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(Bacl(ground: DJ-1, a protein involved in PD, protects neurons by acting as an oxidative stress sensor.
Results: Through adduct formation on DJ-1 cysteines, DAQs induce both structural perturbations and uncoupling of the sensor

Conclusion: Cys-53 is the most reactive, but Cys-106 modification induces the most severe effects.
Significance: A correlation between DJ-1 DAQ-dependent impairment and the degeneration of dopaminergic neurons
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The physiological role of DJ-1, a protein involved in familial
Parkinson disease is still controversial. One of the hypotheses
proposed indicates a sensor role for oxidative stress, through
oxidation of a conserved cysteine residue (Cys-106). The associ-
ation of DJ-1 mutations with Parkinson disease suggests a loss of
function, specific to dopaminergic neurons. Under oxidative
conditions, highly reactive dopamine quinones (DAQs) can be
produced, which can modify cysteine residues. In cellular mod-
els, DJ-1 was found covalently modified by dopamine. We ana-
lyzed the structural modifications induced on human DJ-1 by
DAQs in vitro. We described the structural perturbations
induced by DAQ adduct formation on each of the three cysteine
residues of DJ-1 using specific mutants. Cys-53 is the most reac-
tive residue and forms a covalent dimer also in SH-SY5Y DJ-1-
transfected cells, but modification of Cys-106 induces the most
severe structural perturbations; Cys-46 is not reactive. The rel-
evance of these covalent modifications to the several functions
ascribed to DJ-1is discussed in the context of the cell response to
a dopamine-derived oxidative insult.

Parkinson disease (PD)? is a progressive movement disorder
characterized by nigrostriatal dopaminergic degeneration and
by cytoplasmic intraneuronal inclusions known as Lewy bodies
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(1). PD is the most common neurodegenerative disorder after
Alzheimer disease (2). The mean age of onset is around 60
years, although in 5-10% of the cases, the onset is between the
age of 20 and 50 (1).

The molecular etiopathogenesis of PD is not understood.
Sporadic cases probably originate from a complex interaction
between multiple environmental factors and genetic suscepti-
bility. Mitochondrial dysfunction and oxidative stress were ini-
tially indicated as factors in PD pathogenesis because exposure
to environmental toxins, which inhibit mitochondrial respira-
tion and promote production of reactive oxygen species, causes
loss of dopaminergic neurons in humans and animal models
(3).

Although most PD cases are sporadic, several gene mutations
leading to familial PD have been identified in recent decades.
Monogenic forms of the disease are now reported for 5-10% of
PD patients, and at least 13 loci and nine genes are associated
with either autosomal dominant or recessive PD (4). Among
these is PARK?7, a 24-kb gene encoding DJ-1, a 189-amino acid
homodimeric protein. Specific mutations of DJ-1 are responsi-
ble for a familial, autosomal recessive early onset form of PD (5).
It has been suggested that DJ-1 is not involved only in inherited
cases but also in the more common sporadic form of the dis-
ease; elevated levels of DJ-1 have been observed in the cerebro-
spinal fluid of sporadic PD patients, leading to the suggestion
that DJ-1 could be a biomarker for early sporadic PD (6).

DJ-1 is ubiquitously expressed in both brain and peripheral
tissue. It is predominantly a cytosolic protein, but it is also pres-
ent in the nucleus of several cell types; a fraction of wild-type
(WT) DJ-1 has also been shown to localize to the mitochondria
(7).

The crystal structure of DJ-1 shows a single flavodoxin-like
Rossmann fold domain comprising a six-stranded parallel
B-sheet sandwiched by eight a-helices, a B-hairpin on one end,
and a three-stranded antiparallel B-sheet on the opposite end
(8). Although the well folded, compact structure of DJ-1 has
been known since 2003, its physiological role is still controver-
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sial. Several functions have been ascribed to DJ-1, among which
are a role in transcriptional regulation, cell signaling, and apo-
ptosis (9, 10); a low intrinsic proteolytic activity (due to its abil-
ity to act as a latent protease zymogen) (11); and a chaperone
function in inhibiting a-synuclein aggregation (12). At present,
the most corroborated and investigated function of DJ-1 is its
putative neuronal protective role against oxidative stress,
although how exactly this function is exerted is not clear (13).
Overexpression of DJ-1 has a neuronal cytoprotective effect
against oxidative stress (14, 15), whereas DJ-1 deficiency leads
to increased oxidative stress-induced cell death, both in culture
and in animal models (16, 17). It has also been shown that the
pathogenic L166P mutation impairs the neuronal cytoprotec-
tive function of DJ-1 by jeopardizing dimer formation and pro-
tein stability (18).

The existence of a tight correlation between DJ-1 and mito-
chondrial dysfunction was initially suggested by the fact that Dro-
sophila flies lacking DJ-1 exhibit increased sensitivity to environ-
mental mitochondrial toxins (17). Aberrant mitochondrial
morphology has also been observed in DJ-1-deficient cell lines,
cultured neurons, and mouse brains as well as in lymphoblast
cells derived from PD patients carrying DJ-1 gene mutations or
deletion. It has also been demonstrated that DJ-1-dependent
mitochondrial defects contribute to oxidative stress-induced
sensitivity to cell death (19).

In PD, dopamine neurons of the substantia nigra pars com-
pacta have been shown to degenerate to a greater extent than
other neurons. It has been recently reported that DJ-1 is cova-
lently modified by dopamine (DA), both in rat brain mitochon-
drial preparations and in neuroblastoma cells (20). DJ-1 as a
target of DA covalent modifications may suggest a more direct
correlation between DJ-1 and the specific degeneration of dop-
aminergic neurons in PD. Excessive cytosolic accumulation of
DA can result in self-oxidation of the catechol ring to generate
reactive oxygen species and electron-deficient DA quinones
(DAQs) (21). The highly reactive DAQs can react with cellular
nucleophiles, such as the reduced sulfhydryl group on cysteinyl
residues (22, 23), generating 5-S-cysteinyl-DA as the major spe-
cies (24) and leading to inactivation of protein function.

The observed susceptibility of DJ-1 to covalent modifications
by DA (20), together with its established role in oxidative stress
and mitochondrial dysfunction, suggests that the investigation
of the structural perturbations induced on DJ-1 by DAQs may
provide valuable insights for the comprehension of the molec-
ular mechanism of PD. Three cysteine residues are present in
the amino acid sequence of DJ-1. Cys-46 and Cys-53 are located
on two consecutive 3-strands that form part of the dimer inter-
face. The two Cys-53 residues belonging to the same dimer are
located within 4 A of each other at the dimer interface. The
third residue, Cys-106, is located at the turn between a 3-strand
and an o-helix with energetically strained backbone torsion
angles. Although it is positioned at the bottom of a narrow cleft,
Cys-106 is still solvent-accessible (25). The solvent-accessible
area of the sulfur atom is 7.72 A? in Cys-53 and 4.68 A in
Cys-106, whereas the sulfur atom in Cys-46 is completely
buried.

In the present work, we analyzed the modifications induced
on DJ-1 by DAQs, using different biochemical, biophysical, and
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computational techniques, and a neuroblastoma cellular model
to gain structural information to be correlated to protein func-
tional failure/perturbation. We investigated the reactivity of
each cysteine residue toward DA oxidation products, and we
further analyzed the specific effects induced by the modifica-
tion of each cysteine residue on the overall protein structure.
The three cysteine residues behave in very different ways, in
agreement with their most likely different roles.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Human wild-type DJ-1
c¢DNA was amplified by PCR using the pcDNA3.1/GS-DJ-1
vector, containing the full-length DJ-1 coding region as tem-
plate (a generous gift of Dr. M. R. Cookson) and synthetic oli-
gonucleotides (Sigma-Genosys) containing the Ncol and Xhol
restriction sites. After digestion with the appropriate restric-
tion enzymes, the PCR product was subcloned into the Ncol-
Xhol linearized pET28 expression plasmid (Novagen) and
introduced into Escherichia coli BL21(DE3) strain. The C53A,
C106A, C46S, and C53A/C106A mutants were generated by
site-directed mutagenesis using specific oligonucleotides.
Overexpression of the proteins was achieved by growing cells in
LB medium at 37 °C to an A4, 0f 0.6 followed by induction with
0.6 mm isopropyl B-p-thiogalactopyranoside for 4-5 h. >N-
Labeled proteins were expressed by growing cells in M9 mini-
mal medium, supplemented with 1 g/liter ['**N]ammonium
chloride. After sonication and centrifugation, the soluble frac-
tion, containing DJ-1, was subjected to a two-step (70 and 90%)
ammonium sulfate precipitation. The pellet was then resus-
pended; dialyzed against 20 mm Tris-HCl, pH 8.0, 3 mm dithi-
othreitol (DTT); and purified through a 6-ml Resource Q col-
umn (Amersham Biosciences). After purification, wild-type
DJ-1 and its mutants were stored at 4 °C in 20 mm Tris-HCI, pH
8.0, 10 mM DTT for no more than 2 weeks. Protein concentra-
tion was estimated using the extinction coefficient of the mono-
meric DJ-1 form, e = 4200 M 'cm .

Nitro Blue Tetrazolium/Glycinate Redox Cycling Staining—
Quinone-modified proteins were detected by redox-cycling
staining (26). Briefly, the protein samples, separated by SDS-
PAGE, were transferred to nitrocellulose membranes at 50 V
for 90 min at 4 °C. The membrane was first stained with Pon-
ceau S (0.1% in 5% acetic acid), resulting in a red staining of each
protein band present. After washing with water, protein-bound
quinonoids were detected by immersing the membrane in a
solution of 0.24 mM nitro blue tetrazolium, 2 M potassium gly-
cinate (pH 10.0) for 45 min in the dark, resulting in a blue-
purple stain of quinoprotein bands and no staining of other
proteins. The reaction was finally blocked by immersing the
membrane in a solution of 0.1 m borate buffer, pH 10.0.

Radioactivity Assays—The reactions were performed in a
final volume of 20 ul, at 37 °C, in 20 mMm phosphate buffer, pH
7.4, in the presence of 150 uM protein and 50 um '*C-DA (con-
taining 0.05 wCi of radioactivity). The protein/DA ratios were
1:1, 3:2, and 3:1 for the wild-type, single mutants and double
mutant, respectively, so that the cysteine/DA ratios were 3:1 in
all cases. Cold DA was added when required to obtain the
desired final DA concentration. After the addition of 10 units of
tyrosinase (Ty) (from mushroom; Sigma), the reaction was car-
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ried out for 45 min. The reaction products were separated by
13% SDS-PAGE and detected by autoradiography.

Molecular Dynamics Simulations and Analysis—The x-ray
structure with the highest resolution of the preoxidation com-
plex of human DJ-1 was selected for all of the calculations (PDB
code 20R3) (27). MD simulations were performed using the
software GROMACS 3.3 (28 -31) (see supplemental material).
The models of the covalent complexes of DJ-1 with DA were
obtained using the human DJ-1 crystal structure covalently
bound to DA (PDB code 20R3) (27). We selected the best
geometries obtained from a docking study using the covalent
bond constraint tool part of the GOLD program suite (32). Tra-
jectory analysis was performed using GROMACS and the VMD
software package (33) and plotted with QTIPLOT and GRACE.

Circular Dichroism—CD measurements were carried out on
a JASCO J-715 spectropolarimeter. The CD spectra were
acquired and processed using the J-700 software. A HELLMA
quartz cuvette with an optical path length of 0.02 cm was used.
Thermal stability was assessed following the change of the CD
signal at 222 nm while increasing the temperature from 25 to
75 °C at a constant rate of 1 °C/min. All melting curves were
recorded using a bandwidth of 2 nm and an integration time of
6 s/point. The CD spectra were recorded using a bandwidth of
2 nm and a time constant of 4 s at a scan speed of 20 nm/min.
The signal/noise ratio was improved by accumulating four
scans. Spectra were acquired on 150 um DJ-1 solutions in 20
mwm phosphate buffer at pH 7.4. CD data were also recorded on
DJ-1 samples after reaction with dopamine in a 3:2 (DJ-1/DA)
molar ratio in the presence of Ty at room temperature.

NMR Studies—All NMR experiments were carried out at
25°C on a Bruker Avance DMX600 spectrometer equipped
with a gradient triple resonance probe interfaced with a Red-
Hat Linux work station. The spectra were collected using Top-
Spin 1.3, processed using the NMRPIPE software suite, and
analyzed using the software CARA. The NMR samples con-
tained ~0.5 mM protein in H,0/D,0O (90:10, v/v), 20 mm phos-
phate buffer (pH 7.4), 1 mm DTT. NMR data were also recorded
on DJ-1 samples after reaction with dopamine in a 3:2 (DJ-1/
DA) molar ratio in the presence of Ty at room temperature.

Cellular Model—Human neuroblastoma SH-SY5Y were
obtained from the “Istituto Nazionale per la Ricerca sul Cancro”
(Genova, Italy). DMEM/F-12 (1:1), fetal bovine serum, Lipo-
fectamine 2000 reagent, Opti-MEM®I reduced serum medium,
and 2.5% trypsin were obtained from Invitrogen.

Western Blot Materials—For Western blot, we used the fol-
lowing: nitrocellulose membrane (Sigma-Aldrich), DJ-1 mono-
clonal antibody (Stressgen), monoclonal anti-3 tubulin (Sigma-
Aldrich), horseradish peroxidase-conjugated anti-mouse
(Sigma-Aldrich), mouse anti-V5 antibody (Invitrogen), BCA
protein assay kit (Thermo Scientific), and ECL plus (GE
Healthcare).

Cell Culture and Treatment—SH-SY5Y cells were grown
under sterile conditions as monolayer in DMEM/F-12 medium
(1:1) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) in a 5% CO,, humidified atmosphere at 37 °C. For
the experiments on naive cells, cells were seeded in a 100-mm
dish and allowed to reach confluence.
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Cellular Transfection and Treatments—SH-SY5Y cells were
seeded in a 6-well plate at 50% of confluence. The following day,
cells were transiently transfected with 2 ug of pcDNA3.1/GS
plasmid containing wild-type DJ-1 and the two mutants C53A
and C106A, respectively. Transfections were performed using
the Lipofectamine 2000 reagent according to the manufactur-
er’s instructions.

Protein Extraction and Western Blotting—Briefly, cells were
trypsinized, centrifuged, and resuspended in 100 ul of lysis
buffer (20 mm Tris, pH 8.0, 150 mm NaCl, 1 mm EDTA, 1%
Triton, and protease inhibitor mixture) to prepare whole-cell
lysates and maintained in ice for 30 min. Subsequently, lysates
were centrifuged at 13,000 X g for 30 min to remove cell debris,
and the supernatant was collected. Protein concentration was
determined by BCA method. Lysates were treated with 100
units of tyrosinase, 400 um dopamine, or both for 40 min. 50 ug
of total protein cell lysate were separated in a 13% SDS-poly-
acrylamide gel and transferred to a nitrocellulose membrane.
The membranes were probed with mouse DJ-1 antibody
(1:1000; Stressgen) for the naive neuroblastoma cells and with
mouse anti-V5 antibody in the case of overexpression. Mouse
anti-B tubulin (1:2000) was used as control. The incubation
with primary antibody was followed by horseradish peroxidase-
conjugated secondary antibody (1:2000) and developed with
the ECL (GE Healthcare).

RESULTS

To document the formation of a DA-DJ-1 adduct, the protein
was treated with DA in a 1:1 molar ratio in the presence of Ty,
and the reaction products were subsequently separated on an
SDS-polyacrylamide gel (Fig. 1A). The gel was developed using
the redox-cycling staining technique (26). The reaction of WT
DJ-1 with DAQs, caused by the simultaneous presence of dop-
amine and tyrosinase in the reaction mixture, yielded both DJ-1
monomeric and dimeric species covalently bound to quinoid
compounds (Fig. 1B).

The modifications induced on DJ by DAQs were character-
ized by electrospray ionization mass spectrometry (MS). A mix-
ture of DJ-1 and DA (1:1 molar ratio), reacted for 30 min in the
presence of Ty, was eluted from a reverse phase C4 column. The
HPLC analysis of the reaction mixture showed the presence of
an additional peak with a different retention time compared
with the WT protein (supplemental Fig. S1). MS analysis
revealed the presence of different amounts of protein modified
by one (+150 Da) or two (+300 Da) DAQs, suggesting that no
more than two quinones bind to each DJ-1 monomer.

To identify which residues are modified, and also to seek a
possible correlation between individual DAQ adducts and
structural perturbations induced, we decided to systematically
mutate each cysteine residue. Mutant proteins DJ-1(C53A) and
DJ-1(C106A) were cloned and purified. The single mutation of
Cys-46 (C46A) produces an unstable protein, which is prone to
degradation (25, 34), and the C46S, which we cloned and puri-
fied, is more unstable than the other single mutant proteins.
Therefore, to obtain information on Cys-46 indirectly, a double
mutant, DJ-1(C53A/C106A), was prepared. The difficulty in
expressing the single C46A mutant and the low stability of the
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FIGURE 1. Identification of DAQ adducts formed on DJ-1. WT DJ-1 samples reacted with DA and/or Ty were run on an SDS-polyacrylamide gel. A, Ponceau
S staining of the nitrocellulose membrane on which the SDS-polyacrylamide gel was transferred. B, redox-cycling staining assay run on the nitrocellulose
membrane reported in A. C, SDS-polyacrylamide gel of WT DJ-1 and mutant protein samples previously exposed to '*C-DA, in the presence of Ty, in a 3:1
cysteine/DA ratio. D, autoradiography obtained from the SDS-polyacrylamide gel reported in C. E, Western blot analysis performed using a monoclonal DJ-1
antibody on endogenous DJ-1 from cell lysates after treatment with DA and/or Ty. F, Western blot analysis performed using a V5 antibody on transfected cells
containing WT DJ-1, C53A, or C106A mutants. Cells were lysed and treated with DA and/or Ty before Western blot analysis. Mouse anti-B-tubulin was used as

an internal control.

single C46S mutant strongly suggest that Cys-46 has a more
relevant role in structure preservation than the other two.

A radioactivity assay was performed on WT DJ-1 and on the
relevant mutants available. Proteins were exposed to '*C-DA,
in the presence of Ty, in a 3:1 cysteine/DA ratio. The reaction
products were then separated by SDS-PAGE (Fig. 1C) and
detected by autoradiography (Fig. 1D). Distinct spots of radio-
activity indicated protein targets covalently modified by
4C-DAQs.

We did not observe any significant band corresponding to
DAQ conjugates for DJ-1(C53A/C106A), suggesting that Cys-
46, which is the least solvent-exposed cysteine, is hardly reac-
tive toward DAQs. On the contrary, Cys-106 and Cys-53 are
both reactive toward quinones, although the reaction products
are different. Cys-53 seems to be the most susceptible to the
attack by the DAQs; the presence of covalent dimers in addition
to the modified monomer (Fig. 1D) can be explained by the
location of Cys-53 at the dimer interface, close to Cys-53'. The
reaction of both Cys-53 and Cys-53" with the same DAQ mol-
ecule would result in the formation of covalent dimeric species
bridged by DAQ. Modification of Cys-106 by DAQs preferen-
tially generates high molecular weight species (Fig. 1D). In the
case of WT DJ-1, both DAQ-modified dimers and high molec-
ular weight species are formed, indicating that modifications on
both residues are simultaneously present.

The DAQ-dependent modifications of DJ-1 and its mutants
were also evaluated in a cellular model. Using the procedure

AV N
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previously described for the detection of parkin-DAQ adducts
in cell lysates (35), we investigated the effects induced by dop-
amine oxidation products on endogenous WT DJ-1 using a
monoclonal DJ-1 antibody in a Western blot analysis (Fig. 1E).
In analogy with what we described previously for the recombi-
nant protein in vitro, we observed that the formation of dimers
of endogenous WT DJ-1 occurs only in the presence of both
dopamine and tyrosinase.

To confirm the behavior of DJ-1 mutants toward DAQs in a
cellular model, we transiently transfected SH-SY5Y cells with a
pcDNA3.1/GS plasmid containing either WT DJ-1 or one of the
mutants, C53A or C106A. Western blot analysis was performed
on cell lysates pretreated with both DA and Ty, using a V5
antibody to visualize only the overexpressed proteins (Fig. 1F).
Although the WT and the C106A mutant show a comparable
pattern of monomeric and dimeric forms, the mutation of
Cys-53 precludes the formation of the dimers with a behavior
that reproduces the results obtained in vitro.

A more detailed structural analysis of the effects of DAQs on
DJ-1 was carried out by NMR spectroscopy. "H-">N HSQC
spectra were initially recorded on both WT DJ-1 and the pro-
tein treated with DA oxidation products in a 1:1 molar ratio.
The protein/DA molar ratio was later reduced to 3:2 to improve
the quality of the NMR spectra. A significant decrease of signal
intensity in the HSQC spectrum of the modified protein was
detected for almost all of the residues assigned. A significant
shift of some peaks, the disappearance of others, and the
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FIGURE 2. "H-"°N HSQC spectra. Shown is WT DJ-1 before (black) and after
(red) DAQ exposure in a 3:2 protein/DA ratio. Spectra were recorded at 298 K,
0.5 mm protein concentration, pH 7.2. Inset, enlarged view of the boxed
region.

appearance of new ones support a modification of the chemical
environment throughout the protein sequence (Fig. 2). These
data suggest that the perturbation induced by DAQs is
extended to most of the protein structure. The total number of
peaks after the reaction is compatible with a heterogeneous
sample.

The HSQC spectra of the C53A and C106A mutants showed
similar signal dispersion compared with the WT protein, and
the peaks were essentially in the same positions. The few excep-
tions were those resonances arising from residues immediately
adjacent to the mutation site, which experience larger changes
in chemical shifts. These data strongly indicate that mutation of
either cysteine does not lead to significant modifications of the
protein folding. Because no quinoprotein formation was
detected in the radioactivity assay for the double mutant, no
further analysis was performed on this protein.

DAQ modifications on the C53A mutant induced significant
perturbations of the spectrum compared with the non-reacted
protein, as revealed by the overlap of the HSQC spectra
reported in Fig. 3A. In the HSQC spectrum of the modified
protein, many of the newly formed peaks display a significant
reduction of chemical shift dispersion, indicating that adduct
formation on Cys-106 induces also a partial unfolding of the
mutant protein. On the contrary, the C106A mutant appears to
be much less affected by exposure to DAQs (Fig. 3B).

In Fig. 4, the normalized intensity ratio of the HSQC peaks
before and after DAQ modification are reported for each DJ-1
residue, both for the WT and for the two mutant proteins. The
patterns of signal intensity loss for W'T DJ-1 and for the C53A
mutant are very similar (Fig. 4, A and B), suggesting that the
perturbation of the overall structure induced by DAQs on the
two proteins is similar. For the C106A mutant, the few detected
significant chemical shift variations and signal intensity reduc-
tions can be ascribed to residues around Cys-53 (i.e. the cys-
teine modified by DAQs) (Fig. 4C).
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FIGURE 3. 'H-"°N HSQC spectra of DJ-1 mutants. Spectra were recorded
before (black) and after (red) DAQ exposure in a 3:2 protein/DA ratio. Spectra
were recorded at 298 K, 0.5 mm protein concentration, pH 7.2. A, C53A; B,
C106A.

The intensity ratios of the HSQC peaks after and before DAQ
modifications were mapped on the published crystal structure
(PDB code 1P5F) (8) of the WT protein using different colors
(from green to red) according to the increasing induced struc-
tural perturbations (Fig. 4, right panels). DAQ modification on
the WT protein causes a significant alteration of the overall
protein, which is not relieved in the C53A mutant. On the con-
trary, mutation of residue 106 leads to a surprisingly localized
perturbation. A possible involvement of Cys-46 was excluded
by the radioactivity assays on DJ-1(C53A/C106A), making
modifications of only Cys-53 responsible for the effects
observed in the spectra of the C106A mutant. A possible reac-
tion of Cys-46, modulated by the presence of Cys-53, is also
ruled out by the extremely similar signal intensity loss observed
for DAQ-modified WT and C53A mutant proteins (Fig. 4B).
Taken together, these data suggest that the most important
structural changes are induced by modification of Cys-106.
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FIGURE 5. Effect of the DAQs on the CD spectra of DJ-1. A, far-UV CD spectra
of WT DJ-1 recorded at 298 K before (continuous line) and after (dashed line)
DAQ exposure in a 3:2 protein/DA ratio. Protein concentration was 150 um in
20 mm phosphate buffer, pH 7.4. B, thermal stability curves recorded before
(black) and after (gray) DAQ exposure in a 3:2 protein/DA ratio. Solid line, WT
DJ-1; dashed line, C53A,; dotted line, C106A.

The structural effects induced on WT DJ-1 by DAQ covalent
modification were also investigated using CD spectroscopy. At
pH 7.4 and 25 °C, the far-UV CD spectrum of WT DJ-1 is typ-
ical of a well folded polypeptide with a substantial amount of
helical content (Fig. 5A), as already reported (18). WT DJ-1 was
reacted with the oxidation products of DA in a 3:2 molar ratio.
The CD spectrum of the DAQ-modified WT protein was vir-
tually unchanged (Fig. 5A4), suggesting that the modifications
induced by DAQs on the overall secondary structure of DJ-1, if
present, are below the detection limits of this technique.

To assess whether the perturbations observed in the NMR
spectra affect the structural stability of DJ-1, we performed
thermal denaturation experiments by monitoring the ellipticity
at 220 nm while increasing the temperature (1 °C/min) from 25
to 75 °C (Fig. 5B). The WT protein underwent unfolding with a
melting temperature (T,,) of 60 °C. Although the melting tem-
perature of the DAQ-modified protein is only slightly lower
(T,, = 59°C) than that of the WT, the transition displays a
significant loss of cooperativity (Fig. 5B). For both modified and
non-modified proteins, significant precipitation occurred dur-
ing the unfolding process (data not shown).
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The temperature melting curves of DJ-1(C53A) and
DJ-1(C106A) at 220 nm are also reported in Fig. 5B. Both
mutant proteins exhibit sigmoidal unfolding transitions, as
observed for the WT; the observed midpoint temperatures sug-
gest a decreased stability of the C53A mutant (T, = 57 °C) and
an increased stability of the C106A mutant (7', = 64 °C).

Similar to the WT protein, a decrease in thermal stability was
observed for both mutants treated with quinones. Although
mutant C106A is only slightly affected by DAQ modification
(AT,, = —1°C), a significant thermal destabilization is
observed for the DAQ-modified C53A mutant (AT, = —5°C)
(Fig. 5B). The unfolding transition curve of the latter DAQ-
modified mutant is less cooperative than that of the modified
WT protein, although the final unfolded state is the same as for
the unmodified mutant, at variance with the WT protein.

The sigmoidal thermal unfolding curve of the C46S
mutant shows a midpoint temperature of 46 °C, suggesting
that this mutation induces a significant decrease in struc-
tural stability (see supplemental material). Modifications of
the thermal unfolding transition induced by DAQ binding to
the protein are not significant when compared with the
remarkable intrinsic instability of the unmodified C46S
mutant (data not shown).

The thermal stability data are in line with the structural
information obtained by NMR. Mutant C106A, which is only
slightly perturbed by DAQs, is also extremely resistant to ther-
mal unfolding and largely retains the cooperative behavior of
the unmodified protein. On the contrary, the C53A mutant is
significantly affected by DAQs and shows remarkable thermal
instability, which can be ascribed to the effect of the modifica-
tion of Cys-106 by DAQ. This perturbation leads to the effects
observed in the HSQC spectrum of the DAQ-modified C53A
mutant and to the sizable loss in cooperativity in the thermal
unfolding, without necessarily affecting the overall protein sec-
ondary structure, as observed previously in the CD spectra.
Upon DAQ exposure, the presence of Cys-53 is essential for
protein covalent dimerization (Fig. 3), which may be responsi-
ble for the observed loss in cooperativity during the thermal
unfolding process.

Several MD simulations were performed to evaluate the pos-
sible structural effects induced by DAQ conjugation to either
Cys-53 or Cys-106. The DAQ-modified covalent dimer was
also analyzed.

To reduce ambiguous molecular contacts in the Cys-DAQ
adducts, the initial positions of the DAQs were selected
through a molecular docking study, performed with the GOLD
suite package 4.0 (32). The conformation selected for MD is
similar to that in the crystal structure (PDB code 2RI1T),
released in 2008 with no associated reference, in which a single
DAQ is conjugated to DJ-1 on Cys-53.

Residue Cys-106 is located in the core of a pocket. The dock-
ing returns one energetically favorable conformation, stabilized
by two hydrogen bonds between the two hydroxyl groups of
dopamine and the backbone of Gly-75 and Asn-76; in addition,
the side chain of Asn-76 is involved in a hydrogen bond with the
DAQ amino group.

A 30-ns-long molecular dynamics simulation was used to
elucidate the behavior of the DJ-1 non-covalent dimer. The
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FIGURE 6. MD simulations of DAQ-bound DJ-1. A, comparison of the RMSD profiles from the respective initial backbone structures over the simulation time.
Black, WT DJ-1; red, DJ-1 with Cys-53 covalently bound to DAQ; green, DJ-1 with Cys-106 covalently bound to DAQ; blue, DAQ-bridged covalent dimer. B,

residue-based RMSF during the simulation. The profiles are colored as in A.

backbone root mean square deviation (RMSD) of each step, in
comparison with the starting geometry, does not show any sig-
nificant change after 10 ns (Fig. 6A4). The same elements of
secondary structure are present during the entire simulation.
The B-sheet forming the core of each monomer is strictly con-
served, and so is the a-helix («1) located at the dimer interface.
Specifically, the accessible surface area of the three cysteines is
unvaried during the simulation. The most relevant root main
square fluctuations (RMSF) were observed in specific regions
(i.e. 37—42(B2), 58— 65(B83), and 127-139(a:6)) (Fig. 6B). These
regions are directly exposed to the solvent, and the degree of
mobility they show does not affect the remarkable stability of
the complex. These backbone mobilities are in agreement with
other in silico studies, although the published MD simulations
on DJ-1 mainly focus on disease-linked mutations (36-38).

AV N
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These results are also confirmed by published NMR relaxation
measurements and B-factor values from x-ray crystallography
(8, 39).

Cysteine 53 is located in a long loop involved in protein
dimerization, characterized by the presence of short B-sheet
regions. The conformational perturbation induced by modifi-
cation of both Cys-53 and Cys-53" was followed through the
RMSD of the trajectory compared with the starting geometry.
After 22 ns, the complex lies in an equilibrium state, as shown in
Fig. 6A. The RMSF profile of each residue during the simulation
is similar to that of the WT protein, with only few residues
showing an increased mobility (Fig. 6B). Specifically, the (32
region shows wider perturbations, compatible with its flexible
nature, as already underlined in the simulation of the WT pro-
tein. The most important effect is evident on Cys-53, which is
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directly involved, with an RMSF of 3.2 A. The essential dynam-
ics analysis shows a notable agreement with what was observed
in the HSQC spectra. The filtered trajectory projected along the
first eigenvectors shows a residue-based RMSF profile compat-
ible with the decrease of the signal intensity observed by NMR
(Fig. 7). The superimposition of the final complex with the WT
protein, based on the Rossmann fold portion, shows that the
perturbation is strictly localized in the 37— 68 region and that it
does not affect the protein folding.

The distance between the CA of the two Cys-53 residues
varies between 8 and 12 A during the simulation as a conse-
quence of the steric hindrance between the two DAQs and of
the intrinsic mobility of the loop where the cysteines are
located. A similar effect is observed when only one of the two
Cys-53 residues present in the dimeric structure is bound to a
DAQ molecule. We suggest that the mobility of region 37— 68
plays a key role in the formation of the DAQ-mediated covalent
dimer. When bound to the first residue, the DA is still exposed
and available to further oxidation. The second cysteine is
located in the proximity of the novel DAQ species, justifying the
reaction between the thiol group and the C2 carbon. Several
studies have reported the different reactivity of the carbon ring,
and the double conjugation at C2 and C5 is the second major
product after the single conjugation on C5 (27, 40).

A 30-ns-long simulation was performed and compared with
that of the WT DJ-1 protein. We observed lower RMSD values
of the structure along the trajectory (Fig. 6A4), which reaches a
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plateau after 5 ns. Specifically, a lower mobility is evident in the
flexible regions 82, 33, and a6 (residues 38 —70 and 126 —136)
as shown by the RMSF plot (Fig. 6B). The superposition of the
40-60 segments of each monomer in comparison with WT
DJ-1, reported in supplemental Fig. S2, shows the conformation
adopted by the DAQ in the covalent bridge and the position of
the relevant cysteines in WT DJ-1. The covalent bond improves
the stability of the dimeric form with no perturbations on the
secondary structure and on the protein topology.

The structural effect of DAQ conjugation on Cys-106 was
evaluated by a 30-ns-long MD simulation. The global folding is
stable during the simulation time; the total amount of second-
ary structure is unchanged. The backbone RMSD during the
simulation mainly shows changes in the first 12 ns, after which
only the flexible segments of the protein show fluctuations (Fig.
6A). The fluctuation of the filtered trajectory along the first
eigenvector highlights a major effect in comparison with Cys-
53, involving several segments of the protein: 36 —68, 80-95,
115-148, and 155-187 (Fig. 7). Specifically, also the B-strand
forming the core of DJ-1 and representing the most stable
portion of each monomer is perturbed (supplemental Figs.
S2 and S3). A generalized structural perturbation is also in
line with the decrease in the NMR signal intensity (Fig. 4). In
these results, the Cys-106-DAQ adduct displays a local reor-
ganization, whereas the secondary structure is substantially
preserved.
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DISCUSSION

PD is characterized by the specific death of dopaminergic
neurons, and oxidative stress is recognized as a factor involved
in the etiopathogenesis of the disease. DJ-1 is known to have a
role in oxidative stress response (10, 25), although the exact
mechanism through which this function is carried out is not
clear. Several studies on DJ-1 pathologic mutants suggested
that, although its function is not yet fully understood, DJ-1 is
implicated in PD through a loss of function mechanism (18, 41).
Direct targeting of DJ-1 by products of oxidative stress could
account for the observed loss of function of this protein, as has
already been shown for other proteins (20). DJ-1 covalently
modified by DA oxidation products has been found both in
brain mitochondrial preparations and in SH-SY5Y cells (20).
The structural and functional effects induced by DA oxidation
products could provide the rationale to unravel the selective
death of dopaminergic neurons observed in PD.

We focused our efforts on the elucidation of the perturba-
tions induced by electrophilic attack of DAQs on DJ-1 previ-
ously observed to occur in vivo (20). We showed that WT DJ-1
reacts with DA derivatives, producing DAQ-conjugated DJ-1 as
well as DAQ-modified covalent DJ-1 dimers and high molecu-
lar weight species. Two of the three cysteine residues of DJ-1
(Cys-53 and Cys-106) are reactive toward DAQs. Cys-53 is
completely accessible to the solvent, whereas Cys-106 is less
solvent-exposed. The third cysteine, Cys-46, does not seem to
be involved in the reaction with DAQs.

The DAQ covalent modification of Cys-53 does not perturb
the structure of DJ-1, as indicated by the very similar thermal
stability of the C106A mutant before and after reaction with
DAQs. DAQ binding to Cys-53 affects a limited number of res-
idues, almost exclusively those in close proximity to Cys-53
(37— 68 region), leading to a substantial preservation of the pro-
tein native fold. A significant portion of the protein forms a
covalent dimeric species upon reaction with DAQ, through fur-
ther oxidation of the Cys-53-bound DA and reaction with the
free Cys-53 of the opposite monomer. The formation of a cova-
lent dimer between Cys-53 and Cys-46 of two different DJ-1
monomers is quite unlikely, given the poor reactivity of Cys-46
and the significant perturbation of the dimeric native structure
it would cause, contrary to what was observed.

The covalent dimer formation through Cys-53 in the pres-
ence of DAQs was tested also in a cellular model. In the lysate of
SH-SY5Y cells transfected with WT, C106A, or C53A DJ-1 and
treated with the DAQ-generating solution, dimers were
detected only in the WT protein and in the C106 A mutant. This
result clearly indicates that the formation of a covalent bond
between two DJ-1 monomers of the same dimer is an event that
can happen in cells and occurs through bridging of the two
Cys-53 residues by a DAQ molecule.

Our results are relevant to the pathology because two distinct
studies reported different isoforms of SDS-resistant DJ-1
dimers from extracts of human frontal cortex tissues of post-
mortem PD brains (42, 43). The authors did not investigate the
nature of the covalent dimeric form, but bridging of the two
monomers through Cys-53 by a DAQ molecule, as described
here, is a strong possibility. Also, Logan et al. (38) have recently
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reported that the proposed chaperonic activity of pathologic
mutants of DJ-1 can be restored through the formation of a
disulfide bond linking the two monomers of a properly engi-
neered V51C DJ-1 mutant. On these grounds, it is conceivable
that the DAQ-mediated dimerization process may modulate
the chaperonic activity of the WT protein.

DAQ conjugation to Cys-106 leads to the most significant
structural destabilization, resulting in a substantial conversion
of the protein into DAQ-modified high molecular weight spe-
cies. The structural perturbation induced by DAQs on the
C53A mutant and on the WT protein are quite similar; specif-
ically, the core of the Rossmann fold of DJ-1 is not changed by
the modification, and the most affected region comprises the
residues close to Cys-106. A partial thermal destabilization also
characterizes the DAQ-modified C53A mutant compared with
the non-conjugated protein. It is not surprising that the DAQ
can be hosted in this relatively internal region of the protein at
the dimer interface because the region around Cys-106 shares a
strong homology with the cysteine protease family, and conse-
quently the presence of another chemical entity should be well
accepted in the region that normally binds the substrate in the
homologous proteases.

It has been suggested that aggregation of DJ-1 may contrib-
ute to the pathogenesis of several neurodegenerative diseases,
including PD. Insoluble aggregates of DJ-1 have been observed
in brains of patients with neurodegenerative diseases (44), and a
dramatic increase of insoluble DJ-1 has been observed in brains
of sporadic PD patients (45). The high molecular weight DAQ-
modified oligomers, which we observed upon reaction of dop-
amine quinones with DJ-1, and specifically with Cys-106, might
be the precursors of the aggregates observed in vivo in PD
patients. The formation of these oligomers, which eventually
become insoluble and precipitate, could rationalize the loss of
DJ-1 function, associated with the key residue Cys-106, impli-
cated in PD.

A DJ-1 aggregation hypothesis has been proposed through
x-ray crystallography (46), PDB code 3BWE. In this structure,
DJ-1 dimers are linearly stacked through phosphate-mediated
interactions to form protofilaments, which are then bundled
into a filamentous assembly. The overall secondary structure of
each DJ-1 dimer in these oligomers/aggregates is preserved
quite well, similar to what we observed in vitro, for the DAQ
bound to Cys-106 (C53A DJ-1 mutant).

Cys-106 has proven to be tightly implicated in oxidative
stress control and mitochondria association (25). The oxidation
of the highly conserved Cys-106 to cysteine-sulfinic acid has
been proposed as a key signaling mechanism to control DJ-1
mitochondria localization in response to oxidative stress. Spe-
cifically, the abilities of DJ-1 mutants to oxidize, translocate to
mitochondria in response to oxidation, and protect against tox-
icity are correlated (25, 47). The formation of cysteine-sulfinic
acid would also justify the pI shift from 6.2 to 5.8 observed upon
exposure of DJ-1 to oxidative insults. Mutation of Cys-106
(C106A) prevents the formation of oxidized DJ-1 isoforms in
intact cells and, as a consequence, impairs the protein’s neuro-
protective function (25). Strong support for such a mechanism
is provided by an abundance of acidic DJ-1 forms in post-mor-
tem brain samples of sporadic PD patients (42). The covalent
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adduct formed with residue Cys-106 upon reaction with DAQ
would most likely compromise DJ-1 function, both inhibiting
Cys-106 redox activity and affecting protein structure.

The covalent dimers, which we observed in the C106A
mutant upon reaction with DAQs, would preserve the oxidative
stress control activity exerted by Cys-106 at least in part. Nev-
ertheless, because they perturb protein unfolding, they would
most likely compromise the mitochondria association process.

Most recently, the cytoprotective effects of DJ-1 have been
suggested to be mediated by the suppression of ASK1 (apopto-
sis signal-regulating kinase 1) pathways. Specifically, it has been
proposed that DJ-1 binds ASK1 in a Cys-106-dependent man-
ner (34, 48) because mutation of this residue inhibits not only
the protein’s cytoprotective activity but also its actual binding
to ASKI1. Although the engineered oxidation-mimicking
mutants C106D and C106E did not bind to ASK1, the substitu-
tion of Cys-106 with two acidic residues as in the C106DD and
CI106EE mutants, resulted in binding to ASK1 and in partial
cytoprotection. Therefore, the full cytoprotective activity of
DJ-1 seems to require a more complete, mixed disulfide-medi-
ated incorporation into the ASK1 signalosome, for which Cys-
106 is necessary. It has been suggested that the C106DD muta-
tion only “opens” the conformation of DJ-1 to reveal ASK1
binding site(s), resulting in the observed ASK1 binding and par-
tial cytoprotection (34). Also this functional hypothesis
requires Cys-106, which would be severely compromised by
DAQ binding. The limited structural alteration that we
reported when DAQs bind to Cys-53 would also partially affect
DJ-1 activity by modulating it but most likely would not fully
compromise its function.

One of the functions accredited to DJ-1 and initially widely
endorsed was its ability to act as a chaperone by preventing the
aggregation of some proteins, including a-synuclein. Initially,
Cys-53 was identified as the key residue for the redox-sensitive
chaperone activity of DJ-1 (12). However, this is in conflict with
more recent data, which show that oxidation of Cys-106 to
sulfinic acid is critical to prevent a-synuclein aggregation (49).
The sulfinic Cys-106 form seems to be the only one able to
trigger the chaperone activity of DJ-1 because further oxidation
leads to partial loss of protein structure and consequent aboli-
tion of its chaperone activity (49). Protein inactivation induced
by strong oxidation of Cys-106 is caused by partial protein
unfolding and the formation of high molecular weight species.
These effects strongly resemble the ones induced by DAQ
attack on Cys-106 and characterized in this work.

Independent of what the real physiological role of DJ-1 is and
of what molecular pathway correlates the protein to PD, the
data presented here highlight the delicate role played by residue
Cys-106 in DJ-1 under stress conditions induced by DA oxida-
tion products. We described the structural perturbations
induced by DAQ adduct formation on each of the three cys-
teine residues in the sequence of DJ-1. Cys-53 is the most reac-
tive residue, but modification of Cys-106 induces the most
severe structural perturbations. Any of the multiple Cys-106-
dependent functions that have been ascribed to this protein
would most likely be lost if DAQs bind to Cys-106, whereas
modifications at Cys-53 might reduce but not eliminate the
ability of DJ-1 to control oxidative stress. On the other hand,
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DAQ binding to Cys-53 leads to the formation of DAQ-modi-
fied covalent dimers, which resemble the SDS-resistant DJ-1
oligomers detected in human frontal cortex tissues of post-
mortem PD brains (42, 43).

Our findings suggest that oxidative stress, and specifically
highly reactive dopamine-derived quinones, are responsible for
DJ-1 function impairment, which can lead to loss of cellular
control over oxidative stress and to incorrect protein compart-
mentalization. DJ-1 as a target of dopamine covalent modifica-
tions suggests a direct correlation between DJ-1 impairment
and the specific degeneration of dopaminergic neurons
observed in Parkinson disease.
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