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Abstract
Although the precise biochemical function of DJ-1 remains unclear, it has been found to exert
cytoprotective activity against oxidative stress. Cys106 is central to this function since it has a
distinctly low pKa rendering it extremely susceptible for oxidation. This characteristic, however,
also poses a severe hindrance to obtain reduced DJ-1 for in vitro investigation. We have developed
an approach to produce recombinant human DJ-1 in its reduced form as a bona fide basis for
exploring the redox capacities of the protein. We solved the crystal structure of this DJ-1 at 1.56 Å
resolution, allowing us to capture Cys106 in the reduced state for the first time. The dimeric
structure reveals one molecule of DJ-1 in its reduced state while the other exhibits the
characteristics of a mono-oxygenated cysteine. Comparison with previous structures indicates the
absence of redox dependent global conformational changes in DJ-1. The capture of reduced
Cys106 is facilitated by stabilization within the putative active site achieved through a glutamate
side chain. This side chain is provided by a crystallographic neighbor as part of a ‘Leu-Glu’ motif,
which was added to the C-terminus of DJ-1. In the structure this motif binds DJ-1 in close
proximity to Cys106 through extended hydrophilic and hydrophobic interactions depicting a
distinct binding pocket, which can serve as a basis for compound development targeting DJ-1.
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1. DJ-1: Cys106 and reactive oxygen species
Reactive oxygen species (ROS) are formed in cellular processes that regulate metabolism,
host defense, and apoptosis (Thannickal and Fanburg, 2000). The machinery of antioxidant
enzymes and small molecule scavengers not only detoxify excess ROS and protect against
cellular oxidative stress buildup but also maintain intracellular reducing environment
(Mathers et al., 2004). Dysregulated production of ROS due to genetic defects and
environmental factors have been implicated as a major contributing factor for cancer,
neurodegenerative diseases and aging (Migliore and Coppede, 2002).
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A small 21 kDa DJ-1 (also known as PARK7) has been implicated in protection against
ROS (Takahashi-Niki et al., 2004; Yokota et al., 2003) and is over expressed in multiple
cancer settings, including lung, prostate and breast cancer (Hod, 2004; MacKeigan et al.,
2003; Nagakubo et al., 1997). Over expression of DJ-1 was shown to effect cell survival and
impart cytoprotection against oxidative damage of cancer cell lines by modulating the PI3K/
PTEN/AKT pathway (Kim et al., 2005). Additionally, DJ-1 has been implicated as a target
protein for certain sperm toxicants and has been assigned an essential role in mouse
fertilization (Klinefelter et al., 1997; Klinefelter et al., 2002; Wagenfeld et al., 1998).
Genetic mutations in DJ-1 were demonstrated to contribute to the early-onset of familial
Parkinson’s disease (Abou-Sleiman et al., 2004; Bekris et al., 2010; Moore et al., 2005).
Recently, exposure to herbicides such as rotenone and paraquat were implicated to cause
sporadic form of Parkinson’s disease by affecting DJ-1 oxidative status in dopaminergic
neuronal cells (Menzies et al., 2005; Meulener et al., 2005). These studies, despite the fact
that the precise biochemical function of the protein still remains unclear, suggest that DJ-1 is
an oxidative stress response protein (Hao et al., 2010; Lev et al., 2006; McCoy and
Cookson, 2011).

Structurally, human DJ-1 folds into a three-layered α-β-α sandwich architecture, which
assembles to form a homodimer (Tao and Tong, 2003; Wilson et al., 2003). The overall fold
of DJ-1 is conserved from bacteria to humans and is structurally classified into the class I
glutamine amidotransferase family.

Human DJ-1 contains three cysteine residues (Cys46, Cys53 and Cys106). The most
evolutionarily conserved cysteine, Cys106, is critical for DJ-1’s cytoprotective function and
is situated at the tip of a sharp turn between a β-strand and α-helix, which commonly bears
the catalytic nucleophile in α/β hydrolases (Heikinheimo et al., 1999; Wilson, 2011). The
most notable feature of DJ-1 Cys106 is its depressed pKa value of 5.4 rendering its thiol
moiety highly susceptible for oxidative modification (Witt et al., 2008). This is exemplified
by previous high-resolution crystal structures of DJ-1 that commonly show oxidation of
Cys106 to its sulfinic acid form (Blackinton et al., 2009; Canet-Aviles et al., 2004). The
high susceptibly of DJ-1 to oxidation furthermore causes severe difficulties in obtaining
reduced DJ-1 as basis to study DJ-1 function and drug compound development targeting the
DJ-1 putative active site.

Here we present a method for obtaining reduced DJ-1 as well as the crystal structure of DJ-1
with Cys106 preserved in its reduced state by an artificial ‘Leu-Glu’ motif revealing new
means of cysteine stabilization and a basis for targeting the putative active site of DJ-1.

2. Details of expression, purification, mass spectrometry, and crystal
structure determination

Full-length human DJ-1 (189 aa) was cloned into NdeI and XhoI sites of pET29a, which
encodes a tag-less DJ-1 with vector-derived Leu-Glu residues at the carboxy-terminus (191
aa). The DJ-1 was expressed in BL21(DE3) cells by induction with 0.2 mM IPTG at 20°C
overnight. Bacterial cell pellets were suspended in 10 ml lysis buffer (50 mM MES pH 5,
1mM TCEP, 300U DNaseI, 3.5 mM MgCl2, 0.4 mg/ml lysozyme) and the cells were
disrupted by sonication. Following centrifugation, the supernatant was passed through a 0.45
μm filter and DEAE resin (50 mM MES, 1mM TCEP, pH 5.0). The DEAE unbound
material was loaded on superdex 200 column (10 mM MES, 1mM TCEP, pH 5.0), yielding
a highly enriched DJ-1 protein fraction (Fig. 1A).

Cysteine oxidation status of the purified DJ-1 was analyzed by NanoLC/MS/MS.
Essentially, DJ-1 in 10 mM MES, 100 mM NaCl and 1mM TCEP, pH 5.0 was directly
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transferred to boiling 10% SDS, prior to mixing with SDS-PAGE sample buffer. After
electrophoresis and coomassie staining, gel bands were reduced and alkylated with 5 mM
DTT and 15 mM iodoacetamide followed by in-gel tryptic digestion. Resulting peptides
were concentrated, desalted and then analyzed by automated NanoLC-LTQ MS/MS (see
supplement for additional detail).

Diffraction quality DJ-1 crystals were grown at 293K by sitting-drop vapor diffusion
method by mixing 2.5 μl of DJ-1 (~12mg/ml) and 2 μl of precipitant solution (45% (v/v)
polyproylene glycol 400, 0.1 M Bis-Tris, pH 6.5, 1 mM TCEP) and equilibrating with 50 μl
of reservoir solution (precipitant solution containing 10mM TCEP). DJ-1 crystal was flash-
frozen in liquid nitrogen after briefly rinsing it with precipitant solution. X-ray diffraction
data at 1.54 Å were collected on a Rigaku R-AXIS HTC image plate system mounted on a
Rigaku FR-E SuperBright Ultra high-intensity rotating anode X-ray generator. Data were
integrated in XDS (Kabsch, 2010), analyzed and converted to MTZ in Pointless (Evans,
2006) and scaled in Scala of CCP4 suite (CCP4, 1994). The structure was determined by
molecular replacement with Phaser (McCoy et al., 2007) using monomeric DJ-1 as search
model (PDB ID 1PDV). After initial refinement in REFMAC5 (Murshudov et al., 1997) and
manual rebuilding in COOT (Emsley and Cowtan, 2004), automated model building was
carried using PHENIX Autobuild (Adams et al., 2010). Final refinement cycles involving
TLS were performed in PHENIX-refine and REFMAC5. Stereochemical quality of the final
model was assessed using AutoDepInputTool (Yang et al., 2004), MolProbity (Davis et al.,
2004) and SFcheck 4.0 (Vaguine et al., 1999). A summary of the data processing and
refinement statistics is presented in Table 1.

3. Recombinant production of reduced human DJ-1
The production of recombinant DJ-1 for structural and functional studies is challenged by
the high susceptibility of Cys106 to oxidation. While maintained in a reduced environment
during bacterial expression, the subsequent oxidative exposure during purification stages
bears considerable risks for oxidation of Cys 106, which is increased by alkaline pH and the
presence of heavy metal ions (Witt et al., 2008). To bypass these obstacles we took
advantage of the massive expression of DJ-1 in E. coli by purifying untagged DJ-1 under
acidic conditions (pH 5.0) using a single step size exclusion chromatography (Fig. 1A). This
procedure yields high quality DJ-1, which behaves as a dimer in solution (supplemental
figure 1) and is suitable for crystallization and future functional studies.

To verify the redox status of DJ-1 Cys106 we subjected the protein material to LC-MS/MS
analysis. The MS analysis following protein treatment with iodoacetamide clearly shows
substantial carboxyamidomethylation in fragments containing Cys46, Cys53 and Cys106.
For the latter 32 out of 33 spectral counts for Cys106 containing peptides (from Lys99 to
Lys122) corresponded to alkylation of Cys106 by iodoacetamide hence verifying the
reduced state of purified DJ-1 (Fig. 1B, supplementary Table 1).

4. Visualizing reduced DJ-1 in atomic detail
To capture the reduced state of DJ-1, we determined its structure to 1.56 Å resolution from a
monoclinic crystal grown at pH 6.5 (Fig. 1C). The crystallographic asymmetric unit
comprises two DJ-1 molecules building up the physiological DJ-1 dimer described earlier
(Honbou et al., 2003; Lee et al., 2003; Tao and Tong, 2003; Wilson et al., 2003). Overall,
interpretable electron density is not observed for the first residue in both DJ-1 molecules and
the last three residues at the C-terminus of molecule 1 (aa 189–191). In contrast, molecule 2
shows a clear density for the entire C-terminus including the ‘Leu-Glu’ motif (aa 190–191),
which was added during cloning procedures (see section 2 for detail). Analysis of the
putative active site Cys106 in molecule 2 shows extra density around its sulfur moiety,
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which is characteristic of a mono-oxygenation (Fig. 2). Structural comparison shows that the
surroundings of the sulfenic acid modified Cys106 are similar to the previous DJ-1
structures bearing a sulfinic acid modified Cys106 (supplemental figure 2). This mono-
oxidation of Cys106 likely arises during 4 days of crystal growth despite the presence of 10
mM TCEP during crystallization. Importantly, however molecule 1 reveals the fully reduced
state of the Cys106 thiol with no connected additional electron density present (Fig. 2;
supplemental figure 3). Structural comparison between molecule 1 (reduced) and 2 (mono-
oxidized) or an earlier DJ-1 structure with Cys 106 oxidized to its sulfinic acid form (PDB
Id: 1SOA) shows that no global conformational changes or changes in the oligomeric state
arise from cysteine oxidation in DJ-1 as evidenced by their near identical Cα-backbone
traces (Fig. 1D; supplemental figure 2).

5. Leu-Glu stabilizes Cys106 in reduced state
The oxidation status of Cys46, Cys53 and Cys106 for DJ-1 (molecule 1) is shown in Fig. 2.
Consistent with previous DJ-1 structures, both Cys46 and Cys53 are unmodified, but with an
alternative conformation present for molecule 2 Cys53. As described above, strikingly,
Cys106 shows a sufenic acid (-SOH) modification only in molecule 2. The fully reduced
Cys106 in molecule 1 is protected through a glutamate residue arising from a ‘Leu-Glu’
motif at the C-terminus of a crystallographic neighbor DJ-1 molecule (Fig. 3A). This
protection can either stem from steric blockage of oxidative modification of Cys106 or
alteration of the pKa of the thiol caused by the carboxyl group of the glutamate. The ‘Leu-
Glu’ motif forms a network of hydrogen bonding and van der Waals interactions with DJ-1
molecule 1 (Fig. 3D). A similar contact is absent in molecule 2 which lacks a protective
crystal contact and results in a mono-oxigenized Cys106 which in turn would preclude the
interaction with a glutamate motif due to steric and electrostatic hindrances. In the Leu-Glu
motif bound reduced DJ-1, the gamma carboxylate of the Glu side chain is positioned within
3.2–3.4 Å from the thiol of Cys106 and forms hydrogen bonding interactions with backbone
nitrogen residues of Gly75 and Ala107, and the side chains of Asn76 (Oδ1). The side chain
‘Leu’ is nicely packed within the hydrophobic surroundings of Ala107 (Cβ), Ala129 (Cβ),
Ala79 ((Cβ), Thr110 (Cγ2) and Lys132 (Cβ and Cδ) (Fig. 3D) utilizing a defined surface
pocket of DJ-1 (Fig. 3C). The ‘Leu-Glu’ interaction is further stabilized by water molecules
that bridge the glutamate to Arg48 (molecule 1), as well as Arg28 and Pro184 (molecule 2;
Fig. 3D).

6. Reduced DJ-1 - perspective
The production of reduced DJ-1 as verified and described in this work can serve as basis for
future biochemical and functional characterization of this enigmatic protein. To this end, a
DJ-1 protein purified with the approach presented in this work, but lacking Leu-Glu motif
may be more suited. Yet, the structure depicting the ‘Leu-Glu’ motif bound to the putative
active site of DJ-1 reveals a binding pocket on DJ-1 (Fig. 3B,C) in which His126 (Chen et
al., 2010; Huai et al., 2003) lines one side of the pocket and is contributing to the binding of
the C-terminal glutamate. This binding mode may additionally show similarities to the
binding of the elusive and at this point putative biochemical substrate(s) of DJ-1 or DJ-1
interacting partners and would notably be hindered already in the mono-oxygenated state of
Cys106 as outlined earlier.

The conservation of the reduced state of Cys106 visualized in our structure can furthermore
serve as basis to preserve this state in DJ-1 relatives and other proteins/enzyme prone to
cysteine oxidation due to a depressed pKa.

In an analogous manner, the ‘Leu-Glu’ “template” depicted in this work can also be
exploited in future attempts to develop small molecule compounds targeting DJ-1. This
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binding pocket can be utilized to either inactivate DJ-1 using a cysteine reactive moiety or
preserve the reduced state of its reactive site cysteine as accomplished by the glutamate side
chain in our structure. In summary this work represents an important step in the
investigation and targeting DJ-1 as a major player in cellular responses to disease and
environmental factors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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TCEP tris(2-carboxyethyl)phosphine

DTT Dithiothreitol
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ROS Reactive oxygen species
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Figure 1. Purification and crystal structure of DJ-1
A. Purification of reduced DJ-1 at pH 5.0 visualized by SDS-PAGE depicting crude extract
(left), gel filtration elution profile (middle) and the DJ-1 preparation used for MS analysis
and crystallization (right). B. MS analysis depicting reduced DJ-1. The total number of
spectral counts for peptides containing assigned cysteines (“residues”) is displayed as well
as the number of these counts referring to alkylated cysteines in these peptides indicating
reactive (”reduced”) state of the cysteines. C. Overall structure of the asymmetric unit.
The two independent copies of DJ-1 observed in the crystallographic asymmetric unit
forming the characteristic DJ-1 dimer are colored separately, with the location of Cys106
and Glu18 indicated by circles D. Structural comparison of DJ-1 in different oxidation
states. Structural overlay of two independent copies of DJ-1 reported here showing
molecule 1 (with reduced Cys106; blue), molecule 2 (with mono-oxygenized Cys106;
magenta) along with a DJ-1 structure determined previously in which Cys106 is oxidized to
its sulfinic acid form (green; PDB Id: 1SOA).
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Figure 2. Electron densities observed for cysteine residues in molecule 1 and 2
The 2mFo-DFc electron density map is displayed around various cysteine residues at a level
of 1.0 σcontour.
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Figure 3. Leu-Glu interaction conserves reduced DJ-1 Cys106. A. Crystal symmetry related
molecule 2 interacts with molecule 1
The C-terminus of molecule 2 from a crystallographic neighbor molecule (Mol 2′, brown/
yellow sticks) binds into the putative active site of DJ-1 molecule 1 (green) though a C-
terminal ‘Leu-Glu’ motif. Molecule 2 of the DJ-1 dimer is colored magenta. B. The ‘Leu-
Glu’ motif binds in proximity to Cys106 molecule 1. The 2mFo-DFc electron density map
is displayed at a level of 1.0 σ contour for Asp- ‘Leu-Glu’ motif (Mol 2′, yellow) and
Cys106, Glu18 as well as His 126, which lines the binding pocket (Mol 1, green). C.
Surface representation. ‘Leu-Glu’ binding into Cys106 proximal pocket on DJ-1. D.
Detailed stereo-view of ‘Leu-Glu’ interaction and the DJ-1 binding pocket. Potential
hydrogen bonding interactions are shown in dashed lines. The carboxy-terminal residues
‘Leu-Glu’ from the neighboring molecule 2 (Mol 2′) are shown in yellow sticks. Molecule 1
residues (green sticks) surrounding ‘Leu-Glu’ within 4 Å distance are shown. Also shown is
the side chain interaction formed by Arg28 and Pro184 from the biological dimer (Mol 2,
magenta).s
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Table 1

Summary of data collection, and refinement statistics.

Space group C2

Unit cell parameters a=141.88Å, b=41.83Å, c=63.34Å β=115.79°

Data Collection Wavelength (Å) 1.54178

Resolution range (Å) 20 – 1.53 (1.62 – 1.53) a

Number of observations 230, 297

Number of unique reflections 47, 218

Mean I/σ(I) 19.0 (4.7) a

Rmerge(%) 4.4 (25.2) a

Multiplicity 4.9 (4.6) a

Model and refinement statistics

Resolution range (Å) 50 – 1.56 (1.59 – 1.56) a

No. of unique reflections 44, 319

Completeness 94.4 (89.4) a

Average B-factor (Å2) 25.7

Rwork (%) 17.2

Rfree (%) 21.1

RMS Bond lengths (Å) 0.013

RMS Bond angles (°) 1.42

Protein residues/all atoms 378/3,167

φ/Ψ deviations 98.9 favored

0.8 allowed

a
Highest resolution shell in parentheses

Rwork = Σ||Fobs|−|Fcalc||/Σ|Fobs|, where Fcalc and Fobs are the calculated and observed structure factor amplitudes, respectively.

Rfree = as for Rwork, but for 5% of the total reflections chosen at random and omitted from refinement.
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