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ABSTRACT: Parkinson’s disease (PD) is a neurodegenerative disorder characterized by oxidative stress
and protein aggregation. Both toxic phenomena are mitigated by DJ-1, a homodimeric protein with proposed
antioxidant and chaperone activities. The neuroprotective function of DJ-1 is modulated by oxidation of
cysteine 106, a residue that may act as an oxidative stress sensor. Loss-of-function mutations in the DJ-1
gene have been linked to early onset PD, and age-dependent over-oxidation of DJ-1 is thought to contribute
to sporadic PD. The familial mutant L166P fails to dimerize and is rapidly degraded, suggesting that
protein destabilization accounts for the dysfunction of this mutant. In this study, we investigated how the
structure and stability of DJ-1 are impacted by two other pathogenic substitutions (M26I and E64D) and
by over-oxidation with H2O2. Whereas the recombinant wild-type protein and E64D both adopted a stable
dimeric structure, M26I showed an increased propensity to aggregate and decreased secondary structure.
Similar to M26I, over-oxidized wild-type DJ-1 exhibited reduced secondary structure, and this property
correlated with destabilization of the dimer. The engineered mutant C106A had a greater thermodynamic
stability and was more resistant to oxidation-induced destabilization than the wild-type protein. These
results suggest that (i) the M26I substitution and over-oxidation destabilize dimeric DJ-1, and (ii) the
oxidation of cysteine 106 contributes to DJ-1 destabilization. Our findings provide a structural basis for
DJ-1 dysfunction in familial and sporadic PD, and they suggest that dimer stabilization is a reasonable
therapeutic strategy to treat both forms of this disorder.

Parkinson’s disease (PD1) is a neurodegenerative disorder
caused by the selective loss of dopaminergic neurons from
the substantia nigra(1). A pathological hallmark of surviving
dopaminergic neurons is the presence of Lewy bodies, dense
cytosolic inclusions that contain a variety of aggregated
proteins and are enriched with fibrillarR-synuclein (2).
Mitochondria from PD patients exhibit a decrease in the
activity of complex I in the electron transport chain (3). This
decrease in complex I activity causes a buildup of reactive

oxygen species (ROS) in affected neurons, ultimately trig-
gering damage to DNA, lipids, and proteins (3-5). Dopam-
inergic neurons are thought to be selectively vulnerable to
oxidative stress because they have high basal levels of ROS
from the metabolism and auto-oxidation of dopamine (3).

A number of patients with early onset PD have homozy-
gous, autosomal recessive mutations in the gene encoding
DJ-1. These mutations include a six-exon deletion (6) and
missense mutations encoding the DJ-1 variants M26I (7),
E64D (8), and L166P (6). Evidence from cell-culture studies
suggests that DJ-1 protects neurons via an antioxidant
function (9, 10). DJ-1 knockout mice show nigrostriatal
dopaminergic deficits (11-13) and are hypersensitive to the
toxic effects of MPTP (13). Studies involving DJ-1 loss-of-
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function flies also show an increase in dopaminergic cell
death upon challenge by oxidative insults (14-16). DJ-1
converts to more acidic isoforms in mammalian cells treated
with pro-oxidants (17-19) and in the brains of rats exposed
to the complex I inhibitor rotenone (20). The conversion of
DJ-1 to acidic isoforms results at least in part from the
oxidation of cysteine to cysteine sulfinic acid at position 106
(18, 19). The antioxidant function of DJ-1 may depend on
the association of the protein with mitochondria (18, 21, 22),
and evidence from one group suggests that the oxidation of
cysteine 106 is part of an oxidative stress sensing mechanism,
promoting relocalization of DJ-1 from the cytosol to the outer
mitochondrial membrane (18, 21). In addition, DJ-1 has been
shown to prevent the fibrillization ofR-synuclein via a redox-
dependent chaperone activity (23, 24). Together, these
observations suggest that a loss of DJ-1 function may induce
nigral degeneration by disrupting the protein’s antioxidant
and/or chaperone function(s).

The X-ray structure of wild-type DJ-1 indicates that the
protein exists as a homodimer of∼20 kDa subunits with an
R/â fold (25-29). Additional evidence in support of a
dimeric structure has been obtained by gel-filtration analysis
of the recombinant protein (29, 30), coimmunoprecipitation
of epitope-tagged subunits (30-32), and yeast two-hybrid
studies (32, 33). Residues at the subunit interface are highly
conserved among various species, implying that DJ-1 must
form a homodimer to carry out its biological function (25-
29). Consistent with this idea, the crystal structure of DJ-1
suggests that dimer formation is necessary for the assembly
of two symmetry-related active sites for cysteine 106
oxidation, each comprising residues from both subunits (28).
One of the familial mutants, L166P, has a pronounced
dimerization defect, resulting in decreased stability and
failure of the protein to accumulate in eukaryotic cells (21,
30-32). L166P also forms high-order protein complexes in
cell culture, presumably because of its inability to adopt a
stable, dimeric structure (34, 35). Although the structural
properties of L166P are well characterized, other DJ-1
mutants linked to familial PD have been less extensively
studied.

In addition to familial DJ-1 mutants, oxidatively modified
forms of the wild-type protein may play a role in PD
pathogenesis (36, 37). A groundbreaking proteomic study
showed that wild-type DJ-1 was oxidized to a greater extent
in the brains of patients with sporadic PD than in age-
matched controls (36). In addition, the oxidation of DJ-1 was
shown to increase with age in flies, mice, and humans, and
this enhanced oxidation correlated with decreased resistance
to oxidative stress (37). These observations suggest that
oxidation of wild-type DJ-1 during aging may elicit a loss
of DJ-1 function, thereby contributing to the onset of sporadic
PD. Presumably, oxidative modifications that disrupt DJ-1
function are more extensive than the discrete modifications
involved in the protein’s sensing mechanism (i.e., oxidation
to sulfinic acid at C106). Consistent with this idea, a partially
oxidized DJ-1 isoform in which cysteine 106 is converted
to the sulfinic acid suppressesR-synuclein fibrillization,
whereas over-oxidized forms of the protein have lost this
chaperone function (24). Despite evidence suggesting that
over-oxidation disrupts DJ-1 function, the details of how
oxidation affects the structure and stability of DJ-1 are
unclear.

We hypothesized that other familial mutations (in addition
to L166P) and over-oxidation impair DJ-1 function by
destabilizing the protein’s structure. To address this hypoth-
esis, we characterized variants of human, recombinant DJ-1
(wild-type, M26I, E64D, over-oxidized wild-type, and
C106A) in terms of quaternary structure and thermodynamic
stability. Our data indicate that the familial mutant M26I
and the over-oxidized wild-type protein have decreased
stability and an increased propensity to form high molecular
weight oligomers compared to that of wild-type DJ-1 that
has not been subjected to oxidative treatment. These results
provide a structural rationale for DJ-1 dysfunction in familial
and sporadic PD, and they imply that stabilization of the
native dimer may be a useful therapeutic strategy to treat
both forms of this disorder.

EXPERIMENTAL PROCEDURES

Preparation of Bacterial Expression Constructs.A cDNA
encoding wild-type human DJ-1 with an N-terminal hexa-
histidine tag was amplified by PCR and subcloned as an Xba
I-Hind III fragment into pT7-7, yielding the construct pT7-
7-DJ-1. Constructs encoding three mutant forms of DJ-1,
M26I, E64D, and C106A were produced using the Quikchange
method (Stratagene). The sequence of the DJ-1-encoding
insert in each construct was verified using an Applied
Biosystems (ABI 3700) DNA sequencer (University of
WisconsinsMadison or Purdue University). The familial
mutant L166P was not analyzed because it has been well
characterized by other groups (21, 30-32), and the yields
of this variant in ourE. coli expression system were low.

Purification of Recombinant Human DJ-1.Cells of the
BL21(DE3) strain ofEscherichia coliwere transformed with
each pT7-7-DJ-1 construct by electroporation. To prepare
recombinant DJ-1, the cells were grown to an OD600 of 0.6-
0.8 in LB plus ampicillin (100µg/mL) at 37 °C, and
expression of the DJ-1 gene was induced by adding IPTG
(1 mM). The cells were grown under inducing conditions
for 4 h at 37°C, harvested by centrifugation, resuspended
in buffer L (10 mM Tris HCl at pH 8.0, 1 mM PMSF, and
15 mM 2ME), and lysed with a French pressure cell (psi>
1000) (Thermo Electron Corporation, Waltham, MA). After
centrifugation, DJ-1 was partially purified from the super-
natant by successive ammonium sulfate precipitations (70%
saturation followed by 90% saturation, 0°C). The pellet from
the second ammonium sulfate precipitation was resuspended
in buffer A (10 mM Tris HCl at pH 8.0, 500 mM NaCl,
10 mM imidazole, and 15 mM 2ME), and the protein solution
was applied to an immobilized metal affinity column charged
with NiCl2. DJ-1 was eluted in buffer A supplemented with
500 mM imidazole. Fractions most highly enriched with DJ-1
were identified by SDS-PAGE with Coomassie Brilliant
Blue staining and pooled. The purity of the final protein
sample was estimated to be approximately 98%, and the yield
was 20-40 mg/L of bacterial culture. The DJ-1 samples were
supplemented with glycerol (5%, [v/v]) and DTT (3 mM),
and aliquots were frozen at-80 °C. For all of the analyses
outlined below (except sedimentation equilibrium), the
concentration of recombinant DJ-1 was estimated using the
BCA Protein Assay kit (Pierce) and verified by quantitative
amino acid analysis (Purdue University Proteomics Core).

Although the DJ-1 constructs were designed so that the
histidine tag could be removed by proteolysis at an enter-
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okinase cleavage site, we found that the tag was removed
very inefficiently and with very low yields. Accordingly, the
studies outlined below were carried out with intact histidine-
tagged DJ-1 variants. Two observations suggest that our
approach was reasonable. First, data from another group
indicate that untagged M26I is less stable than untagged wild-
type DJ-1 in the presence of denaturant (Ray, S.S., unpub-
lished observations), a result similar to that obtained with
the corresponding histidine-tagged variants (see below).
Second, the presence of an N-terminal histidine tag has no
impact on the degree of neuroprotection by wild-type or
mutant DJ-1 in a primary cell-culture model of PD
(Liu et al., unpublished work).

Size-Exclusion Chromatography.Protein solutions
(∼1 mg/mL final concentration) were dialyzed against
phosphate buffered saline (PBS, 10 mM phosphate buffer,
2.7 mM KCl, and 137 mM NaCl at pH 7.4), and an aliquot
(125-250µg) was applied to a Superdex 200 size-exclusion
chromatography (SEC) column (GE Healthcare). The protein
was eluted with PBS at a flow rate of 0.25 mL/min,
monitoring absorbance at 280 nm. Apparent molecular
weights of eluted proteins were determined using a calibra-
tion curve established with the following standards: Blue
dextran (>600 kDa), BSA (66.2 kDa), ovalbumin (43 kDa),
and lysozyme (14.3 kDa).

Sedimentation Equilibrium.Sedimentation-equilibrium
runs were conducted at 22°C in a Beckman XL-I analytical
ultracentrifuge (Beckman Coulter, Fullerton, CA) using
absorbance optics, as described by Laue and Stafford (38).
Prior to ultracentrifugation, protein samples were dialyzed
against 50 mM Tris at pH 7.0 and 200 mM NaCl (4°C,
48 h, with a change in buffer after 24 h). Aliquots (110µL)
of the protein solution (0.7-2.5 mg/mL) were loaded into
six-sector CFE sample cells, allowing three concentrations
to be run simultaneously. Runs were performed at a
minimum of three different speeds (2.0× 104-2.4 ×
104 rpm), and each speed was maintained until there was no
significant difference in scans ofr2/2 versus absorbance taken
2 h apart to ensure that equilibrium was achieved. Sedimen-
tation-equilibrium data were evaluated using the program
NONLIN, which employs a nonlinear least-squares curve-
fitting algorithm described by Johnson et al. (39). The
program allows for analysis of both single and multiple data
files and can be fit to models containing up to four
associating species, depending upon which parameters are
permitted to vary during the fitting routine. The protein’s
partial specific volume and the solvent density were estimated

using the Sednterp program (40). Between two and five
independent ultracentrifugation runs were carried out for each
DJ-1 variant. The average apparent molecular weights
presented in Table 1 were calculated from the individual
molecular weights determined from separate runs. Although
a value for the dimer dissociation constant (Kd) can be
obtained from sedimentation data that are best fit to a
monomer-dimer equilibrium, in practice we find that a
reliableKd value is only determined from runs in which eight
or nine data sets can be used for the fitting. Only one run
with g8 usable data sets was obtained for wild-type DJ-1
and E64D. TheKd values from these individual best-fit runs
are presented in Table 1.

Protein Cross-Linking.Variants of DJ-1 (10µL, 0.2 mg/
mL) were dialyzed against 25 mM potassium phosphate (KPi)
at pH 7.4 and 150 mM NaCl and treated with DMF (vehicle
control) or the primary amine cross-linker DSS (4 mM). The
samples were analyzed by SDS-PAGE using a 4-20%
polyacrylamide gel. After staining with Coomassie Brilliant
Blue, bands on the gel were quantified by measuring average
pixel intensities using a Typhoon Imaging System. For each
DJ-1 isoform, the signal corresponding to the cross-linked
dimer was normalized to the monomer signal in the sample
treated with DMF.

Thermal Denaturation.Protein solutions were dialyzed
against 10 mM KPi at pH 7.0 and 150 mM NaCl. Aliquots
of the protein (125µL, 1 mg/mL) were incubated at 22 or
42 °C for 1 h and analyzed by SEC using a Superdex 200
column, as described above. In parallel experiments, aliquots
of the protein (0.4 mL, 3µM) were introduced into a
0.2 cm quartz cuvette and analyzed by far-UV CD using a
J810 spectropolarimeter (JASCO, Easton, MD), at temper-
atures ranging from 20 to 80°C (temperature ramp rate,
5.0 °C/min). The ellipticity at 220 nm was recorded at
increments of 1°C. Full spectra were collected at 20°C with
a bandwidth of 2 nm, a response time of 1 s, and a data
pitch of 1 nm. Molar ellipticity was calculated using the
following equation:

where [θ]λ is the molar ellipticity,m is the mean residual
weight (g/mol),θλ is the ellipticity,d is the path length (cm),
andc is the protein concentration (g/L).

Urea Denaturation.Protein solutions were dialyzed against
50 mM KPi at pH 7.0 and 1 mM 2ME. Alternatively, proteins

Table 1: Subunit Association/Dissociation Parameters for DJ-1 Variants Analyzed by Sedimentation Equilibrium

protein best-fit model molecular weighta Kd (M)b

wild-type DJ-1 monomer-dimer 3.6( 0.1 x 104 5 ( 1 × 10-7

M26I monomer-dimer-tetramer 3.4( 0.1 x 104 NDc

E64D monomer-dimer 3.85( 0.04 x 104 3.4( 0.6× 10-8

C106A dimer 3.9( 0.1 x 104 NDd

wild-type DJ-1
(over-oxidized)

monomer-dimer-tetramer 2.9( 0.4 x 104 NDe

a The data are presented as the average apparent molecular weight( SD from 2 to 5 independent runs.b The results are presented as theKd (
SD from a single run in which eight or nine data sets could be used for fitting to a monomer-dimer model. The SD was estimated by comparing
the raw values from the multiple data sets within each run.c ND, not determined (due to the complexity of the monomer-dimer-tetramer model).
Data from one ultracentrifugation run were best fit to a monomer-dimer equilibrium with an estimatedKd of 2.8( 0.8× 10-7. d ND, not determined.
(Kd cannot be deduced from a dimer best-fit model.) The second best fit was to a monomer-dimer equilibrium, from which we estimated aKd

value of 1.2× 10-8 M. e ND, not determined (due to the complexity of the monomer-dimer-tetramer model). Data from one ultracentrifugation
run were best fit to a monomer-dimer equilibrium with an estimatedKd of 3 ( 2 × 10-6 M.

[θ]λ )
m‚θλ

10‚d‚c
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treated with H2O2 (see below) were eluted in 50 mM KPi

(without 2ME) from a HiPrep 26/10 desalting column. After
dialysis or desalting, the protein concentration was deter-
mined using the BCA Protein Assay kit. An aliquot of the
protein (final concentration 3 or 12µM) was treated
overnight with 0-6 M urea at 22°C. (The solutions were
prepared using a stock solution of 10 M urea in the dialysis
buffer.) Each protein sample was analyzed by far-UV CD
as described above. Spectra were recorded using the same
instrument parameters (bandwidth, response time, and data
pitch) as outlined above.

Calculation of the Apparent Free Energy of Unfolding in
the Absence of Denaturant. To facilitate the numerical
analyses of thermodynamic parameters, a reversible two-
state transition between native dimeric DJ-1 and unfolded
monomer was assumed throughout these studies (41-45).
Values of [∆Gu

H2O]app were estimated by fitting the data to
the following equations (46, 47):

where y is the observed ellipticity ([θ]obs) at a given
concentration of urea;yn andyu are the extrapolated ordinate
intercept values of [θ]obs for the native and unfolded protein,
respectively;ns and ds are the slopes of the baselines for
the native and denatured protein, respectively;fu is the molar
fraction of unfolded protein;Kd,appis the apparent equilibrium
dissociation constant;R is the universal gas constant
(0.001986 kcal/mol‚K); T is the absolute temperature (K);
m is a constant proportional to the increase in the solvent-
accessible surface area of the protein upon denaturation (48);
andPt is the total concentration of monomeric protein in M.
Values of [urea]1/2 were estimated by fitting the data to the
equations listed above, substituting [∆Gu

H2O]app with the
following expression (49):

The data were fitted using the program TableCurve 2D
(Jandel Scientific, San Rafael, CA), withr2 values of 0.99
or greater. Errors are reported as the standard errors given
by the program.

OVer-Oxidation of DJ-1.To determine the effects of over-
oxidation on the structure and stability of DJ-1, aliquots of
the purified protein were dialyzed against 10 mM Tris at
pH 8.0 to remove reductant, and the protein was treated with
a 10-fold molar excess of H2O2 for 1 h at 22°C. Excess
H2O2 was removed from each sample by exchanging the
protein into fresh buffer via elution from a HiPrep 26/10
desalting column. The protein was eluted in (i) 10 mM KPi

at pH 7.0 and 150 mM NaCl prior to thermal denaturation
analysis by far-UV CD; (ii) 50 mM KPi at pH 7.0 prior to
urea denaturation; or (iii) 10 mM Tris at pH 8.0 prior to
sedimentation analysis.

Isoelectric Focusing.To determine relative differences in
the abundance of isoforms with different pI values, recom-
binant wild-type or mutant DJ-1 was dialyzed against 10 mM
Tris at pH 8.0, and an aliquot (9µg) was loaded onto an

isoelectric focusing (IEF) gel with a pH range of 3-7
(Invitrogen). Samples were run at the following voltages in
sequence: 100 V for 1 h, 200 V for 1 h, and 300 V for 1 h.
The separated protein isoforms were imaged by silver
staining, and approximate pI values were determined by
comparison with IEF standards (Bio-Rad).

Proteolysis and Mass Spectrometry.Recombinant DJ-1
was precipitated with ice-cold trichloroacetic acid (10%,
w/v), and the pellet was washed with ethyl acetate/ethanol
(50:50, v/v) and dried. The protein was trypsinized and
prepared for analysis via liquid chromatography-tandem mass
spectrometry (LC-MS/MS) as described previously (50). The
digested, desalted protein samples were analyzed using a
Sciex QSTAR hybrid LC-MS/MS Quadrupole time-of-flight
mass spectrometer. All spectra were obtained in the positive
ion mode using nanospray ionization. Peptides identified in
each sample were sequenced in MS/MS mode. The se-
quences of the peptides were determined by subjecting the
MS/MS results to a database search using the program
Mascot (51). A Mascot cutoff score of 15 was used in these
studies (typical range of Mascot scores for a given dataset:
15-80).

RESULTS

Quaternary Structure and Stability of Wild-Type and
Mutant DJ-1. In the first part of our study, we assessed the
relative dimerization propensity of wild-type DJ-1, M26I,
and E64D via SEC using a Superdex 200 column. The wild-
type protein eluted as a single major species with an apparent
molecular weight equal to that of dimeric DJ-1 (Figure 1A).
In contrast, SEC data obtained for M26I indicated that this
variant consisted of high-molecular weight species, including
oligomers eluted in the column void volume (>600 kDa),
and a species with an apparent molecular weight of 54 kDa
(Figure 1B). The fact that the apparent molecular weight of
the 54 kDa species was greater than that of the wild-type
dimer suggested that M26I was partially unfolded and/or
existed as a mixture of rapidly equilibrating oligomers (e.g.,
dimer and trimer), in addition to higher-order aggregates. In
contrast to M26I, E64D eluted as a single peak similar to
the elution of the wild-type dimer (Figure 1C).

In parallel with SEC, we analyzed the quaternary structure
of wild-type and mutant DJ-1 via ultracentrifugation. The
data obtained for wild-type DJ-1 were best fit to a monomer-
dimer model with an estimatedKd of 5 ( 1 × 10-7 M
(Figure 2A; Table 1). In contrast, sedimentation-equilibrium
data from multiple analyses of M26I were best fit to a
monomer-dimer-tetramer model (Figure 2B; Table 1). Data
from one analysis of M26I were best fit to a monomer-
dimer equilibrium with an estimatedKd of 2.8( 0.8× 10-7

M. The data obtained for E64D were best fit to a monomer-
dimer model, with an estimatedKd 1 order of magnitude
less than that obtained for wild-type DJ-1 (Figure 2C;
Table 1).

Quaternary structural analyses of wild-type and mutant
DJ-1 were also conducted via chemical cross-linking fol-
lowed by SDS-PAGE. After treatment with the cross-linker
DSS, wild-type DJ-1 consisted of three major electrophoretic
species, apparently corresponding to the cross-linked dimer,
uncross-linked monomer, and intramolecularly cross-linked
monomer (Figure 3A). In contrast, M26I treated with DSS

y ) fu (yu + ds[urea])+ (1 - fu)(yn + ns[urea])

fu ) {-Kd,app+ ([Kd,app]
2 + 8Pt Kd,app)

0.5}/(4Pt)

Kd,app) exp{(-[∆Gu
H2O]app+ m[urea])/RT}

[∆Gu
H2O]app ) m[urea]1/2 - RT lnPt
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migrated primarily as a smear on the gel, most likely
corresponding to a heterogeneous mixture of cross-linked
oligomers, whereas the relative amount of cross-linked dimer
was significantly lower than that in the sample of wild-type
DJ-1 (Figure 3A and B). E64D exhibited a similar pattern
of cross-linked species as the wild-type protein (Figure 3A
and B).

Next, wild-type and mutant DJ-1 were characterized in
terms of secondary structure and thermodynamic stability
by far-UV CD. Spectra recorded for the wild-type protein
and E64D displayed broad negative ellipticity from 208 to
222 nm (Figure 4A), consistent with a mixedR/â structure.
In contrast, the M26I spectrum exhibited an overall reduction
in negative ellipticity from 208 to 222 nm, suggesting that
M26I had reduced secondary structure (Figure 4A). We also
assessed the stability of wild-type and M26I DJ-1 by
monitoring thermal denaturation. Wild-type DJ-1 and E64D
(3 µM) exhibited similar cooperative unfolding transitions
with averageTm values of 66.1 and 64.5°C, respectively
(Figure 4B). Both variants recovered approximately 65% of
their initial ellipticity at 220 nm upon cooling from 80 to

20 °C, albeit with some hysteresis (Figure 4C). These
findings suggested that the thermal unfolding of wild-type
DJ-1 and E64D was largely reversible (52). In contrast, M26I
had reduced absolute ellipticity that did not change with
increasing temperature (Figure 4B). Because M26I did not
undergo a cooperative unfolding transition, we were not able
to calculate aTm for this variant.

To address whether M26I has a higher propensity to form
heat-induced aggregates compared to that of wild-type DJ-1
or E64D, each protein was analyzed by SEC after incubation
at 42°C for 1 h. A heated sample of wild-type DJ-1 eluted
primarily as the native dimer, along with a minor fraction
of oligomeric species (Figure 4D). E64D remained fully
dimeric after heating, forming no detectable oligomer
(Figure 4D). In contrast to wild-type DJ-1 and E64D, heated
M26I consisted mostly of high molecular weight oligomers,
and the level of dimer was substantially lower than in the
untreated sample (compare Figure 4D to Figure 1B). These
data indicated that M26I underwent aggregation more readily
than wild-type DJ-1 or E64D at elevated temperatures.
Preincubation at 22°C for 1 h had no effect on the
chromatographic profiles of any of the DJ-1 variants
compared to untreated controls (results similar to Figure 1A-
C, data not shown).

To further explore the stability differences among wild-
type DJ-1, M26I, and E64D, we monitored the unfolding of
the proteins in the presence of chaotrope. Wild-type DJ-1
(12 µM) exhibited a cooperative unfolding transition, with
a [∆Gu

H2O]app of 10.4 ( 0.3 kcal mol-1 and an unfolding
midpoint ([urea]1/2) of 1.95 M urea (Figure 4E; Table 2). A
comparison of unfolding and refolding curves indicated that
wild-type DJ-1 recovered much of its initial ellipticity upon
refolding, albeit with some hysteresis (data not shown). This
observation suggested that the urea-induced unfolding of
wild-type DJ-1 was mostly reversible (52). In contrast, M26I
did not exhibit a cooperative unfolding transition with a
folded state baseline. Rather, the absolute ellipticity of this
mutant was markedly lower at 0 M urea and decreased
gradually upon the addition of denaturant (Figure 4E). E64D
exhibited a cooperative unfolding transition similar to that
of wild-type DJ-1, with slightly reduced values for [∆
Gu

H2O]app and [urea]1/2 (Figure 4E; Table 2)

From all of these results, we inferred that M26I has
reduced secondary structure, decreased stability, and a higher
propensity to aggregate compared to that of wild-type DJ-1.
In contrast, E64D is similar to the wild-type protein in terms
of secondary structure and thermodynamic stability.

Quaternary Structure and Stability of OVer-Oxidized Wild-
Type DJ-1.To address whether excess oxidation causes a
reduction in the stability of DJ-1, we examined the quaternary
structure and stability of the wild-type protein after exposure
to oxidizing conditions. The wild-type protein was incubated
with a 10-fold molar excess of H2O2 for 1 h at 22°C, a
treatment shown previously to cause oxidation of DJ-1 (10,
24). We refer to protein subjected to this treatment as over-
oxidized because IEF and mass spectrometry data suggested
that all of our DJ-1 variants were partially oxidized, even
prior to incubation with H2O2 (see below). Sedimentation-
equilibrium data from multiple analyses of the peroxide-
treated protein were best fit to a monomer-dimer-tetramer
model (Table 1). Data from one run were best fit to a

FIGURE 1: M26I forms high molecular weight aggregates to a
greater extent than wild-type DJ-1 or E64D. Wild-type DJ-1 (A),
M26I (B), or E64D (C) (250µL, 1 mg/mL) was injected on a
Superdex 200 (10/30) column and eluted with PBS at a flow rate
of 0.25 mL/min. Solid arrow: species with an apparent molecular
weight of 43 kDa (dimer); dashed arrow: void-volume oligomer
(>600 kDa); double dashed arrow: species with an apparent
molecular weight of 54 kDa (altered dimer).
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monomer-dimer equilibrium with a significantly greaterKd

value than that obtained for untreated, wild-type DJ-1
(Table 1). SEC analysis showed that the over-oxidized
protein had a tendency to form oligomeric species that were
absent from samples of untreated wild-type DJ-1, although
the extent of aggregation was variable (data not shown). Far-
UV CD analysis revealed an overall reduction in negative
ellipticity from 208 to 222 nm compared to that of the
untreated, wild-type protein (Figure 5A). Over-oxidized DJ-1
also underwent a less cooperative unfolding transition at

elevated temperatures (Figure 5B). From these data, we
inferred that wild-type DJ-1 converts to a form with a
tendency to aggregate under conditions of oxidative stress,
perhaps due to partial destabilization of the native dimer.

Effect of Oxidation on M26I and E64D Stability.Because
wild-type DJ-1 was destabilized by over-oxidation, we
reasoned that the relative stabilities of wild-type and mutant
DJ-1 observed earlier in this study might reflect differences
in oxidation during expression inE. coli and purification.
To address this hypothesis, we analyzed wild-type DJ-1,

FIGURE 2: Sedimentation-equilibrium analysis of wild-type and mutant DJ-1. Wild-type DJ-1, M26I, or E64D was centrifuged at 20000,
22000, and 24000 rpm at 22°C. (Only the data collected at 20000 rpm are shown.) The protein concentration was 2.20 mg/mL (O),
1.47 mg/mL (0), or 1.10 mg/mL (4) for wild-type DJ-1 (A); 1.42 mg/mL (O), 0.95 mg/mL (0), or 0.71 mg/mL (4) for M26I (B); and
2.29 mg/mL (O), 1.67 mg/mL (0), or 1.25 mg/mL (4) for E64D (C). The lower graphs illustrate plots ofr2/2 versus absorbance. The
symbols represent measured data points, and the solid lines represent best-fit curves to a monomer-dimer model (A and C) or a monomer-
dimer-tetramer model (B). The upper graphs illustrate the residuals from the fitting. The random, nonsystematic distribution of the residuals
indicates a good fit of the data to the models.
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M26I, and E64D via IEF. All three proteins (not treated with
H2O2) consisted of similar distributions of isoforms with pI
values ranging from 6.0 to 6.5 (Figure 6). Although these
results indicated that a portion of each protein was already
oxidized during expression and purification, we inferred that
the stability differences observed previously were not due
to striking differences in the extent of oxidationper se.
However, M26I exhibited an overall decrease in the relative
abundance of the most acidic isoforms (pI range∼6.0-6.1),
and this decrease correlated with the appearance of insoluble
material near the top of the gel (Figure 6). These data implied
that some acidic (oxidized) isoforms of M26I may have a
high propensity to form high molecular weight aggregates.

In parallel with the IEF analysis, oxidative modifications
of wild-type DJ-1, M26I, and E64D were characterized by
LC-MS/MS. Data obtained for representative samples are
shown in Table 3. The results indicated that all three variants
were partially oxidized to cysteine sulfinic acid (2O) or
cysteine sulfonic acid (3O) at position 106, even without
exposure to H2O2. Other modifications identified by LC-
MS/MS included methionine sulfoxide (at two different sites
on wild-type DJ-1 and M26I) and cysteine sulfonic acid (at
positions 46 and 53 of wild-type DJ-1) (Table 3). These
results confirmed that wild-type DJ-1, M26I, and E64D were

oxidized during expression and purification. Moreover, the
data supported our earlier conclusion that stability differences
among the three variants were not due to pronounced
differences in the degree of oxidation.

Quaternary Structure and Stability of C106A.Although
oxidation of cysteine 106 to the sulfinic acid is thought to
be essential for the antioxidant and chaperone functions of
DJ-1 (18, 24), it has been suggested that further oxidation
at this site may inactivate the protein (24, 37). We hypoth-
esized that over-oxidation of cysteine 106 might be partly
responsible for the destabilization and aggregation of wild-
type DJ-1 under oxidizing conditions. To address this
hypothesis, we characterized the quaternary structure and
stability of the engineered mutant, C106A. As this variant
is unable to undergo oxidation at position 106, we predicted
that it would be less susceptible to destabilization upon
exposure to H2O2 than wild-type DJ-1. Moreover, because
recombinant DJ-1 undergoes oxidation at position 106 during
expression and purification (Table 3), we speculated that
C106A might be more stable than the wild-type protein even
in the absence of peroxide treatment. IEF analysis revealed
that untreated C106A consisted of fewer acidic isoforms than
wild-type DJ-1 (Figure 7A). LC-MS/MS data indicated that
the mutant had a profile of modifications similar to that of
the wild-type protein except for the absence of oxidation at
position 106, as expected (Table 3). SEC analysis of
untreated C106A revealed a single peak corresponding to
the native dimer (Figure 7B). In addition, sedimentation-
equilibrium data obtained for the untreated mutant were best
fit to a dimer model (Table 1). Although aKd value cannot
be deduced from this model, the second best fit for these
data was to a monomer-dimer equilibrium, and in this case
the estimatedKd value was 1.22× 10-8 M. Upon cross-
linking with DSS, untreated C106A showed a distribution
of species nearly identical to that of the wild-type protein,
with no evidence of higher order oligomers (Figure 7C and
D). The SEC elution profile of C106A was unchanged after
treating the mutant with a 10-fold molar excess of H2O2 (data
not shown).

Next, we characterized the C106A mutant in terms of
secondary structure and thermodynamic stability. Far-UV CD
analysis of untreated C106A revealed a spectrum with broad
negative ellipticity from 208 to 222 nm, similar to the spectra
obtained for wild-type DJ-1 and E64D (Figure 8A). The
untreated mutant also had a greater thermal stability
(Figure 8B) and a decreased propensity to form high
molecular weight oligomers at high-temperature (Figure 8C)
compared to wild-type DJ-1. Untreated C106A exhibited a
cooperative unfolding transition in urea with a midpoint
([urea]1/2) greater than that observed for the wild-type protein
(Figure 8D; Table 2). The value of [Gu

H2O]app calculated
assuming a reversible two-state transition was also substan-
tially greater for C106A than for wild-type DJ-1 (Table 2).
The secondary structure and stability of C106A were
unaffected by treatment of the protein with excess H2O2

(Figure 8A, B, and D).

From these data, we inferred that the stability of C106A
is greater than that of wild-type DJ-1 and is unchanged by
oxidation. In turn, these findings suggest that the loss of
secondary structure and reduced stability of over-oxidized
wild-type DJ-1 result in part from the oxidation of C106.

FIGURE 3: M26I has a decreased dimerization propensity compared
to that of wild-type DJ-1 or E64D. (A) Extent of dimerization
monitored by chemical cross-linking. Wild-type DJ-1 (WT), M26I,
or E64D (10 µL, 0.2 mg/mL) was treated with DMF (vehicle
control) or the primary amine cross-linker DSS and analyzed by
electrophoresis on a 4-20% SDS-PAGE gel with Coomassie Blue
staining. Double dashed arrow: SDS-resistant DJ-1 aggregates;
double solid arrow: dimeric DJ-1; single solid arrow: monomeric
DJ-1; single dashed arrow: intramolecularly cross-linked monomer.
Molecular weight markers are shown to the left of the gel. (B)
Quantification of the extent of dimerization. For each DJ-1 variant,
relative dimerization was determined by dividing the chemifluo-
rescent signal for the cross-linked dimer (DSS lanes) by the signal
for the uncross-linked monomer (DMF lanes). The data are plotted
as the amount relative to the wild-type dimer level (mean( SEM,
N ) 3, *** P < 0.001, WT vs M26I, ANOVA with Newman-
Keuls post test).
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DISCUSSION

In this article, we characterized several variants of
recombinant human DJ-1 (wild-type, M26I, E64D, over-
oxidized wild-type, and C106A) in terms of quaternary
structure, secondary structure, and thermodynamic stability.

An advantage of examining recombinant DJ-1, as we have
done here, is that a test tube model is an isolated system so
that the data from these studies provides insight into the
intrinsic structural defects of DJ-1 that may account for its
loss of function in familial or sporadic PD. Additionally, our
protein preparations exhibited an oxidation pattern similar
to that of DJ-1 from the brains of PD patients (36), suggesting
that the biochemical and biophysical properties of recom-
binant DJ-1 may be relevant to the pathogenesis of PD.

M26I and E64D Substitutions HaVe Different Effects on
the Stability and Structure of DJ-1.Our data confirm
previous findings that recombinant wild-type DJ-1 exists as
a stable dimer with a low propensity to form higher-order
oligomers (29, 30). In contrast, M26I readily forms oligomers
or aggregates, and this effect is even more pronounced at
high temperatures. This high aggregation propensity of M26I

FIGURE 4: M26I has decreased secondary structure and reduced thermodynamic stability compared to that of wild-type DJ-1 and E64D.
(A) Secondary structure of wild-type or mutant DJ-1 (12µM) determined by far-UV CD. (B) Thermal unfolding of wild-type or mutant
DJ-1 (3µM) monitored by far-UV CD. Ellipticity was measured at 220 nm with heating at a rate of 5°C/min over a range of 20-80 °C.
(C) Refolding of wild-type DJ-1 or E64D (3µM) monitored by far-UV CD. Ellipticity was measured at 220 nm with cooling at a rate of
5 °C /min over a range of 80-20 °C. (D) Heat-induced unfolding and aggregation monitored by SEC. Wild-type or mutant DJ-1 (125µL,
1 mg/mL) was incubated at 42°C for 1 h and eluted from a Superdex 200 (10/30) column with PBS at a flow rate of 0.25 mL/min. (E)
Urea-induced unfolding monitored by far-UV CD. Wild-type DJ-1, M26I, or E64D (12µM) was incubated overnight at room temperature
in phosphate buffer containing various amounts of urea (0-6 M), and ellipticity was measured at 220 nm.

Table 2: Equilibrium Unfolding Parameters for DJ-1 Variants
Denatured with Urea

protein
Pt

(µM)
[∆Gu

H2O]app

(kcal mol-1)
m

(kcal mol-1 M-1)
[urea]1/2

(M)

wild-type DJ-1 12 10.4( 0.3 1.9( 0.2 1.95( 0.05
E64D 12 9.2( 0.5 1.8( 0.3 1.42( 0.08
wild-type DJ-1 3 9.1( 0.4 1.9( 0.3 0.81( 0.09
C106A
(untreated)

3 25( 5 5 ( 1 3.41( 0.05

C106A
(over-oxidized)

3 22( 2 4.3( 0.5 3.31( 0.03
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reflects an altered conformation of the mutant protein
compared to that of wild-type DJ-1, as suggested by (i) the
reduced absolute ellipticity observed for M26I, which may
reflect a net conversion ofR-helix to â-sheet (53, 54); (ii)
the anomalous elution time of dimeric M26I from an SEC
column; and (iii) the failure of M26I to undergo cooperative
unfolding in the presence of urea or at high temperatures.
We also show through quantitative thermodynamic analyses

that the M26I homodimer is less stable than the wild-type
dimer. Our results are consistent with reports that M26I has
reduced stability in cell-culture models (21, 32) and that
steady-state levels of M26I are increased in neuroblastoma
cells treated with proteasome inhibitor (31). In contrast to
our results from studies of recombinant M26I, cross-linking
data obtained by two groups suggest that M26I does not
exhibit a pronounced homodimerization defect in cell culture
(21, 35). This discrepancy may be due to the fact that the
cross-linking data were obtained in cells expressing endog-
enous, wild-type DJ-1 and, therefore, reported on the
formation of wild-type/M26I heterodimers in addition to
homodimers. Heterodimer formation between M26I and WT
may help stabilize the mutant protein, and this effect could
play an important role in preserving DJ-1 function in
heterozygous individuals.

Residue M26 is strictly conserved across all vertebrates,
suggesting that it is critical for the structure and function of
DJ-1 (55). The crystal structure of wild-type DJ-1 reveals
that M26 is located on the C-terminal end ofR-helix A, at
the dimer interface (25-29). This R-helix is thought to
promote dimerization by engaging in hydrophobic contacts
with R-helix A from the opposite subunit (28). Accordingly,
the M26I substitution may weaken the dimer by perturbing
this interaction betweenR-helices at the subunit interface.
Consistent with this idea, comparison of the predicted
secondary structures of wild-type DJ-1 and M26I suggests
that the M26I substitution promotes the conversion ofR-helix
A to a â-strand conformation (Figure S1, Supporting
Information), a prediction supported by our far-UV CD data
(see above). A structural perturbation in this region could
unmask nearby hydrophobic residues including M17, V20,
I21, and V23, and the exposure of these residues could in
turn promote the aggregation of M26I (28).

Evidence from the wild-type DJ-1 crystal structure sug-
gests that the M26I substitution may be especially destabiliz-
ing when the mutant protein is oxidized at C106. Two
residues in the vicinity of M26, D24 and R28, are proposed
to play a key role in stabilizing the sulfinic acid form of
cysteine 106 by forming hydrogen bonds with the sulfinic
oxygens (28). The M26I substitution may disrupt the protein
conformation in this region and, consequently, perturb the
hydrogen-bonding network. Our IEF and LC-MS/MS data
indicate that recombinant wild-type DJ-1, M26I, and E64D
are all partially oxidized at C106. In addition, the IEF data
imply that oxidized isoforms of M26I have a high propensity
to undergo misfolding and aggregation. Accordingly, a large
part of the observed decrease in stability of M26I relative to
wild-type DJ-1 may be due to destabilization of the oxidized
protein by the M26I substitution. Moreover, cell-culture data
indicate that M26I undergoes a more pronounced, oxidation-
dependent relocalization to mitochondria (21), suggesting that
the mutant is partially unfolded and more susceptible to
oxidation than the wild-type protein.

Our data indicate that E64D and wild-type DJ-1 both form
a stable dimer with nearly identical secondary structure and
cooperative unfolding transitions. Two observations suggest
that E64D may form a dimer withincreasedstability: (i)
theKd of E64D determined by sedimentation-equilibrium was
approximately 10-fold lower than the corresponding value
obtained for wild-type DJ-1; and (ii) E64D was less prone
to aggregation upon extended incubation at elevated tem-

FIGURE 5: Over-oxidized wild-type DJ-1 has decreased secondary
structure and reduced thermodynamic stability compared to un-
treated wild-type DJ-1. (A) Secondary-structure of untreated or
over-oxidized wild-type DJ-1 (3µM) determined by far-UV CD.
(B) Thermal unfolding of untreated or over-oxidized wild-type DJ-1
(3 µM) monitored by far-UV CD. Ellipticity was measured at
220 nm with heating at a rate of 5°C/min over a range of 20-
70 °C.

FIGURE 6: Wild-type and mutant DJ-1 consist of similar distribu-
tions of charged species. Untreated wild-type DJ-1, M26I, and E64D
(9 µg of each) were loaded on a native IEF gel (pH range 3-7),
and charged species were separated according to their pI values.
The pI values of IEF standards are shown to the left of the gel.
Each DJ-1 variant consisted of multiple isoforms with pI values
spanning 6.0-6.5. The dashed arrow (top of the gel) indicates a
band presumably corresponding to aggregated M26I. The solid
arrow (lower right of the gel) indicates a zone with lower amounts
of M26I compared to that of wild-type DJ-1 or E64D.
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peratures than the wild-type protein. These findings are
consistent with a report that theR-helical structure of
recombinant E64D is more thermally stable than that of wild-
type DJ-1 (56). IEF and LC-MS/MS data suggest that the
increased stability of E64D is not due to an obvious decrease
in oxidation during expression and purification. It is surpris-
ing that E64D exhibits somewhat reduced stability than wild-
type DJ-1 upon thermal or urea-induced unfolding, given
the evidence from ultracentrifugation data that E64D forms
a more stable dimer. The reasons for this discrepancy are
unclear. As one possibility, wild-type DJ-1 may be more
kinetically stable than E64D, and this difference could
partially mask the enhanced thermodynamic stability of E64D
(especially in the case of the temperature ramp). Alterna-
tively, the discrepancy could be due to the fact that the
sedimentation and denaturation analyses monitor different
molecular transitions (i.e., folded dimer to folded monomer
vs folded dimer to unfolded monomer, respectively).

Importantly, our results show that two pathogenic substitu-
tions (M26I and E64D) have strikingly different effects on
DJ-1 structure and stability. Unlike M26, E64 is not
conserved across vertebrates (e.g., rat DJ-1 has a glutamine
residue at position 64), suggesting that it may be less critical
for stabilizing the structure of DJ-1 (55). The crystal structure
of wild-type DJ-1 reveals that E64 is located at the
C-terminal end ofR-helix B, a region that is apparently
remote from the dimer interface (25-29). Additionally, the
three-dimensional structure of E64D is nearly identical to
that of the wild-type protein (8). Given these observations,
it is unclear how the E64D substitution disrupts DJ-1
structure and function in patients with familial PD. As with
other DJ-1 mutations linked to familial PD, the E64D
substitution is rare (8), and, therefore, one must consider the
possibility that the mutation is non-pathogenic. However,

data obtained in a primary cell-culture model in our labora-
tory suggest that E64D has a reduced ability to protect
dopaminergic neurons from various PD-related stresses (Liu
et al., unpublished work), implying that the substitution may,
in fact, disrupt DJ-1 function. As one possibility, the
increased thermodynamic stability of E64D may perturb
dynamic properties of DJ-1 that enable the protein to bind
mitochondria (18) or act as a chaperone (23, 24) in response
to a redox switch. Alternatively, the E64D substitution may
cause a loss of function via a mechanism unrelated to effects
on protein dynamics (e.g., by disrupting interactions between
DJ-1 and a binding partner).

Wild-Type DJ-1 Is Destabilized by OVer-Oxidation.Our
sedimentation-equilibrium data suggest that over-oxidation
causes DJ-1 dimer destabilization, resulting in subunit
dissociation and aggregation. In support of this idea, over-
oxidized wild-type DJ-1 fails to undergo cooperative unfold-
ing at high temperatures, similar to M26I. The reduced
absolute ellipticity of over-oxidized DJ-1 suggests that over-
oxidation elicits partial unfolding and/or a net conversion
of R-helix to â-sheet (53, 54), although the decreased signal
may also result from light scattering by oxidized oligomers.
Our data are consistent with recent findings that wild-type
DJ-1 forms soluble oligomers under conditions of oxidation
and heating (24).

The destabilization and aggregation of DJ-1 upon treatment
with H2O2 may be due to the disruption of hydrophobic,
polar, and hydrogen-bonding interactions that stabilize the
protein (57, 58). In contrast to our findings, Fink and
colleagues (24) reported that exposure of DJ-1 to a 10-fold
molar excess of H2O2 resulted in the conversion of C106 to
sulfinic acid, without additional modifications and with no
impact on the protein’s secondary structure. One reason for
the greater degree of oxidation observed in our study may

Table 3: Mass Spectral Data for Oxidized Peptides Derived from Wild-Type and Mutant DJ-1

DJ-1 variant peptide sequencea
predicted mass for
native DJ-1 (Da)

observed
m/z(Da)

predicted
modification

WT 13GAEEMETVIPVDVMRR28 1830.90 (924.44)2+ 1 met sulfoxide
39AGKDPVQCSRDVVICPDASL58 2072.00 (1085.10)2+ 2 cys sulfonic acid

(723.73)3+

(543.05)4+

100GLIAAI CAGPTALLAHEIGFGSK122 2209.19 (1121.60)2+ 1 cys sulfinic acid
131DKMM NGGHYTYSENR145 1801.75 (909.86)2+ 1 met sulfoxide

(606.92)3+

133MM NGGHYTYSENR145 1558.63 (788.30)2+ 1 met sulfoxide

M26I 13GAEEMETVIPVDVIRR28 1812.94 (610.67)3+ 1 met sulfoxide
99KGLIAAI CAGPTALLAHEIGFGSK122 2337.29 (796.12)3+ 1 cys sulfonic acid
100GLIAAI CAGPTALLAHEIGFGSK122 2209.19 (1121.64)2+ 1 cys sulfinic acid

(748.09)3+

133MM NGGHYTYSENR145 1558.63 (788.35)2+ 1 met sulfoxide

E64D 99KLIAAI CAGPTALLAHEIGFGSK122 2337.29 (1186.04)2+ 1 cys sulfinic acid
99KLIAAI CAGPTALLAHEIGFGSK122 2337.29 (796.10)3+ 1 cys sulfonic acid
100GLIAAI CAGPTALLAHEIGFGSK122 2209.19 (1121.64)2+ 1 cys sulfinic acid
100GLIAAI CAGPTALLAHEIGFGSK122 2209.19 (1129.30)2+ 1 cys sulfonic acid

C106A 13GAEEMETVIPVDVMR27 1674.80 (854.38)2+ 2 met sulfoxide
13GAEEMETVIPVDVMR27 1674.80 (564.60)3+ 1 met sulfoxide
13GAEEMETVIPVDVMRR28 1830.90 (616.62)3+ 1 met sulfoxide
33VTVAGLAGKDPVQCSR48 1599.84 (824.88)2+ 1 cys sulfonic acid
131DKMM NGGHYTYSENR145 1801.75 (909.82)2+ 1 met sulfoxide

(606.91)3+

133MM NGGHYTYSENR145 1558.63 (788.30)2+ 1 met sulfoxide
133MM NGGHYTYSENRVEK148 1914.84 (966.40)2+ 1 met sulfoxide

(644.61)3+

a The numbering is for DJ-1 without a histidine tag. Cysteine and methionine residues are shown in bold type.
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be that our DJ-1 preparations were more extensively oxidized
even before treatment with H2O2 because of oxidation of
the protein during expression and purification. Importantly,
however, the degree of oxidation of our DJ-1 preparations
(both before and after exposure to H2O2) are likely to be
physiologically relevant, given that DJ-1 exhibits similar
patterns of oxidative modification in the brains of sporadic
PD patients and age-matched controls (36, 37).

Our results have important implications for understanding
PD pathogenesis. Wild-type DJ-1 undergoes more extensive
oxidative modifications in the brains of sporadic PD patients
than in age-matched controls (36), and the oxidation of DJ-1
increases with age in flies, mice, and humans (37). These
findings, together with our results showing that oxidation
causes DJ-1 destabilization and aggregation, suggest that
functional impairment of wild-type DJ-1 due to oxidative
damage contributes to neurodegeneration in sporadic PD.

Oxidation at C106 Contributes to DJ-1 Destabilization.
Although C106A and wild-type DJ-1 are nearly identical in
terms of secondary and quaternary structure, our results show
that C106A is thermodynamically much more stable than
the wild-type protein (∆[∆Gu

H2O]app ) 16 ( 5 kcal/mol),
and C106A has a lower propensity to aggregate at elevated
temperatures. In addition, sedimentation data obtained for

FIGURE 7: Wild-type DJ-1 and C106A have similar dimerization
propensities. (A) Native IEF gel (pH range 3-7) showing that
C106A consists of fewer acidic species than wild-type DJ-1. The
pI values of IEF standards are shown to the left of the gel. (B)
Quaternary structure of C106A determined by SEC. C106A
(125µL, 1 mg/mL) was injected on a Superdex 200 (10/30) column
and eluted with PBS at a flow rate of 0.25 mL/min. (C) Extent of
dimerization monitored by chemical cross-linking. C106A (10µL,
0.2 mg/mL) was treated with DMF (vehicle control) or the primary
amine cross-linker DSS and analyzed by electrophoresis on a
4-20% SDS-PAGE gel with Coomassie Blue staining. Double
solid arrow: dimeric DJ-1; single solid arrow: monomeric DJ-1.
Molecular weight markers are shown to the left of the gel. (D)
Quantification of the extent of dimerization. The relative dimer-
ization of C106A was determined by dividing the chemifluorescent
signal for the cross-linked dimer (DSS lane) by the signal for the
uncross-linked monomer (DMF lane). The data are plotted as the
amount relative to the wild-type dimer level. The difference in
dimerization between wild-type DJ-1 and C106A was not signifi-
cant. FIGURE 8: C106A is resistant to the destabilizing effects of

oxidation and heating. (A) Secondary structure of untreated or over-
oxidized C106A (3µM) determined by far-UV CD. (B) Thermal
unfolding of untreated or over-oxidized C106A (3µM) monitored
by far-UV CD. Ellipticity was measured at 220 nm with heating at
a rate of 5°C/min over a range of 20-80 °C. Data for untreated
wild-type DJ-1 (from Figure 5B) are included for comparison. (C)
Heat-induced unfolding and aggregation monitored by SEC. C106A
(125 µL, 1 mg/mL) was incubated at 42°C for 1 h and eluted
from a Superdex 200 (10/30) column with PBS at a flow rate of
0.25 mL/min. (D) Urea-induced unfolding of untreated wild-type
DJ-1, untreated C106A, or over-oxidized C106A (3µM) monitored
by far-UV CD. Each variant was incubated overnight at 22°C in
phosphate buffer containing various amounts of urea (0-6 M), and
ellipticity was measured at 220 nm.
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C106A fit best to a dimer model, implying that the mutant
has a weaker propensity to undergo subunit dissociation than
wild-type DJ-1. It would seem unlikely that the markedly
enhanced stability of C106A is due to structural conse-
quences of the cysteine-to-alanine substitutionper se, given
that this type of replacement is often destabilizing (see, for
example, refs 59 and 60). Instead, we infer that the oxidation
of C106 during expression and purification destabilizes the
wild-type protein and, therefore, that C106A has enhanced
stability because it is not susceptible to oxidative modification
at position 106. In support of this idea, other groups have
reported that DJ-1 undergoes facile oxidation at C106 during
purification (24) or preparation for X-ray analysis (29).
Moreover, our IEF results indicate that untreated C106A
consists of fewer acidic isoforms than the untreated wild-
type protein, and our LC-MS/MS data reveal that C106A is
oxidized at many of the same sites as wild-type DJ-1 except
for position 106. We also show that C106A is not destabi-
lized upon over-oxidation by H2O2, in contrast to the wild-
type protein. All of these findings suggest that C106
oxidation is necessary for destabilization of the wild-type
protein, although it may not besufficientfor destabilization
because residues other than C106 are also oxidized during
expression and purification (Table 3) and upon H2O2

treatment (24). Our observation that C106A has enhanced
stability differs from previous results showing that wild-type
DJ-1 and C106A exhibit similar thermal denaturation profiles
(30). The reasons for this discrepancy are uncertain, although
it may be that our preparations of DJ-1 were oxidized more
extensively during expression and purification than those
described in the earlier study.

Previous reports have shown that substituting C106 with
alanine or serine causes a disruption of antioxidant function
(18, 32). Other studies have suggested that the oxidation of
C106 to sulfinic acid is part of a sensing mechanism in which
DJ-1 responds to oxidative modification. This mechanism
is critical for the ability of DJ-1 to respond to oxidative stress
by binding to mitochondria (18) or by suppressingR-sy-
nuclein fibrillization via a chaperone mechanism (24). The
oxidation of C106 to sulfonic acid leads to a loss of
chaperone function, suggesting that tight regulation of the
oxidation state of C106 is essential for DJ-1 function (24).
These observations, together with our finding that C106A
is more stable than the wild-type protein, raise an intriguing
question: if the oxidation of C106 is critical for modulating
DJ-1 function, then why does this modification induce DJ-1
destabilization? A key point in addressing this question is
that the modification of C106 to the sulfinic acid is favored
by hydrogen bonding (e.g., with E18) and, therefore, is
expected to be functionally relevant (18, 29). In contrast, a
sulfonic acid at C106 would not be held stable by local
hydrogen bonding and, therefore, would be predicted to cause
a loss of function. The implication of our data is that there
is a penalty associated with the oxygen-sensing function of
DJ-1, namely, the protein is vulnerable to destabilization
upon over-oxidation of C106 to the sulfonic acid, combined
with oxidative modifications elsewhere on the polypeptide
chain. Presumably, this structural penalty is tolerated early
in life when ROS levels are relatively low, whereas it may
lead to significant DJ-1 unfolding and inactivation under
conditions of elevated oxidative stress in the brains of elderly
individuals (37, 61).

CONCLUSION

In summary, we provide evidence that the familial DJ-1
mutant M26I and the over-oxidized wild-type protein adopt
unstable structures with a high propensity to form aggregates.
The M26I substitution may be especially destabilizing when
combined with oxidative modifications elsewhere on the
polypeptide chain. In contrast to M26I, E64D adopts a stable
dimeric structure similar to that of wild-type DJ-1, indicating
that not all familial substitutions cause DJ-1 destabilization.
Although the conversion of C106 to the sulfinic acid is
apparently essential for the oxidative-stress-sensing mech-
anism of DJ-1, oxidation of this residue also contributes to
DJ-1 destabilization. Our data suggest that DJ-1 may be
inactivated by over-oxidation during aging, and this age-
dependent inactivation may play a role in neurodegeneration.
From these results, we suggest that therapies aimed at
stabilizing dimeric DJ-1 and suppressing DJ-1 oxidation may
be beneficial for treating PD.
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