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Abstract

DJ-1 is a member of the large and functionally diverse DJ-1/Pfpl superfamily and has homologs in nearly all
organisms. Because of its connection to parkinsonism and cancer, human DJ-1 has been intensely studied for over a
decade. The current view is that DJ-1 is a multifunctional oxidative stress response protein that defends cells
against reactive oxygen species and mitochondrial damage, although the details of its biochemical function remain
unclear. A conserved cysteine residue in DJ-1 (Cys106) is both functionally essential and subject to oxidation to the
cysteine-sulfinate and cysteine-sulfonate. Consequently, the oxidative modification of Cys106 has been proposed
to allow DJ-1 to act as a sensor of cellular redox homeostasis and to participate in cytoprotective signaling
pathways in the cell. This review explores the current evidence for the role of cysteine oxidation in DJ-1 function,
with emphasis on emerging models for how oxidative modification may regulate DJ-1’s protective function and
also contribute to dysfunction and disease. Antioxid. Redox Signal. 15, 111-122.

Introduction

J-1 15 A sMALL PROTEIN (~20 KDa) that is a member of

the eponymous DJ-1 superfamily and has homologs
distributed across all biological kingdoms (8, 53). Elucidating
the function and regulation of DJ-1 has been an active field of
study for over a decade. This effort intensified considerably
after the discovery that the gene for human DJ-1 (PARK?) is
mutated in rare forms of recessively inherited parkinsonism
(13). Because DJ-1 was not obviously connected to Parkin, «-
synuclein, or UCH-L1, the first three proteins implicated in
heritable parkinsonism (19), these uncommon DJ-1 mutations
suggested that parkinsonism may have a complex etiology
that involved multiple pathways leading to disease (19).
Previously, DJ-1 had been characterized as an oncogene
whose transforming ability is enhanced by H-ras (67), closely
followed by reports from independent groups showing that
DJ-1 negatively regulates RNA binding by a large multi-
protein complex (32) and that the rat DJ-1 homolog enhances
male rodent fertility (84, 97, 98). Subsequent studies have
proposed additional roles for DJ-1 in ischemic injury (1, 105),
amyotrophic lateral sclerosis (4, 49), multiple cancers (21, 31,
40, 61, 67, 72, 78, 90, 106, 112), and androgen receptor regu-
lation (68, 75, 85, 87, 91). The diversity of disease states in
which DJ-1 is implicated reflects the current view that it is a
multifunctional protein with several proposed biochemical
and cellular activities. Among these proposed roles for DJ-1
are a redox-regulated chaperone (48, 80), an RNA binding

protein (11, 92), a cysteine protease (16, 42, 70), a transcrip-
tional coactivator (18, 104, 108, 109), and a protein that in-
teracts with the apoptosis-implicated proteins Daxx (38),
apoptosis signal regulating kinase 1 (ASK1) (36, 63, 95), and
P53 (14, 25, 26, 40, 83). In addition, DJ-1 also binds to proteins
related to androgen receptor function (81, 87, 91) and su-
moylation (25, 82), although the functional role of these in-
teractions requires clarification. As a consequence of this
complexity, a clear consensus model for DJ-1's biochemical
and cellular function(s) has yet to emerge. Therefore, while
much has been learned about DJ-1, important questions about
the function of this exciting and enigmatic protein remain to
be answered.

Due to its connection to multiple diseases, much of the
work on DJ-1 has focused on determining the role of the
protein in the normal function of animal cells. These studies
have shown that DJ-1 confers protection against oxidative
stress (15, 56, 57, 73, 86, 88) and enhances cell survival when
challenged with pro-apoptotic stimuli (31, 113), although the
mechanisms by which DJ-1 accomplishes this are not fully
understood. A promising observation that may connect the
established role for DJ-1 in oxidative stress response to pos-
sible biochemical functions of the protein is that a conserved
cysteine residue (Cys106) is both critical for DJ-1 function and
very sensitive to oxidative modification (12, 15, 41, 57, 95).
This review will focus on what has been learned about the
role of cysteine oxidation in DJ-1 function, with an empha-
sis on the possibility that cysteine oxidation is an important
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post-translational modification of this protein and its
homologs.

Structural Biology of DJ-1

The crystal structure of DJ-1 was solved independently by
five groups and provided a wealth of information about the
protein (33, 34, 48, 89, 101). DJ-1 possesses a flavodoxin-like
core fold and is a homodimer both in the crystal and in so-
lution (Fig. 1). The DJ-1 homodimer provided an explanation
for the parkinsonian phenotype of the L166P missense mu-
tation (13), as this mutation in o-helix G was predicted to
disrupt the dimer interface and lead to poor folding of the
protein (33, 34, 48, 89, 101). This was confirmed in cell culture,
where poorly folded L166P DJ-1 is rapidly destroyed (29, 58,
64), resulting in low steady state levels of the protein (58) and
rapid turnover via both proteosomal and nonproteosomal
degradation pathways in HEK293 cells (29). Although L166P
DJ-1 protein levels are greatly reduced, recent nuclear mag-
netic resonance spectroscopic work has shown that L166P DJ-
1 is natively unfolded and therefore would not be functional
even if it were abundant in the cell (54). Crystal structures
have also been determined for the E64D (30), M261I, A104T,
and E163K disease-associated DJ-1 mutants (46), and nuclear
magnetic resonance spectroscopy has been used to study
E64D, M261, A104T, and D149A DJ-1 in solution (54). Sur-
prisingly, most of the structural differences between these
mutant proteins and wild-type DJ-1 are modest, and none of
these mutant proteins display profound structural defects like
L166P DJ-1 (46, 54). The current data suggest that even the
minor structural defects introduced by some disease-related
mutations can cause considerable loss of DJ-1 function in vivo,
particularly for M261 DJ-1. More study is needed to determine
the detailed biophysical basis of the pathogenicity of these
mutants.

Analysis of the crystal structure of DJ-1 also led to the first
speculation that Cys106 (human DJ-1 residue numbering)
might be an important residue for DJ-1 function (33, 34, 48, 89,
101). Cys106 is a highly conserved residue that resides at
the sharp turn between a f-strand and an o-helix called the
“nucleophile elbow” in the «/f hydrolase proteins (Fig. 1).
Cys106 has energetically strained backbone torsion angles
and is particularly sensitive to X-ray radiation damage, sug-
gesting enhanced reactivity (101). At the time that the DJ-1
crystal structure was solved, the archaeal cysteine protease
PH1704 from Pyrococcus horikoshii was the only other member
of the DJ-1 superfamily whose structure was known (23),
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leading to a proposal that DJ-1 was a cysteine protease em-
ploying Cys106 as the catalytic nucleophile (33, 34). Some
subsequent studies have observed a weak proteolytic activity
for DJ-1 (16, 42, 70), whereas others failed to detect this ac-
tivity (48, 80, 101). From a structural perspective, despite
having similar monomer structures, DJ-1 and PH1704 form
completely different dimers and DJ-1 lacks the Glu-His-Cys
catalytic triad found in PH1704 and related Pfpl-like prote-
ases. However, Cys106 is within ~5 A of a histidine residue
(His126) that was proposed to provide the second member of
a catalytic dyad like that found in the caspases (16, 34, 70).
Importantly, the imidazole sidechain of this histidine residue
is not oriented properly for hydrogen bonding with Cys106
(33, 34, 48, 89, 101) and is not conserved in close DJ-1 homo-
logs from insects (including the characterized Drosophila mel-
anogaster homolog DJ-1p) and prokaryotes (100), making an
evolutionarily conserved and physiologically relevant pro-
teolytic role for Cys106 unlikely.

Although most available evidence suggests that DJ-1 is not
likely to be a physiologically relevant protease, the structural
environment and ionization state of Cys106 still allow for the
speculative possibility that DJ-1 may have an undiscovered
enzymatic activity. Cys106 has a low thiol pK, value of ~5
and therefore exists almost exclusively as the reactive thiolate
anion at physiological pH (103). Bond length analysis using
atomic resolution X-ray crystallography demonstrates that
the highly conserved Glul8 residue has a protonated car-
boxylic acid sidechain that donates a hydrogen bond to
Cys106 and facilitates ionization of the thiol, thereby de-
pressing its pK, value (103). At present, the data suggest that
the primary importance of Glul8 is stabilizing the Cys106-
SO, species that is important for DJ-1 function (12, 15) (Fig. 2;
also see below). However, the presence of a reactive thiolate
anion near a protonated glutamic acid in DJ-1 is intriguing, as
this might be a potential nucleophile-general acid /base dyad
that is sometimes associated with enzyme active sites. A
computational study of DJ-1 superfamily proteins of known
structure revealed that the in silico ionization profiles for res-
idues that surround the conserved active site cysteine residue
are perturbed, which is commonly observed in enzyme active
sites (99). However, an elegant recent study in which an en-
gineered C106DD mutant of DJ-1 protected cells against oxi-
dative stressors almost as well as the wild-type protein (see
below) provides a powerful argument against an enzymatic
activity for DJ-1 (95). This result would seem to rule out a
significant role for a putative Cys106 nucleophile for the cy-
toprotective aspect of DJ-1’s function. These recently reported

FIG. 1. A divergent-eye stereo
view of the DJ-1 dimer. A ribbon
diagram of dimeric DJ-1 is shown
with the molecular twofold axis
perpendicular to the plane of the
page. One monomer is shown in
gold and the other in blue. The
three cysteine residues in DJ-1 are
shown in stick representation, al-
though Cys46 is partially obscured
in this view. Cys106 resides at the

bottom of a prominent surface

grove and is situated at the sharp turn between a strand and helix that is called the “nucleophile elbow.” Cys106 is the only
functionally essential cysteine residue in DJ-1. C, carboxy terminus; N, amino terminus.
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FIG. 2. Two views of the stable Cys106-sulfinate oxidized
form of DJ-1. In (A), the region around Cys106 from the
crystal structure of Cys106-sulfinate DJ-1 (opaque; PDB ac-
cession code 1SOA) is superimposed over the structure of
reduced DJ-1 (semitransparent; PDB accession code 1P5F).
Stabilizing hydrogen bonds between the Cys106-SO,  and
surrounding residues are shown in dashed lines, with the key
interaction between Glu18 and Cys106-SO, " labeled. Oxida-
tion of Cys106 occurs very readily and alters the function of
the protein, but does not result in any notable structural
change. In (B), the lengths of the key hydrogen bonds are
shown, emphasizing the unusually short and strong hydro-
gen bond between Cys106-SO,  and the protonated carbox-
ylate of Glul8. This interaction plays an important role in
stabilizing the oxidized form of the protein.

C106DD and C106EE mutants are of great importance be-
cause they are the first mutations at Cys106 that preserve DJ-1
protective function, and therefore have the potential to be
powerful tools in the study of DJ-1 biochemistry.

Cys106 Is Essential for DJ-1 Protective Function
and Is Sensitive to Oxidation

As discussed above, the crystal structure of DJ-1 provided
the first experimental data indicating that Cys106 is an im-
portant residue. Phylogenetic analysis has also underscored
the significance of Cys106, as human DJ-1 contains three
cysteine residues (Cys46, Cys53, and Cys106) (Fig. 1) of which
Cys106 is by far the best conserved (8, 53). The only organisms
whose DJ-1 homologs are currently known to lack this cys-
teine are a small and functionally uncharacterized subset of
plant DJ-1s, in which this residue is replaced by aspargine,
glycine, or serine. Many studies have since shown that Cys106
is required for DJ-1 to confer cellular protection against oxi-
dative stress (1, 3, 12, 15, 36, 40, 41, 57, 88, 95), with only one
report identifying Cys53 as the functionally essential residue
(80). The mutation of Cys106 to alanine, serine, or aspartic
acid eliminates the ability of DJ-1 to protect against oxidative
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stress in several model systems, including various types of
cultured mammalian cells (12, 15, 36, 95), D. melanogaster (57),
and rodent models of ischemia (1). Because of its high degree
of conservation and clear functional importance, Cys106 has
been extensively studied as a means to understand the bio-
chemical function of DJ-1.

The evidence that Cys106 is a critical residue for DJ-1-
mediated protection against oxidative stress is further bolstered
by several independent studies that have identified Cys106 as
the favored target of oxidative modification. An oxidized
form of Cys106 was first reported in DJ-1 from human um-
bilical vein endothelial cells (41). Using two-dimensional gel
electrophoresis followed by mass spectrometry of trypsinized
protein spots with more acidic pI values, a Cys106-sulfonate
(Cys106-SO; ) species in DJ-1 was identified that increased
during hydrogen peroxide stress (41). These observations
both built upon and helped explain two prescient reports
from the Nakagawa group in 2001 that showed that DJ-1 (as
well as peroxiredoxins II and III) converted to more acidic
isoforms in two-dimensional gel electrophoresis when cells
were subjected to sublethal amounts of oxidative or endotoxin
stress (59, 60). Remarkably, Mitsumoto et al. speculated that
“oxidative conversion of a sulfhydryl group(s) at a Cys resi-
due(s) to cysteine sulfinic acid (Cys-SO,H) is the most plau-
sible candidate to be responsible” for their observations (60).
The determination of the 1.20 A resolution crystal structure of
oxidized DJ-1 directly confirmed their prediction, showing
that Cys106 was easily oxidized to Cys106-sulfinate (Cys106-
SO;") under very mild conditions, even unintentionally (15).
The Cys106-SO,  moiety is specifically stabilized by three
hydrogen bonds to surrounding residues, including a short,
strong 2.47 A hydrogen bond to the protonated carboxylic
sidechain of Glu18 (15) (Fig. 2). A prior structural study had
also observed Cys106 oxidation, although the resolution of the
diffraction data (3.0 A) was insufficient for a detailed structural
analysis of the modification (48). Importantly, no evidence
for a Cys106-SO; ™ species was found in any crystal structure
of oxidized DJ-1. Subsequent X-ray crystallographic studies of
both close DJ-1 structural homologs like Escherichia coli YajL
(100) and more distant ones such as Saccharomyces cereviseae
YDR533c (102) and D. radiodurans DR1199 (27) also show
similar oxidation of the structurally equivalent cysteine resi-
due, suggesting that susceptibility to oxidative cysteine modi-
fication may be a conserved feature of DJ-1 superfamily
proteins. Whether these oxidative modifications have a func-
tional role in other DJ-1 superfamily proteins is unknown.

As a pertinent methodological aside, the widespread use of
two-dimensional gel electrophoresis for studying cysteine
oxidation suffers from difficulties that deserve consideration.
The standard sample preparation protocol before first di-
mension separation by isoelectric focusing involves reduction
of the protein using dithiothreitol or a similar reductant, fol-
lowed by irreversible alkylation of free thiols with iodoace-
tamide. This protocol will reduce and protectively alkylate
cysteine residues that were initially free, participating in dis-
ulfide bonds, or oxidized to cysteine-sulfenic acid, but it will
not modify cysteine residues oxidized to cysteine-sulfinate.
As a consequence, cysteine-sulfinate will be vulnerable to
further oxidation during isoelectric focusing and gel electro-
phoresis. Unintended oxidation will only be exacerbated if the
cysteine alkylation step is omitted. This is especially worri-
some because proteins are typically fully denatured and thus
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maximally susceptible to cysteine oxidation during isoelectric
focusing, during the second dimension of separation using
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(typically performed in gels that are mildly oxidizing), and
during sample analysis that usually involves spot excision
and trypsin digestion followed by mass spectrometry. There-
fore, determining an accurate inventory of oxidized forms of
cysteine in the cell using these techniques can be challenging
and tends to favor more extensively oxidized species. These
caveats also emphasize the dire need for better analytical
tools for the study of cysteine-sulfinate and cysteine-sulfonate
in vivo (74).

Despite the preponderance of evidence showing that
Cys106 is both easily oxidized and functionally essential in
DJ-1, none of these studies establish a causative relationship
between oxidation of Cys106 and protection by DJ-1. Two
hypotheses can be proposed: the specific oxidation of Cys106
is important for cytoprotection by DJ-1 or, alternatively,
Cys106 itself is a critical residue whose oxidation is either in-
cidental or detrimental to protein function. Cysteine-sulfinate
and cysteine-sulfonate are often viewed as irreversible forms
of oxidative protein damage and therefore it would be un-
usual if the oxidation of Cysl06 to either of these species
was protective in DJ-1, giving a priori weight to the second
hypothesis. Here the crystal structure of Cys106-SO,  DJ-1
provides little insight, as the structures of the reduced and
oxidized proteins are virtually identical (15). Thus, it is un-
clear how Cys106 oxidation could alter DJ-1 function from a
structural perspective. In addition, a C106D mutant that was
introduced to mimic the Cys106-SO, " species abolished DJ-1
protection against oxidative stress in both cultured human
M17 neuroblastoma cells (15) and D. melanogaster (57), dem-
onstrating that introduction of an anionic group at residue 106
is not sufficient to preserve DJ-1 activity. In considering this
result, however, despite their similar electrostatic properties,
the molecular geometries of aspartate and cysteine-sulfinate
are quite different (Fig. 3). The sulfur atom of cysteine-sulfi-
nate has a lone pair of electrons that is absent on the topo-
logically equivalent carbon atom of aspartate. Consequently,
the three hydrogen bonds formed between Cys106-SO, and
surrounding residues in the crystal structure of oxidized DJ-1
cannot be simultaneously satisfied by an aspartate due to the
planarity of its carboxylate sidechain. Therefore, C106D is
not a good structural mimic for Cys106-SO, ™ oxidized DJ-1.
Because Cys106 is essential for DJ-1 function and largely in-
tolerant of mutagenesis, it has been difficult to devise effective
experiments to determine if Cys106 provides an essential
thiol or if it is the oxidation of Cys106 that is the important
modification.

Recent work from two independent groups tested these
competing hypotheses about Cys106 in complementary ways.
Their combined results support the hypothesis that oxidation
of Cys106 is important for DJ-1 function. The first of these
studies used targeted mutagenesis of the neighboring pro-
tonated Glu18 residue to modulate Cys106 oxidation through
changes in hydrogen bonding (12). This strategy was used
because it did not require mutation of Cys106 and therefore
could independently address the relative importance of the
thiol and the sulfinate at Cys106. Two very structurally sim-
ilar DJ-1 mutants, E18N and E18D, had profoundly different
effects on Cys106 oxidation, with E18N favoring oxidation
and E18D strongly disfavoring it. In cell culture models using
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FIG. 3. Aspartate is not a good structural mimic for
cysteine-sulfinate. In both panels, all atoms are labeled. (A) A
stick representation of cysteine-sulfinate, illustrating that the
lone pair of electrons on the Sy atom results in a bent geometry
for the oxygen atoms (OJ1 and O62) in relation to the sul-
fur atom. (B) The different electronic configuration of the Cy
atom in aspartate results in sp2 hybridization and a planar
arrangement of the oxygen atoms with Cy atom. This geo-
metric difference prevents aspartate from satisfying the same
set of hydrogen bonds that are made by Cys106-SO, "~ (Fig. 2),
which may help explain why the C106D DJ-1 mutant is not
functional.

both human M17 neuroblastoma cells and DJ-1~/~ mouse
embryonic fibroblasts, the oxidation-competent E18N protein
was cytoprotective and promoted normal mitochondrial
morphology, whereas the oxidation-impaired E18D mutant
did not (12). Therefore, the oxidation of Cys106 is critical for
cytoprotection by DJ-1 in these model systems. In the second
study, missense/insertion mutations at Cys106 (C106DD and
C106EE) were designed to mimic the oxidized form(s) of the
residue (95). These DJ-1 mutants (unlike C106A, C106E, or
C106D) were protective during oxidative challenge of cul-
tured DJ-1~/~ mouse embryonic fibroblasts and enhanced
binding of DJ-1 to ASKI1, again indicating that oxidized
Cys106 is more important for cytoprotection than is the thiol
itself (95). As mentioned above, this later study is remarkable
for having reported the first mutation at Cys106 that pre-
serves DJ-1 function. The C106DD/EE mutants lack a nucle-
ophilic thiol(ate) group at residue 106, and thus are incapable
of performing many of the proposed enzymatic activities for
DJ-1. Therefore, these mutants merit greater study as a useful
tool to test hypotheses about DJ-1’s biochemical function that
involve a proposed catalytic role for Cys106.

Effects of Extensive Oxidation
on DJ-1 Stability and Function

Both Cys106-SO,  and Cys106-SO; ™ have been observed in
DJ-1, sometimes in the same study (57, 62, 111). The relative
functional importance of the Cys106-SO,~ and Cys106-50;~
species is unknown. Problematically, current methods of pro-
tein analysis (particularly two-dimensional gel electrophoresis)
provide ample opportunity for further oxidation of cysteine-
sulfinate-containing samples to the cysteine-sulfonate, thereby
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complicating the study of these modifications. Although mass
spectrometry studies of DJ-1 by multiple groups have observed
both Cys106-SO,  and Cysl06-SO;~ in DJ-1 (57, 62, 111),
crystal structures of oxidized DJ-1 show only the Cys106-SO,~
species (12, 15). Further, analysis of the crystal structure of DJ-1
suggests that formation of Cys106-SO;~ is sterically disfavored
by surrounding residues, particularly the Cf atom of His126
(Fig. 4). Thus, oxidation of Cys106 to the sulfonate may require
(or facilitate) structural changes in DJ-1 that oppose crystalli-
zation and could have functional importance. In solution,
Cys106-SO,~ DJ-1 is resistant to further controlled oxidation,
with one report demonstrating that greater than a 20:1 molar
ratio of hydrogen peroxide to DJ-1 was required to begin
to detect Cys106-SO;~ by matrix-assisted laser desorption/
ionization mass spectrometry; this highly oxidized form of
DJ-1 also had reduced secondary structure by CD spectroscopy
and was prone to aggregation (111). In addition, the formation
of Cys106-SO;~ was also accompanied by the oxidation of
other cysteine and methionine residues in the protein. A sep-
arate detailed in vitro biophysical study of DJ-1 showed that
mutating Cysl06 to alanine ameliorates oxidation-induced
destabilization of DJ-1 (35). This oxidation-induced destabili-
zation and aggregation was further exacerbated by the path-
ogenic M26I mutation, suggesting a connection between
extensive cysteine/methionine oxidation in DJ-1 and parkin-
sonism. In vivo support for a potentially pathogenic role

Glu18

His126

FIG. 4. His126 may sterically impede oxidation of Cys106
to the sulfonate. A hypothetical model of the Cys106-sulfonate
was built using the crystal structure of DJ-1 Cys106-sulfinate
(PDB accession code 1SOA) as the starting model. Stabilizing
hydrogen bonds between the Cys106-SO; ™ and surrounding
residues are shown in dashed black lines, with lengths given in
angstroms (A). The 2.4 A clash between His126 and an oxygen
atom of Cys106-SO; ™ is shown with a red dashed line. This
steric clash may disfavor formation of the Cys106-sulfonate
and cause conformational changes in Cys106-SO; DJ-1.
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for highly oxidized DJ-1 was provided by an impressive two-
dimensional gel electrophoresis/mass spectrometry study of
DJ-1 in postmortem brain tissue of normal patients as well as
those with either Parkinson’s or Alzheimer’s disease (17). DJ-1
from diseased tissue was much more extensively oxidized
at cysteine and methionine residues than in healthy cells,
although no peptides containing Cys106 could be isolated.
In total, the current data suggests that while mild oxidation to
Cys106-SO, ™ is closely correlated with DJ-1 cytoprotection,
extensive oxidation of DJ-1 is associated with aging and
neurodegenerative disease.

There are (at least) two major open questions about Cys106-
SO3™ in DJ-1: what are the relative amounts of reduced DJ-1,
Cys106-SO, ", and Cysl06-SO;~ oxidized protein in vivo
under basal and stress conditions, and does the formation of
Cys106-SO; ™~ have a physiologically relevant role in modu-
lating the activity of DJ-1? As discussed above, addressing
the first question has been hampered by the inherent limita-
tions of current analytical tools for studying oxidized cysteine
residues. For the second question, it is possible that Cys106-
SO; " is the most functionally important modification and
that Cys106-SO,  has been mistakenly identified as impor-
tant as an accidental consequence of that fact that it is a stable
obligatory intermediate in the formation of Cys106-SO5;™
DJ-1. Alternatively, the Cys106-SO,  and Cysl106-SO;"
modifications might exert opposing effects on DJ-1 stability
and protective function (Fig. 5). This model would provide a
mechanism to turn off DJ-1 activity by formation of the de-
stabilizing Cys106-SO;~ modification in cases of extreme
cellular oxidative stress, thereby allowing the cell to commit to
apoptosis. Derangements in this process and inappropriate
retention of DJ-1-mediated protection in cases of severe cel-
lular dysfunction might contribute to DJ-1’s proliferative role
in some cancers. An additional feature of this second model is
that some parkinsonian DJ-1 missense mutations may selec-
tively destabilize the highly oxidized protein and thus lead to
loss-of-function and cell death under a moderate cellular ox-
idative burden where wild-type DJ-1 could still confer pro-
tection (35, 46). Both of these hypotheses are consistent with
the current data, and thus additional experimental testing is
required to address them.

Roles for Cysteine Oxidation
in DJ-1’s Cellular Function

Cysteine oxidation appears to be important for DJ-1-
mediated cytoprotection, but what is the mechanism by

Moderate ROS High ROS
DJ-1 DJ-1-S0,, — > DJ-1-50;" and higher
ROS scavenging ASK1 binding/inhibition Aggregation
mRNA binding Enhanced mitochondrial localization Loss of structure
Protease/ Chaperone? Disease?
other enzyme?

Enhanced affinity for binding other proteins?

FIG. 5. A schema of the current evidence for various roles
of the major oxidized forms of DJ-1. A question mark is used
to indicate unresolved aspects of the current set of proposals
for DJ-1 function.
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which oxidation affects the physiological function of the pro-
tein? A completely satisfactory answer to this question is not
currently available due to the complex, multifaceted function
of DJ-1 in the cell. As a summary of the author’s view of this
difficult question, any plausible model for the oxidative reg-
ulation of DJ-1 should have the following four features: a
function for DJ-1 that requires Cys106 or a modified version of
this residue, a pro-survival function for some oxidized form
of DJ-1, a function that would have relatively greater impor-
tance for the survival of dopaminergic neurons (as somatic
DJ-1 deficiency leads to the selective death of these cells), and
a function that is relevant in the large number of organisms
that have a close DJ-1 homolog. There are currently several
different proposals that possess some of these features and
have support in the literature, which are discussed below.

Proposed DJ-1 activities that directly involve
Cys106 oxidation

The oxidation of Cysl06 necessarily consumes reactive
oxygen species (ROS) and thus it has been proposed that DJ-1
acts a direct scavenger of ROS (3, 88). DJ-1 can remove hy-
drogen peroxide from solution in vitro, and DJ-1~/~ mice ac-
cumulate mitochondrial hydrogen peroxide and suffer from
diminished mitochondrial function, albeit without frank
neurodegeneration (3). Given the established facile oxidation
of Cys106, there is no question that Cys106-SO,  formation
will remove ROS from the cell, but the more significant
question is whether ROS scavenging by DJ-1 has a physio-
logically relevant role in decreasing cellular ROS burden. DJ-1
oxidized at Cys106 is not reverted to the thiol and thus ac-
cumulates as the oxidized isoforms. Turnover of the oxidized
isoforms and new synthesis of the reduced protein is therefore
required for the clearance of oxidized DJ-1 (24). Consequently,
DJ-1 is not an ROS detoxifying enzyme like the peroxi-
redoxins or glutaredoxins, which are true catalysts capable of
multiple turnovers. In addition, the protective C106DD DJ-1
mutant again provides valuable insight here, as a Cys106-
dependent ROS scavenging role for DJ-1 would predict that
this mutant should be nonfunctional, which is not the case
(95). Therefore, although the oxidation of Cys106 undoubt-
edly results in some reduction of cellular ROS, the current
data suggest that this effect is not a major contributor to the
protective function of DJ-1.

DJ-1 possesses a chaperone activity against various protein
substrates in vitro and possibly in vivo. The DJ-1 superfamily
contains a clade of functionally validated microbial chaper-
ones (65, 76), although they differ significantly from DJ-1 in
three-dimensional structure and oligomerization (48). One of
the original DJ-1 structural reports showed that the protein
had the ability to suppress the heat-induced aggregation of
citrate synthase and luciferase, two widely used generic
protein substrates for quantifying chaperone activity in vitro
(48). However, another group did not detect this activity
under similar assay conditions (70). Additional support for
a proposed DJ-1 chaperone function was provided by a
combined in vitro and cell culture study in which DJ-1 pre-
vented the aggregation of citrate synthase, insulin, and o-
synuclein in vitro only in oxidizing conditions (80). Further,
DJ-1 could suppress the cytotoxic aggregation of a-synuclein
and neurofilament light subunit in both DJ-17/~ human
embryonic stem cells and when overexpressed in murine
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Cath.a-differentiated neuroblastoma cells (80). Cys53 was
identified as the key residue for DJ-1’s redox-sensitive chap-
erone activity in this study, which conflicts with all other re-
ports showing that Cys106 is the critical residue. To address
this contradiction, a separate group used an assortment of
biophysical methods to show that DJ-1 requires Cys106 for
suppression of a-synuclein fibrillation in vitro and, further,
that oxidation to Cys106-SO, " is required for robust activity
(111). Very recently, the E. coli DJ-1 homolog YajL was also
found to possess chaperone activity in vitro using citrate
synthase, the ribosomal protein S1, and the ribosomal protein
L3 and substrates (45). When the YajL gene is deleted in E. coli,
several proteins were found to aggregate in vivo, suggesting
possible physiological relevance for YajL chaperone activity
in this system. Like human DJ-1, YajL is prone to oxidation at
Cys106 (100) and the protein requires this residue to confer
protection against hydrogen peroxide stress in E. coli (45),
indicating that the prokaryotic and vertebrate DJ-1 homologs
likely share some aspects of their function.

As with other proposals of a biochemical function for DJ-1,
the physiological relevance of this in vitro chaperone activ-
ity is not resolved. A troubling aspect of the in vitro studies of
DJ-1 chaperone activity is that they are performed in artifi-
cial solution conditions, often with a large excess of DJ-1 to
substrate. In addition, although Cys106-SO,  human DJ-1is a
better chaperone than the reduced protein (111), there are no
structural changes upon oxidation of DJ-1 that provide a clue
as to why this form of the protein would be more active (15).
Cellular and in vivo studies of DJ-1 chaperone activity have
produced mixed results and, consequently, it is difficult
to reach a conclusion about the relevance of this activity. A
study using transgenic mice overexpressing the toxic A53T «-
synuclein mutant showed no changes in viability or extent
of a-synuclein aggregation when crossed into a DJ-1 null
background (77). Similarly, a Saccharomyces cerevisiae model of
a-synuclein toxicity also showed no change in yeast viability
when human DJ-1 was coexpressed with o-synuclein (94).
Therefore, DJ-1 does not ameliorate z-synuclein toxicity in
either these disparate model organisms, suggesting that if
DJ-1 is a chaperone, a-synuclein is not a likely substrate
in vivo. In contrast, DJ-1 was protective in cooperation with
heat shock protein 70 (Hsp70) in cultured human and rat
cellular models of a-synuclein toxicity (9, 52), consistent with
two previous reports showing that oxidative stress enhanced
the interaction between DJ-1 and Hsp70, CHIP, and mito-
chondrial Hsp70 (mortalin) (51) and that DJ-1 could protect
against A53T o-synuclein toxicity in an Hsp70-dependent
manner in cultured human dopaminergic N27 cells (110).
Additionally, a cellular model using a fluorescence-based
foldase reporter indicated that DJ-1 possessed a cellular
chaperone activity that was abrogated by the parkinsonian
L166P mutation and could be restored by the action of the
BAGT1 cochaperone (22). In total, the current evidence for a
physiological significant chaperone activity for DJ-1 is con-
tradictory and defies straightforward summary. However,
the balance of the data suggests that the proposed chaperone
activity for DJ-1 is weak and requires chaperones such as
Hsp70 for physiological relevance.

An early observation that DJ-1 negatively regulated RNA
binding by a 400 kDa multiprotein complex in FTO-2B rat
hepatoma cells (32) suggested a possible role for DJ-1 in RNA
binding and regulation. A recent pair of studies in human
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M17 neuroblastoma cells, mouse and human brain tissue
extended this association by demonstrating that DJ-1 prefer-
entially interacts with GG/CC-rich sequences in mRNA
transcripts encoding proteins involved in the phosphatase
and tensin homolog (PTEN)/Akt pathway, ROS detoxifica-
tion, and mitochondrial function (11, 92). Oxidation of DJ-1
eliminates mRNA binding (92). These observations are in-
triguing because they independently connect DJ-1 to multiple
pathways that had previously been implicated in DJ-1 func-
tion using other techniques. In addition, an RNA binding
activity for DJ-1 that regulates the translation of multiple
protective transcripts may explain the apparent diversity of
DJ-1’s cellular roles in the context of a single activity. How-
ever, the molecular basis of this interaction is not obvious, as
DJ-1 lacks canonical RNA interaction motifs, and the role of
oxidation in regulating this activity is also not clear. Future
study will hopefully clarify the basis of DJ-1’s interaction with
mRNA.

A promising model for DJ-1's cytoprotective function in
higher organisms has emerged from the work of several
groups that have recently identified ASK1 as a target of DJ-1
action. DJ-1 was first implicated in the ASK1/p38/mitogen-
activated protein kinase pathway in a study showing that
DJ-1 binds to the pro-apoptotic protein Daxx and prevents its
translocation from the nucleus into the cytoplasm, thereby
preventing Daxx from activating ASK1 and, ultimately, ini-
tiating apoptosis (38). Recently, DJ-1 has been connected more
directly to ASK1 by multiple studies that demonstrate that
DJ-1 can inhibit ASK1 activity in an oxidation-dependent
manner that requires Cys106. Two studies have detected a
direct physical interaction between DJ-1 and ASK1 (63, 95),
demonstrating that DJ-1 is recruited to the ASK1 signalo-
some under oxidative stress conditions where it inhibits the
mitogen-activated protein kinase cascade and apoptosis. In
one study, this recruitment of oxidized DJ-1 to an inhibitory
site near the N-terminus of ASK1 (also bound by the negative
regulator thioredoxin) could be recapitulated by the C106DD
and C106EE mutations, suggesting that oxidative modifica-
tion of Cys106 is important (95). This study also showed that
the peripheral Cys46 and Cys53 residues can modulate the
redox activity of Cys106 and, consequently, DJ-1’s association
with ASK1. A very recent study supports the role of ASK1/
thioredoxin interaction in DJ-1 function by demonstrating
that DJ-1 prevents the dissociation of the negative regulator
thioredoxin from ASK1 during oxidative stress, thereby in-
hibiting ASK1 activity and enhancing cell survival (36).
Therefore, the ASK1/p38/MAP kinase signaling cascade ap-
pears to be an important target of DJ-1’s protective function.

Proposed cellular roles for DJ-1
that effect cellular redox balance

This review is focused on the role of cysteine oxidation in
DJ-1 function; however, a considerable body of work has
implicated DJ-1 in redox-relevant processes where the role of
cysteine modification in DJ-1 has either not been specifically
tested or is unclear. Cellular redox homeostasis is heavily
dependent on glutathione, the principal cellular small mole-
cule thiol in eukaryotic cells. DJ-1 elevates glutathione levels
(52, 110) by the increasing the transcription and enzymatic
activity of glutamate cysteine ligase, which is the rate-limiting
enzyme in glutathione biosynthesis (110). One attractive fea-
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ture of this model for DJ-1 function is it may help explain why
DJ-1is abundantly expressed in astrocytes (7). These glial cells
protect neighboring neurons through secretion of protective
small molecule compounds like glutathione and its precursors
and, if DJ-1 increases the amounts of the soluble protective
factors in glia, it may protect neurons via this mechanism as
well (5, 6, 43, 66, 96).

Mitochondria are the primary source of ROS in eukaryotes,
and several groups have implicated DJ-1 in promoting proper
mitochondrial function and defense against damage caused
by complex I inhibition (10, 15, 50, 71, 107). The significance of
DJ-1’s association with mitochondria is twofold: first, mito-
chondrial dysfunction has long been suspected of playing an
important role in the etiology of parkinsonism (20) and, sec-
ond, oxidative stress can both cause and result from mito-
chondrial damage. Bonifati ef al. made the first suggestion that
a pool of DJ-1 might associate with the mitochondria, partic-
ularly the overexpressed pathogenic L166P mutant DJ-1 (13).
A series of studies have shown that, although DJ-1 is pre-
dominantly a cytosolic protein with some nuclear localiza-
tion, oxidative stress enhances the association of a pool of DJ-1
with the mitochondria (10, 12, 15, 50, 71). Cys106 oxidation
appears to facilitate this association (12, 15), although some
DJ-1 is found associated with mitochondria even when this
residue is mutated to serine, indicating that oxidation is not a
prerequisite for mitochondrial localization (37). DJ-1 has been
found both on the outer mitochondrial membrane by sub-
cellular fractionation of M17 neuroblastoma cells (15) and also
in the intermembrane space and mitochondrial matrix by
immunogold staining of DJ-1 in murine brain tissue (107).
Importantly, intentionally targeting DJ-1 to the mitochon-
dria by fusing a mitochondrial localization sequence to the
N-terminus of DJ-1 enhances the protective function of the
protein in SK-N-BE (2) neuroblastoma cells, indicating that
the mitochondrion is an important site of DJ-1 action (37).
Moreover, mitochondria in D]—l’/ ~ mouse embryonic fibro-
blasts have a shorter and more fragmented morphology (12,
44) that can only be rescued by DJ-1 that is capable of oxi-
dizing at Cys106 (12). This phenotype is not rescued by C106A
DJ-1 or by the oxidation-impaired E18D mutant protein (12).
Although questions remain about the extent and mechanism
of the mitochondrial localization of DJ-1, there is solid evi-
dence that the protein protects against mitochondrial damage
and can partially localize to this organelle under oxidative
stress conditions.

DJ-1 also interacts with the critical pro-survival cell signal-
ing pathways involving PTEN/phosphoinositide 3-kinase/
Akt and p53. The first evidence for DJ-1 involvement in the
PTEN/phosphoinositide 3-kinase/Akt pathway came from
genetic studies of D. melanogaster that identified DJ-1 as
a suppressor of the pro-apoptotic PTEN phosphatase (39).
An association between DJ-1 and the PTEN/Akt pathway
provides a tantalizing biochemical rationalization of the fre-
quently observed correlation between elevated DJ-1 expres-
sion and aggressive cancers of multiple tissue types (2, 21, 31,
40, 61,72,75,78,79,90, 106, 112). Recently, a direct physical
association between DJ-1 and PTEN that requires the reduced
form of Cysl06 has been reported (40). Although Cys106
appears to have some role in regulating DJ-1 association with
PTEN, a protective role for DJ-1 with reduced Cys106 con-
trasts with some other studies showing that the oxidized form
of the protein is correlated with cytoprotection (12, 15, 95).
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DJ-1 also plays a role in the hypoxic response through an Akt
and mammalian target of rapamycin-dependent modulation
of the transcription factor hypoxia inducible factor 1, resulting
in cellular protection against hypoxic stress (93). DJ-1 also
negatively regulates the tumor suppressor p53, providing
another biochemical connection between DJ-1 and cancer
(14, 25, 26, 40, 83). In a DJ-1 knockdown zebrafish model,
dopaminergic neurons were highly sensitized to cell death by
peroxide and proteosomal stress. This sensitivity could be
relieved by pharmacological inhibition of p53 activity (14).
Like PTEN, there is evidence that DJ-1 physically interacts
with p53, although the importance of Cys106 for this inter-
action is unknown (40). Additional evidence suggesting a role
for DJ-1 in modulating the transcriptional response to oxida-
tive stress was reported in two studies in which DJ-1 was
identified as a positive regulator of the antioxidant tran-
scription factor NF-E2-related factor 2 (Nrf2) (18, 55). The
relevance of this association is not settled, however, as some
evidence shows that DJ-1 stabilizes Nrf2 and enhances the
cellular antioxidant response, whereas a recent study in pri-
mary neuronal cell culture and mice indicates that there is no
physiological interaction between DJ-1 and Nrf2 (28). There
are several members of the DJ-1 superfamily in which a DJ-1-
like domain is fused to a helix-turn-helix DNA binding do-
main (8, 53). The best characterized of these transcription
factorsis AdpA, a Streptomyces griseus transcription factor that
regulates secondary metabolism (69). This DJ-1/AraC-like
DNA binding domain fusion, found in many other prokary-
otic members of the DJ-1 superfamily, suggests a conserved
connection between DJ-1 and transcriptional regulation.

Conclusions

Even a casual perusal of this article should be enough to
convince the reader that a compact summative model of DJ-1
function is not possible at this time. Currently, the areas of
consensus are that DJ-1 is a dimeric cytoprotective protein
with homologs in many organisms, that the protein requires
the conserved Cys106 for this protective function, that Cys106
is susceptible to oxidation to the cysteine-sulfinate and
cysteine-sulfonate under oxidative stress conditions, and that
DJ-1 participates in multiple pathways to promote cell sur-
vival under oxidative and mitochondrial stress conditions.
The more contested areas of the DJ-1 field center on how DJ-1
confers protection against oxidative stress, including ongoing
debates about the relevance of several proposed biochemi-
cal activities for DJ-1 and the role of cysteine oxidation in
the function of the protein. An additional source of lingering
confusion is how a 20 kDa single domain protein can partic-
ipate in so many diverse cellular processes. For this question,
protein size discrimination should not exert undue influence
on the thinking of researchers, as other small proteins such as
calmodulin can participate in an impressive array of signaling
pathways in response to appropriate stimuli. With homo-
logs in nearly every organism, DJ-1 appears to be even more
ancient and widely distributed than calmodulin and thus
is likely to have evolved elegant (and probably complex)
mechanisms for regulation and cytoprotection.

There is an urgent need for more information about the
nature of DJ-1 binding to other proteins. Most models for DJ-1
function include some role for protein—protein interactions,
yet these interactions have not been structurally or biophysi-
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cally characterized. The pocket around Cys106 is prone to
interactions with other molecules (47), and it is reasonable to
propose that this functionally important area is involved in
protein binding. Moreover, protein binding near Cys106
would help rationalize some of the contentious proposals of a
protease or chaperone function for DJ-1, as both of these weak
activities may result from a basal, low affinity binding of DJ-1
to protein substrates. As described above, the physiological
relevance of these activities requires additional experimental
scrutiny.

The view of DJ-1 biology has clarified tremendously in the
13 years since its discovery. Many advances in the under-
standing of DJ-1 function have been driven by its connection
to human disease; however, DJ-1 homologs are present in
almost all organisms. Animal DJ-1 appears to be regulated by
oxidation of the conserved cysteine residue, and current data
suggest that this type of modification may be widespread in
the DJ-1 superfamily, including its many prokaryotic mem-
bers. It therefore is likely that the DJ-1 superfamily is one of
the most ancient examples of direct cysteine oxidation being
employed as a key regulatory modification. With countless
uncharacterized members in all kingdoms of life that invite
study, the DJ-1 superfamily is poised to provide a rich set of
examples of the versatility of cysteine chemistry in catalysis
and regulation.
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