novel drug target for neurodegenerative dis-
eases and other age-related disorders.
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Supplementary Table: Sequences of Mutagenesis Primers.

Mutants

Forward primers

Reverse primers

[L166P]DJ-1 | 5’-CTTCGAGTTTGCGCCTGCAATTGTTGAA-3’ 5’-TTCAACAATTGCAGGCGCAAACTCGAAG-3’
[L166E]DJ-1 | 5’-CTTCGAGTTTGCGGAAGCAATTGTTGAA-3’ 5’-TTCAACAATTGCTTCGGCAAACTCGAAG-3’
[V169PIDJ-1 | 5’-CGCTTGCAATTCCTGAAGCCCTGAA-3’ 5’-TTCAGGGCTTCAGGAATTGCAAGCG-3’

[V169I]DJ-1 | 5’-CGCTTGCAATTATTGAAGCCCTGAA-3’ 5’-TTCAGGGCTTCAATAATTGCAAGCG-3’

[V169A]DIJ-1 | 5-GCTTGCAATTGCTGAAGCCCTGAA-3’ 5’-TTCAGGGCTTCAGCAATTGCAAGC-3’

[AG174]DJ-1 | 5>-TTGAAGCCCTGAATAAGGAGGTGGCGG-3’ 5’-CCGCCACCTCCTTATTCAGGGCTTCAA-3’
[A178P]DJ-1 | 5-AAGGAGGTGCCGGCTCAAGTGA-3’ 5’-TCACTTGAGCCGGCACCTCCTT-3’

[V181PIDJ-1 |5 -GCGGCTCAACCGAAGGCTCCA-3’ 5’-TGGAGCCTTCGGTTGAGCCGC-3’

[K182P]DJ-1 | 5-GCTCAAGTGCCGGCTCCACTTGTT-3’ 5’-AACAAGTGGAGCCGGCACTTGAGC-3’

[L185P]DJ-1 | 5>-TGAAGGCTCCACCTGTTCTTAAAGAC-3’ 5’-ATCTGGATCCGTCTTTAAGAACAGGTGGAGCCTT-3’
[L187P]DJ-1 | 5’-CTCCACTTGTTCCTAAAGACAAGGG-3’ 5’-ATCTGGATCCGTCTTTAGGAACAAGTGGAGCCTT-3’
[AH]DJ-1 5’-CCCGAATTCATGGGAATGGCTTCCAAAAGAGCT-3" |5’-AAAGCGGCCGCATTCAGGGCTTCAACAATTGCAAGC-3’
[Akink]DJ-1 5’-TGTTGAAGCCCTGAAGGAGGTGGC-3’ 5-ATTGCGGCCGCGTCTTTAAGAACAAGTGGAGCC-3
[AGH]DJ-1 5’-CCCGAATTCATGGGAATGGCTTCCAAAAGAGCT-3" |5’-AAAGCGGCCGCGGTCCCAGGCCCCC-3’

22
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