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The identification of rare monogenic forms of Parkinson’s disease (PD) has provided tremendous insight into
the molecular pathogenesis of this disorder. Heritable mutations in e-synuclein, parkin, DJ-1 and PINK1
cause familial forms of PD. In the more common sporadic form of PD, oxidative stress and derangements
in mitochondrial complex-l function are considered to play a prominent role in disease pathogenesis.
However, the relationship of DJ-1 with other PD-linked genes and oxidative stress has not been explored.
Here, we show that pathogenic mutant forms of DJ-1 specifically but differentially associate with
parkin, an E3 ubiquitin ligase. Chemical cross-linking shows that pathogenic DJ-1 mutants exhibit impair-
ments in homo-dimer formation, suggesting that parkin may bind to monomeric DJ-1. Parkin fails to specifi-
cally ubiquitinate and enhance the degradation of L166P and M26! mutant DJ-1, but instead promotes their
stability in cultured cells. The interaction of parkin with L166P DJ-1 may involve a larger protein complex
that contains CHIP and Hsp70, perhaps accounting for the lack of parkin-mediated ubiquitination.
Oxidative stress also promotes an interaction between DJ-1 and parkin, but this does not result in the ubiqui-
tination or degradation of DJ-1. Parkin-mediated alterations in DJ-1 protein stability may be pathogenically
relevant as DJ-1 levels are dramatically increased in the detergent-insoluble fraction from sporadic PD/
DLB brains, but are reduced in the insoluble fraction from parkin-linked autosomal recessive juvenile-onset
PD brains. These data potentially link DJ-1 and parkin in a common molecular pathway at multiple levels that
may have important Implications for understanding the pathogenesis of inherited and sporadic PD.

INTRODUCTION

Parkinson’s disease (PD) is a chronic neurodegenerative dis-
order affecting ~1% of the population at the age of 65
rising to 4% of the population at the age of 85 (1,2). PD isa
movement disorder that is mainly due to the degeneration of
dopaminergic neurons in the substantia nigra pars compacta,
which leads to rigidity, resting tremor, bradykinesia, postural
instability and, in a subset of patients, cognitive and auto-
nomic dysfunction (1,2). Pathologically, PD is characterized
by the presence of intracytoplasmic proteinaceous inclusions
termed Lewy bodies, as well as Lewy neurites, that are
immunoreactive for a-synuclein (3).

The cause of PD remains unknown, and although the
majority of cases appear sporadic in nature, rare monogenic
forms of PD have provided tremendous insight into the

pathogenesis of this disease (4,5). Four genes, a-synuclein,
parkin, DJ-1 and PINK1 have been unambiguously linked to
familial PD (6-9). Missense mutations (A53T, A30P and
E46K) in a-synuclein, as well as whole gene multiplications,
have been linked to autosomal dominant PD (6,10-13).
Mutations in parkin cause autosomal recessive juvenile-
onset PD (AR-JP) and are the most common cause of inherited
PD, accounting for up to 50% of all recessive early-onset PD
cases (7,14,15). A large number of pathogenic mutations have
been identified in parkin and include exonic deletions, dupli-
cations and a variety of missense mutations and truncations.
Parkin may function in the ubiquitin-proteasomal system
(UPS) as an E2-dependent E3 ubiquitin ligase (16-18). A
number of putative substrates for parkin exist, but their patho-
genic role in PD remains elusive (16,19-26). The large
number of parkin substrates may relate to the ability of
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parkin to form protein complexes with components of the UPS
and chaperone systems. For example, parkin associates with
the E3 ubiquitin ligase, CHIP, and the molecular chaperone,
Hsp70, which together control the ubiquitination and degra-
dation of the parkin substrate Pael-R (27).

Mutations in DJ-1 are linked with autosomal recessive
early-onset PD and at least initially appear to be a rare
cause of familial PD, perhaps accounting for 1-2% of all
early-onset cases (28—-30). A number of pathogenic mutations
have been identified in DJ-1 and include exonic deletions,
truncations and homozygous (L166P and M26I) and
heterozygous (A104T and DI149A) missense mutations
(8,28-31). A rare polymorphism (R98Q) has also been
identified although this is not associated with PD (32). The
L166P mutant protein is impaired in its ability to form
homo-dimers and exhibits markedly reduced protein stability,
leading to enhanced proteasomal degradation (33—37). The
biological function of DJ-1 remains obscure. DJ-1 is a
highly conserved protein present in a diverse number of
organisms and belongs to the DJ-1/ThiJ/Pfpl protein super-
family. The crystal structure of human DJ-1 has been
resolved and shows that DJ-1 exists in solution as a homo-
dimer and the L166P mutation disrupts DJ-1 dimerization
(38-42). The crystal structure of DJ-1 closely resembles
that of Escherichia coli and yeast Hsp3l (42,43). The
crystal structure of DJ-1 also highlights a Cys-106/His-126
catalytic dyad indicative of protease activity. Preliminary
studies in vitro are consistent with the suggestion that DJ-1
may possess both chaperone activity and weak proteolytic
activity (37,42). DJ-1 may also function as an anti-oxidant
protein and/or as a redox sensor as it exhibits an acidic
shift in p/-value under oxidative stress, owing mainly to oxi-
dative modification of cysteine residues (44—47). Moreover,
in cultured cells, overexpression of DJ-1 protects against oxi-
dative injury, whereas DJ-1 knockdown enhances the suscep-
tibility to oxidative stress (45,48).

There has been tremendous interest from researchers in
attempting to link the familial-associated gene products in a
common pathogenic pathway of neuronal degeneration in
PD. Suggestions that there might be a converging or
common molecular pathway are the observations that parkin
ubiquitinates the a-synuclein-interacting protein, synphilin-1,
and participates in the ubiquitination of inclusions that are
formed in the presence of a-synuclein and synphilin-1 (20).
Furthermore, parkin may also ubiquitinate a rare O-glycosy-
lated form of a-synuclein (19). In the more common sporadic
form of PD, oxidative stress and derangements in mitochon-
drial complex-I function are thought to play a prominent
role in the demise of dopaminergic neurons (49,50). Recent
observations suggest that a-synuclein and derangements in
complex-I function may converge in a common pathway as
inhibition of complex-I leads to a-synuclein aggregation and
toxicity both in vitro and in vivo (51-56). Oxidative stress
can also modify the normal function of parkin, because
S-nitrosylation of parkin impairs its E3 ubiquitin ligase
activity (57). The role of DJ-1 in such a pathway and its
relationship with parkin, «-synuclein and oxidative stress
has not been explored. Here, we show that parkin selectively
interacts with DJ-1 harboring pathogenic mutations, as well as
following various forms of oxidative stress. These interactions

potentially link parkin, DJ-1 and oxidative stress in 4 common
molecular pathway.

RESULTS

Parkin specifically but differentially interacts with
pathogenic DJ-1 mutants

To investigate the relationship between DJ-1 and a-synuclein
or parkin, co-immunoprecipitation experiments were per-
formed (Fig. 1). SH-SY5Y cells were co-transfected with HA-
tagged wild-type (WT) o-synuclein together with C-terminal
myc-tagged DJ-1 (WT or L166P) followed by immunoprecipi-
tation (IP) with anti-myc antibody (Fig. 1A). WT a-synuclein
fails to co-immunoprecipitate with WT or L166P DJ-1
(Fig. 1A). In additional experiments, WT and L166P DJ-1
also fail to interact with o-synuclein pathogenic mutants
(A30P or AS3T) or UCH-L1 (data not shown). Similar exper-
iments were performed with FLAG-tagged parkin and myc-
tagged WT or mutant DJ-1 (Fig. 1B). Intriguingly, parkin
specifically interacts with pathogenic mutant forms of DJ-1
(Fig. 1B). In particular, the interaction of parkin with L166P
DJ-1 is particularly robust, whereas that with other pathogenic
mutants (M261, A104T and D149A) are considerably weaker,
producing an interaction profile of L166P > M26I >
Al04T = D149A. WT DJ-1 and non-pathogenic R98Q DJ-1
fail to interact with parkin (Fig. 1B); on the other hand,
parkin also fails to interact with non-pathogenic K130R DJ-
1 (data not shown). As L166P DJ-1 has a number of N-term-
inal truncation products that may result from proteolytic pro-
cessing (Fig. 1B) (33,36), we next examined whether parkin
interacts with full-length or truncated forms of DJ-1 by per-
forming co-immunoprecipitation experiments. Parkin inter-
acts robustly with full-length L166P DJ-1 but only weakly
with truncated L166P DJ-1, in addition to truncated WT DJ-
1 (Fig. 1C), suggesting that full-length L166P DJ-1 primarily
associates with parkin, In additional experiments, L166P DJ-1
fails to co-immunoprecipitate with various modular domains
of parkin, including the RING box motif and ubiquitin-like
domain (data not shown), suggesting that full-length parkin
is probably required for the interaction with L166P DJ-1. To
determine whether the interaction of parkin with pathogenic
mutant forms of DJ-1 is associated with alterations in DJ-1
protein stability or homo-dimer formation, we examined the
steady-state levels of myc-tagged WT and mutant DJ-1, as
well as the capacity of myc-tagged WT and mutant DJ-1 to
associate, and therefore homo-dimerize with FLAG-tagged
WT DJ-1 (Fig. 1D and E). As previously reported (33),
L166P DJ-1 is highly unstable, exhibiting markedly reduced
steady-state levels, and fails to form homo-dimers, whereas
most other DJ-1 mutants exhibit comparable steady-state
levels to WT protein and share the capacity to form homo-
dimers (Fig. 1D and E). A mild reduction in the steady-state
levels of M26I DJ-1 is also noted, as described previously
(33). Taken together, these results suggest that parkin interacts
specifically with pathogenic mutant forms of DJ-1, particu-
larly the L166P mutant, but this does not initially appear to
relate to their intrinsic protein stability or their capacity to
form homo-dimers.
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Figure 1. Parkin differentially associates with pathogenic DJ-1 mutants. (A) DJ-1 fails to interact with a-synuclein. Lysates from SH-SY5Y cells co-transfected
with myc-tagged DJ-1 (WT or L166T) and HA-tagged WT a-synuclein were subjected to IP with anti-myc antibody. I and input lysates (1% total soluble
lysate) were analyzed by western blotting (WB) with anti-HA and anti-myc antibodies. (B) Interaction of parkin with pathogenic DJ-1 mutants. SH-SY5Y
lysates co-expressing myc-tagged WT or mutant (L166P, M261, A104T, D149A or R98Q) DJ-1 or control plasmid, together with FLAG-tagged parkin, were
subjected to IP with anti-myc antibody, and IP and input lysates were analyzed by WB with anti-FLAG and anti-myc antibodies. (C) Parkin interacts primarily
with full-length L166P DJ-1. SH-SYSY lysates co-expressing myc-tagged DJ-1 (WT or L166P) together with FLAG-tagged parkin or control plasmid were
subjected to IP with anti-FLAG antibody, and IP and input lysates were analyzed by WB with anti-myc and anti-FLAG antibodies. Full-length (FL) and
N-terminally truncated {AN] and AN2) myc-tagged DJ-1 species are indicated by amows. (D) Analysis of steady-state protein levels of DJ-1 mutants.
Lysates from SH-SYSY celis transfected with myc-tagged WT or mutant (L166P, M26I, A104T, D149A or R98Q) DIJ-1 were analyzed by WB with
anti-myc antibody or with anti-actin antibody to demonstrate equal loading. (E) Analysis of dimerization of DJ-1 mutants. Lysates from SH-SYSY cells
co-transfected with myc-tagged WT or mutant (L166P, M261, A104T, DI49A or R98Q) DJ-1 or control plasmid, together with FLAG-tagged WT DJ-1,
were subjected to IP with anti-myc antibody, and IP and input lysates were analyzed by WB with anti-FLAG and anti-myc antibodies. Molecular weight

markers are indicated in kDa. All experiments were replicated three times with

Pathogenic DJ-1 mutants share a reduced capacity
to form homo-dimers

Parkin interacts robustly with L166P DIJ-1, however, this
mutant exists largely in a monomeric form through its inability
to form homo-dimers owing to protein instability (33,38). We
reasoned therefore that parkin might interact preferentially
with monomeric DJ-1 and that pathogenic mutations in
DJ-1, other than L166P, might reduce but not completely
abrogate the capacity of DJ-1 to form homo-dimers. To
investigate this possibility, SH-SY5Y cells were transfected
with myc-tagged DJ-1 (WT or L166P) and soluble cell
lysates were treated with the covalent chemical cross-linking
agent disuccinimidy! suberate (DSS). As expected, myc-
tagged WT DIJ-1 forms homo-dimers in a dose-dependent
manner concomitant with a progressive decrease in mono-
meric DJ-1, whereas L.166P DJ-1 fails to form homo-dimers
(Fig. 2A), consistent with our co-immunoprecipitation

similar results.

studies (Fig. 1E). Incidentally, the level of monomeric
L166P DJ-1 also decreases in a dose-dependent manner, but
fails to appear at a higher molecular weight (Fig. 2A),
perhaps suggesting that it becomes incorporated into an inso-
Tuble protein complex. Endogenous DJ-1 also forms robust
homo-dimers, whereas hetero-dimer formation appears
nominal (Fig. 2A). These data demonstrate that DJ-1 homo-
dimers are amenable to chemical cross-linking and further
confirm that L166P DJ-1 fails to form homo-dimers.

Next, the capacity of myc-tagged WT or mutant DJ-1 to form
homo-dimers was examined using a non-saturating concen-
tration of DSS (5 mm). With the exception of L166P DJ-1,
WT DJ-1 and the other DJ-1 mutants form varying amounts of
homo-dimer following cross-linking (Fig. 2B), consistent with
our co-immunoprecipitation studies (Fig. 1E). To obtain a
measure of dimerization capacity or efficiency, densitometry
was used to generate a ratio of dimer to monomer (Fig. 2C).
When compared with WT DJ-1, pathogenic mutant forms of
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Figure 2, Reduced homo-dimerization of pathogenic DJ-1 mutants. (A) Cross-linking of DJ-1 homo-dimers. Equivalent soluble lysates from SH-SYSY cells
transfected with myc-tagged DJ-1 (WT or L166P) were treated with increasing concentrations of DSS and myc-tagged or endogenous DJ-1 was detected by
WB with anti-myc (upper panel) or anti-DJ-1 (N) (lower panel) antibodies, respectively. The corresponding position of myc-tagged (Myc) or endogenous
(endo )} DJ-1 monomers and homo-dimers are indicated. (B) Reduced cross-linking of pathogenic DJ-1 mutants. Equivalent lysates from SH-SY5Y cells trans-
fected with myc-tagged WT or mutant (L166P, M261, A104T, D149A or R98Q) DJ-1 were treated with S mM DSS and homo-dimer formation was assessed by
WB with anti-myc antibody. (C) Quantification of homo-dimer levels and normalization to monomer levels from (B) by densitometry reveals a significant
reduction in the homo-dimerization of pathogenic DJ-1 mutants. DJ-1 dimer—monomer ratios are expressed as a percentage (%) of WT levels, and bars represent
the mean + SE of three independent experiments, *P << 0.005 when compared with WT levels (Student’s s-test). (D) Parkin fails to cross-link to pathogenic DJ-1
mutants. SH-SY5Y cells were co-transfected with myc-tagged WT or mutant (L166P, M26I, A104T, D149A or R98Q) DJ-1 or contro] plasmid, together with
FLAG-tagged parkin. Equivalent lysates were treated with 5 mm DSS and then subjected to IP with anti-myc antibody. IP and input lysates were analyzed by WB
with anti-FLAG and anti-myc antibodies. * NS denotes non-specific band detected with anti-myc antibody. Molecular weight markers are indicated in kDa. All
experiments were replicated three times with similar results.

DJ-1 exhibit a significantly reduced capacity to form homo-
dimers, i.e. a reduced ratio of dimer to monomer, whereas dimer-
ization of non-pathogenic R98Q DJ-1 is comparable with WT
protein (Fig. 2C). Next, to determine whether parkin interacts
preferentially with monomeric or dimeric forms of mutant
DJ-1, co-immunoprecipitation experiments were performed
with DSS cross-linked SH-SYSY lysates co-transfected with
FLAG-tagged parkin and myc-tagged DJ-1 (WT or mutant)
(Fig. 2D). Parkin fails to covalently cross-link to either mono-
meric or dimeric forms of mutant DJ-1 (Fig. 2D), as suggested
by the absence of modified forms of DJ-1 or parkin with

increased molecular weight. These data suggest either an
indirect interaction between parkin and DJ-1 mutants, or that
particular amino acid side chain residues (e.g. primary amines)
are not available for cross-linking at the protein interaction inter-
face. However, pathogenic DJ-1 mutants, especially the L166P
mutant, retain the ability to co-immunoprecipitate with full-
length parkin in addition to a substantial proportion of high
molecular weight (HMW) parkin (>250kDa; Fig. 2D),
suggesting that (i) a proportion of parkin may exist as part of a
large protein complex or is extensively modified, i.e. by auto-
ubiquitination and (i) DJ-1 mutants can differentially associate
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Figure 3. Parkin fails to ubiquitinate and enhance the degradation of DJ-1. (A and B) Parkin fails to ubiquitinate DJ-1. (A) SH-SY5Y cells were co-transfected
with myc-tagged WT, L166P or M261 DJ-1 or control plasmid, together with HA-tagged ubiquitin, with or without FLLAG-tagged parkin. Equivalent soluble
lysates were subjected to IP with anti-myc antibody, and IP and input lysates were analyzed by WB with anti-HA and anti-myc antibodies. (B) Similar ubiqui-
tination experiments were performed using transfected cells treated with the proteasome inhibitor MG132 (5 pn) for 24 b, as described earlier. (C and D) Effect
of parkin on DJ-1 stcady-statc protein levels. (C) SH-SY5Y ccells co-transfected as detailed carlicr were fractionated into 1% Triton X-100-soluble or -insoluble
fractions, and equivalent fractions analyzed by WB with anti-myc and anti-FLAG antibodies or with anti-actin antibody to demonstrate equal loading. (D)
Similar steady-state experiments were performed using transfected cells treated with the proteasome inhibitor MG132 (5 pm) for 24 h, as described earier.
Full-length (FL), N-terminally truncated (AN! and AN2) and mono-ubiquitinated (DJ-1-(Ub);) myc-tagged DJ-1 species or HMW FLAG-tagged parkin
species are indicated by arrows. Molecular weight markers are indicated in kDa. All experiments were replicated at least three times with similar results.

with both full-length and HMW forms of parkin. Tmportantly,
using chemical cross-linking, we are unable to determine
whether parkin associates preferemtially with monomeric or
dimeric forms of mutant DJ-1. Collectively, these findings
suggest that pathogenic mutant forms of DJ-1 share a reduced
capacity to form homo-dimers that strongly correlates with
their propensity to interact with parkin, perhaps suggestive of
parkin binding preferentially to monomeric DJ-1.

Parkin fails to ubiquitinate DJ-1 but instead enhances
DJ-1 protein stability

As parkin specifically and differentially interacts with
pathogenic mutant forms of DJ-1, the ability of parkin to

ubiquitinate and to enhance the degradation of these mutants
was explored (Fig. 3). We chose to study further the L166P
and M261 DJ-1 mutants, because these show the strongest
interaction with parkin (Fig. 1B). To ascertain whether
parkin ubiquitinates DJ-1, SH-SY5Y cells were co-transfected
with HA-tagged ubiquitin and myc-tagged DJ-1 (WT, L166P
or M26I) with and without FLAG-tagged parkin. This was
followed by TP with anti-myc antibody and probing with
anti-HA antibody to monitor ubiquitination of DJ-1, or with
anti-myc antibody to monitor the formation of DJ-1-ubiquitin
conjugates (Fig. 3A). In the absence of parkin, a small
proportion of WT and M261 DJ-1 is mono-ubiquitinated,
whereas mono-ubiquitination of L166P DJ-1 is not detected
probably secondary to its reduced protein stability (Fig. 3A).
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In the presence of parkin, we fail to observe enhanced ubiqui-
tination of WT and mutant DJ-1 (Fig. 3A). Moreover, with the
exception of mono-ubiquitinated DJ-1, we fail to observe any
HMW DJ-l-ubiquitin conjugates (Fig. 3A), suggesting the
absence of poly-ubiquitinated forms of DJ-1. To determine
whether the failure to observe enhanced ubiquitination of
DJ-1 by parkin was potentially due to the proteasomal degra-
dation of poly-ubiquitinated forms of DJ-1, similar experi-
ments were performed in the presence of the proteasome
inhibitor MG132 (Fig. 3B). Following proteasome inhibition,
we fail to detect the formation of HMW DJ-1-ubiquitin conju-
gates but instead consistently detect mono-ubiquitinated DJ-1
species, including L166P DJ-1 (Fig. 3B). However, we also
observe a marked accumulation of full-length and truncated
forms of L166P DJ-1 to near WT levels, further suggesting
that this mutant is not subject to poly-ubiquitination. Parkin
overexpression does not influence the overall levels of
mono-ubiquitinated DJ-1 following proteasome inhibition,
but rather redistributes them from a detergent-soluble to an
insoluble fraction (Fig. 3B and D). Taken together, these
findings demonstrate that L166P and M26I mutant DJ-1 are
not ubiquitinated by parkin despite their interaction, whereas
DJ-1 can exist in a mono-ubiquitinated form independent of
parkin overexpression.

The failure to observe ubiquitination of L166P and M261
mutant DJ-1 in the presence of parkin was surprising. To
explore whether the absence of HMW DJ-1-ubiquitin conju-
gates in the detergent-soluble fraction was secondary to
these conjugates residing or being sequestered into the deter-
gent-insoluble fraction, we examined and compared the 1%
Triton X-100-soluble and -insoluble fractions from the
earlier mentioned ubiquitination experiments (Fig. 3C and
D). Unexpectedly, parkin dramatically increases the amount
of full-length L166P and M261 mutant DJ-1 in the deter-
gent-insoluble fraction, and also has a smaller effect on WT
DJ-1 (Fig. 3C). In the detergent-soluble fraction, parkin also
facilitates a small increase in the steady-state levels of WT,
L166P and M26I DJ-1 (Fig. 3C), suggesting that parkin may
generally enhance the stability of DJ-1. Although full-length
and HMW forms of parkin are present in the insoluble frac-
tion, only full-length parkin is detected in the soluble fraction
(Fig. 3C). In the detergent-insoluble fraction, the stabilizing
effect of parkin on full-length L166P and M261 mutant DJ-1
steady-state levels is markedly enhanced following treatment
with the proteasome inhibitor MG132, having only a small
effect on WT DJ-1 (Fig. 3D). In addition, parkin also enhances
the levels of N-terminally truncated forms of both WT
L166P and M26I DJ-1 following proteasome inhibition
(Fig. 3D), and parkin also promotes the redistribution of
mono-ubiquitinated DJ-1 from the soluble into the insoluble
fraction (Fig. 3B and D). The enhanced levels of DJ-1 in the
insoluble fraction following proteasome inhibition also corre-
late with the dramatic accumulation of full-length and HMW
forms of parkin in this fraction (Fig. 3D), whereas in the
soluble fraction only full-length parkin is detected. These
HMW forms of parkin likely represent poly-ubiquitinated
species that accumulate following proteasome inhibition. In
the detergent-soluble fraction, the small stabilizing effect of
parkin on DJ-1 levels is still observed following proteasome
inhibition (Fig. 3D). In these experiments, we fail to observe

detergent-insoluble HMW DJ-1-ubiquitin conjugates in the
absence or presence of parkin (Fig. 3C and D), further
suggesting that parkin does not poly-ubiquitinate mutant
Di-1. Collectively, these findings demonstrate that parkin
can increase the steady-state levels of L166P and M261
mutant DJ-1, primarily of detergent-insoluble species, and
this effect is enhanced by proteasome inhibition, Taken
together, these results indicate that although parkin interacts
with L166P and M261 mutant DJ-1, parkin enhances neither
their ubiquitination nor their degradation or turnover.
Instead, parkin may promote the stability of L166P and
M261 mutant DJ-1. This may suggest that the interaction of
parkin with these mutants is either indirect or subserves an
alternative as yet undetermined biological function.

Oxidative stress promotes the association of parkin
and DJ-1

As parkin interacts selectively with pathogenic DJ-1 mutants
but not with WT protein, the possibility that parkin may
only interact with DJ-1 under pathogenic or stressful con-
ditions was explored. To this end, the ability of WT DJ-1
and parkin to associate under conditions of oxidative stress
was examined by co-immunoprecipitation experiments
(Fig. 4A-C). First, the effects of hydrogen peroxide on the
ability of parkin and WT DJ-1 to interact were monitored.
Hydrogen peroxide oxidatively modifies cysteine residues
in DJ-1, particularly Cys-106, resulting in an acidic shift in
pl-value (44,45,58). SH-SYS5Y cells were co-transfected with
FLAG-tagged parkin and myc-tagged WT DIJ-1, followed by
treatment with hydrogen peroxide for 24 h, and IP with anti-
myc antibody. Hydrogen peroxide treatment results in a
dose-dependent increase in the interaction of WT DJ-1 with
parkin (Fig. 4A). However, WT DJ-1 and parkin fail to inter-
act under control conditions. To determine whether parkin
interacts with WT DJ-1 under other forms of oxidative stress,
the effects of the mitochondrial complex-T inhibitor, 1-
methyl-4-phenylpyridinium ion (MPP™), and the nitric oxide
(NO) donor, S-nitroso-N-acetylpenicillamine (SNAP) were
examined. Treatment with both MPP* and SNAP leads to a
dose-dependent increase in the interaction of parkin with
WT DJ-1 comparable with that observed with hydrogen
peroxide (Fig. 4B and C). Under all three oxidative conditions,
a dose-dependent decrease in cell viability is observed
(data not shown). Taken together, these results suggest that
parkin and DJ-1 can be linked together under conditions of
oxidative stress.

To determine the consequences of the interaction of parkin
and WT DJ-1 following oxidative stress, we examined the
ability of parkin to ubiquitinate DJ-1, as well as the effect of
parkin on DJ-1 steady-state levels, under oxidative conditions.
First, ubiquitination experiments were performed as described
earlier with myc-tagged WT DJ-1 and FLAG-tagged parkin
under similar conditions of oxidative stress that promote the
maximal interaction of both proteins (Fig. 4D). We fail to
detect HMW DJ-1-ubiquitin conjugates in the absence or pre-
sence of parkin following oxidative stress, but we continue to
consistently observe mono-ubiquitinated DJ-1 imrespective of
the presence of parkin (Fig. 4D). Parkin does not modify the
actual level of mono-ubiquitinated DJ-1 observed following
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Myc-tagged (Myc) or endogenous (endo) DJ-1 are indicated. Molecular weight markers are indicated in kDa. All experiments were replicated at least three

times with similar results,

oxidative stress, but instead marginally enhances the steady-
state levels of soluble DJ-1 (Fig. 4D and E), as demonstrated
earlier (Fig. 3C), thus leading to TP of greater quantities of
full-length and mono-ubiquitinated DJ-1 mn this experiment.
This is particularly apparent under control conditions
(Fig. 4D and E). It was not possible to perform this experiment
in the presence of proteasome inhibitors secondary to exces-
sive cell death (data not shown). These results suggest that
WT DJ-1 is not ubiquitinated by parkin under conditions of
oxidative stress.

To determine the effects of parkin on the steady-state levels
of WT DJ-1 following oxidative siress, we examined and com-
pared the detergent-soluble and -insoluble fractions from the
earlier mentioned ubiquitination experiment (Fig. 4E). Under
control conditions, parkin marginally enhances the levels of
WT DJ-1 in both the soluble and insoluble fractions

(Fig. 4E), as observed earlier (Fig. 3C). This stabilizing
effect of parkin on WT DJ-1 is abrogated under oxidative
conditions (Fig. 4E). Furthermore, these oxidative conditions
lead to a marked reduction in the steady-state levels of
WT DIJ-1 in the detergent-insoluble fraction irrespective of
parkin overexpression, with no obvious changes in the
soluble fraction. Oxidative stress also has a similar effect on the
steady-state levels of detergent-insoluble endogenous DJ-1
in these cells (Fig. 4E). These results suggest that oxidative
stress may reduce the stability of detergent-insoluble forms
of DJ-1. In contrast, treatment with MPP™, and to a lesser
extent SNAP, results in a marked redistribution of full-
length parkin from the detergent-soluble to the insoluble frac-
tion (Fig. 4E). This redistribution may reflect movement of
parkin between different cellular compartments or organelles,
or a change in the biochemical properties of parkin. Additional
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experiments using quantitative DSS cross-linking show that
oxidative stress has no effect on homo-dimer formation of
detergent-soluble WT DIJ-1 (data not shown). Collectively,
these results indicate that although parkin interacts with WT
DJ-1 under oxidative stress, this does not promote the parkin-
mediated ubiquitination or degradation of DJ-1. Instead, the
small stabilizing effect of parkin on WT DJ-1 may be impaired
by oxidative stress. Intriguingly, oxidative stress can reduce the
stability of insoluble DJ-1, as well as reducing the solubility of
parkin. Our findings support the idea that the interaction of DJ-1
and parkin under oxidative stress may be an indirect association
or may serve an alternative biological role.

L.166P mutant DJ-1 associates with parkin, CHIP
and Hsp70

Parkin exists in a macromolecular protein complex with CHIP
and Hsp70, where this complex participates in the ubiquitina-
tion and degradation of parkin substrates such as Pael-R (27).
Ta ascertain whether DJ-1 mutants could additionally interact
with components of this parkin complex, co-immunoprecipitation
experiments were performed (Fig. 5). We chose to study only
L166P DJ-1 in these experiments because this mutant
displays the most robust interaction with parkin. SH-SY5Y
cells were co-transfected with myc-tagged DJ-1 (WT or
L166P) together with HA-tagged CHIP, FLAG-tagged parkin
or both proteins, followed by treatment with the proteasome
inhibitor MG132 for 24 h to restore L166P DJ-1 levels to
those of WT, and IP with anti-myc antibody. L166P DJ-1
specifically interacts with CHIP in the presence or absence of
parkin, whereas WT DIJ-1 fails to interact with CHIP
(Fig. 5A). Parkin fails to appreciably alter the interaction of
CHIP with L166P DJ-1. In a similar manner, CHIP fails to
alter the interaction of parkin with L166P DJ-1, suggesting
that parkin and CHIP may interact with L166P DJ-1 indepen-
dently of each other. In similar co-immunoprecipitation exper-
iments, we also monitored the ability of L166P DJ-1 to interact
with Hsp70. SH-SY3Y cells were co-transfected with myc-
tagged DJ-1 (WT or L166P) together with V5-tagged Hsp70
or control plasmid, followed by treatment with or without
MG132 for 24 h, and IP with anti-V5 antibody. We find that
only full-length L166P DJ-1 interacts with Hsp70, on the
other hand, Hsp70 also interacts with N-terminally truncated
forms of WT and L166P DIJ-1 (Fig. 5B). In the presence of
the proteasome inhibitor MG132 to restore L166P DJ-1
levels, the interaction of Hsp70 with full-length and truncated
forms of L166P DJ-1 is enhanced and we additionally
observe a weak interaction of full-length WT DJ-1 with
Hsp70 (Fig. 5B). The interaction of full-length WT DJ-1 with
Hsp70 following proteasome inhibition may relate to the puta-
tive chaperone function of DJ-1. To determine whether Hsp70
can promote the stability of L166P DJ-1, similar to the effect of
parkin (Fig. 3D), we examined the steady-state levels of WT or
L166P DJ-1 in the detergent-insoluble fraction in the absence or
presence of Hsp70 following proteasome inhibition (Fig. 5C).
Hsp70 markedly enhances the level of full-length L166P
DJ-1, as well as N-terminally truncated forms of WT and
L166P DJ-1, with smaller effects on full-length WT DJ-1
(Fig. 5C). This finding suggests that Hsp70 can promote the
stability of detergent-insoluble DJ-1, primarily L166P DJ-1.
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Figure 5. Association of L166P DJ-1 with parkin, CHIP and Hsp70. (A) Inter-
action of L166P DJ-1 with CHIP and parkin. SH-SYS5Y cells were co-
transfected with myc-tagged WT or L166P DJ-1, together with HA-tagged
CHIP, FLAG-tagged parkin or both proteins, followed by treatment with the
proteasome inhibitor MG132 (5 pM) for 24 h. Lysates were subjected to IP
with anti-myc antibody, and IP and input lysates were analyzed by WB
with anti-HA, anti-FLAG and anti-myc antibodies. (B) Interaction of L166D
DJ-1 with Hsp70. SH-SY5Y cells were co-transfected with myc-tagged WT
or L166P DJ-1, together with V5-tagged Hsp70 or control plasmid, followed
by treatment with or without the proteasome inhibitor MG132 (5 pM) for 24 h.
Lysates were subjected to IP with anti-V5 antibody, and IP and input lysates
were analyzed by WB with anti-myc and anti-V5 antibodies. (C) Effect of
Hsp70 on DJ-1 steady-state protein levels. The 1% Triton X-100-insoluble
fraction from cells co-transfected with myc-tagged WT or L166P DJ-1 with
or without V5-tagged Hsp70, followed by treatment with MG132 (5 pM) for
24 h, was analyzed by WB with anti-myc and anti-actin antibodies. Full-
Iength (FL) and N-terminally truncated (AN1 and AN2) myc-tagged DJ-1
species are indicated by arrows. Molecular weight markers are indicated in
kDa. All experiments were replicated with similar results.

This stabilizing effect reflects the interaction profile of
Hsp70 with WT and L166P DI-1 (Fig. 5B). Taken together,
these results indicate that both CHIP and Hsp70 are able to
interact with L166P DJ-1, and suggest that parkin may associate
with L166P DJ-1, and possibly other DJ-1 mutants, as part
of a larger protein complex containing CHIP and Hsp70.
This observation may explain the failure of parkin to directly
ubiquitinate L166P and M261 mutant DJ-1 (Fig. 3A and B).
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Alterations of DJ-1 protein levels in Parkinson’s
disease brains

Parkin enhances the steady-state levels of DJ-1 primarily in
the detergent-insoluble fraction in cultured cells, and this
may relate to increased protein stability. To explore whether
this finding has potential pathophysiological relevance, we
monitored the levels and detergent solubility of DJ-1 in
human post-mortem cingulate cortex tissue from aged-
matched normal control, Alzheimer’s disease (AD) and PD/
dementia with Lewy bodies (DLB) patients (Table 1,
Fig. 6). Although the relative amount of DJ-1 does not
change in the detergent-soluble fraction of all cases, a dra-
matic increase of DJ-1 levels in the detergent-insoluble
fraction is observed in PD/DLB cases when compared with
control or AD cases (Fig. 6A). Quantification and normaliza-
tion of DJ-1 protein levels reveals a >35-fold increase of
DJ-1 in the insoluble fraction of PD/DLB cases when com-
pared with combined control and AD cases, whereas there is
no apparent difference in the soluble fraction (Fig. 6A).
Parkin resides only in the detergent-insoluble fraction in the
aged human brain, but we fail to observe any difference in
parkin levels in PD/DLB cases compared with control or
AD cases (Fig. 6A). To determine whether this observation
is specifically related to pathologically affected regions of
PD/DLB brains, we examined DJ-1 levels in similar protein
fractions derived from cerebellum tissue, a region not affected
by the pathogenesis of PD/DLB. We observe no apparent
differences of DJ-1 levels in the detergent-soluble or insoluble
fractions of PD/DLB cases compared with control or AD cases
(Fig. 6B), suggesting that increased DJ-1 levels observed
in PD/DLB cingulate cortex are directly related to the patho-
genesis of PD/DLB.

To determine whether the absence of parkin influences the
levels of DJ-1 protein in vivo, we examined brain tissue
from the frontal cortex of patients with parkin-linked AR-JP
(due to parkin exonic deletions) and aged-matched normal
controls (Fig. 6C). We find that the absence of parkin in
the frontal cortex of AR-JP brains leads to a marked reduction
of DJ-1 in the detergent-insoluble fraction in three out of four
AR-JP cases (cases 1, 3 and 4) when compared with control
cases (Fig. 6C), as revealed by densitometry. We observe no
consistent change of DIJ-1 levels in the detergent-soluble
fraction of control and AR-JP cases, although two out of
four AR-JP cases (cases 3 and 4) display noticeably reduced
levels of DJ-1 when compared with all control cases
(Fig. 6C). As expected, parkin is detected in the detergent-
insoluble fraction of control brains, but is absent from
AR-JP brains, as previously described (19,59). Consistent
with the stabilizing effect of parkin on DJ-1 in cultured
cells, these data might suggest that parkin is able to influence
the stability of DJ-1 in vivo; in particular, the absence of
parkin leads to a reduction of DJ-1 primarily in the
detergent-insoluble fraction.

DISCUSSION

The major findings of this study are that parkin selectively but
differentially interacts with pathogenic mutant forms of DJ-1.
Pathogenic DJ-1 mutants exhibit impairments in homo-dimer
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Table 1. Clinical details of human subject’s tissue used for western blotting

Subjects Diagnosis Brain region PMD (h) Age (year)
Control 1 —_ CING, CB 10 66
Control 2 — CING, CB 4 74
Control 3 —_ FRNTL Is 61
Control 4 — FRNTL 6 67
Control 5 — FRNTL 10 68
Control 6 e FRNTL 5 49
AD 1 AD CING, CB 14 88
AD?2 AD CING, CB 9 80
PD/DLB 1 PD/DLB/AD CING, CB S 82
PD/DLB 2 PDjcortical 1.B CING, CB 9 75
PD/DLB 3 PD CING, CB 16 77
PD/DLB 4 PD/DLB/AD CING, CB 12 84
PD/DLB 5 PD/AD CING, CB 21 64
AR-JP 1 PD FRNTL 15 62
AR-JP 2 PD FRNTL 4 65
AR-JP 3 PD FRNTL 18 52
AR-JP 4 PD FRNTL 10 68

AD, Alzheimer’s disease; PD, Parkinson’s disease; DLB, dementia with
Lewy bodies; LB, Lewy bodies; AR-JP, autosomal recessive juvenile-
onset PD; PMD, post-mortem delay; CING, cingulate cortex; CB,
cerebellum; FRNTL, frontal cortex.

formation. Parkin fails to ubiquitinate and enhance the
degradation of L166P and M26I mutant DJ-1, but instead
promotes their stability. Furthermore, L166P DJ-1 may be
capable of forming a protein complex with parkin, CHIP
and Hsp70. Oxidative stress promotes an interaction between
parkin and WT DIJ-1, although this does not lead to the ubiqui-
tination or degradation of DJ-1. Parkin-mediated alterations in
DJ-1 stability may be pathogenically relevant as DJ-1 levels
are dramatically increased in the detergent-insoluble fraction
from sporadic PD/DLB brains, but are reduced in the insoluble
fraction from parkin-linked AR-JP brains. This study links
together, at multiple levels, two gene products associated
with familial forms of PD that may have important impli-
cations for understanding the molecular pathogenesis of this
disease.

The selective association of parkin with pathogenic mutant
forms of DJ-1 suggests that these mutants might share
common properties. However, the L166P mutant clearly
differs from other DJ-1 mutants in that it interacts with parkin
most robustly. L166P DJ-1 is a highly unstable, unfolded
protein that fails to dimerize and is rapidly degraded by the
20/26S proteasome (33—35). Unfolding of the L166P mutant
might conceivably promote its association with a variety of pro-
teins or protein complexes, including components of the UPS or
chaperone systems. Furthermore, L166P DJ-1 may be incorpor-
ated into higher-order protein complexes in cultured cells (35).
Parkin or a parkin-associated complex does not appear to be
involved in the ubiquitination or degradation of L166P DJ-1.
Instead, parkin can stabilize L166P or M261 mutant DJ-1, par-
ticularly detergent-insoluble forms, through a mechanism that
does not involve ubiquitination, thus arguing in favour of 4 pro-
tective or stabilizing role for parkin, The mechanism of parkin’s
unexpected stabilizing effect is unclear, but might result from
delaying or reducing the normal turnover of exogenous DJ-1.
Although it is possible that parkin or Hsp70 might stabilize
DIJ-1 by sequestration or redistribution into distinct inclusion
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Figure 6. Alterations in DJ-1 protein levels in sporadic and parkin-linked PD brain. (A) Increased levels of insoluble DJ-1 in PD/dementia with Lewy bodies
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replicated with similar results.

bodies or cellular organelles, this is perhaps doubtful given that
this stabilizing effect is observed in both detergent-soluble and
insoluble fractions. Such soluble and insoluble fractions are
unlikely to simultaneously contain either inclusion bodies or
organelles due to their intrinsic solubility in detergent. Thus,
parkin’s stabilizing effect is likely related to a more generalized
effect, such that parkin binding might reduce the availability of
DIJ-1 for degradation. It will be of interest to determine whether
parkin’s stabilizing effect extends to DJ-1 harboring other
pathogenic mutations, such as Al04T and DI49A, or the
recently identified homozygous E64D mutation (60).

As L166P DJ-1 exists entirely in a non-dimeric form, a
large proportion of which is monomeric (37), this might
suggest that parkin selectively associates with DJ-1 mono-
mers. Other pathogenic DJ-1 mutants demonstrate impair-
ments in homo-dimer formation, yet still retain the capacity
to form a significant population of dimers, which may lead
to the availability of much smaller levels of monomeric
DJ-1. This may explain the relatively weaker interaction of
these DJ-1 mutants with parkin compared with the non-
dimeric L166P mutant. The association of parkin with DJ-1
mutants may not be directly relevant to the pathogenesis of
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PD as not all cases of DJ-1-linked PD result from missense
mutations. Indeed, exonic deletions appear to be a prominent
cause of DJ-1-linked PD, some of which result in a complete
loss of DJ-1 protein (61). Therefore, the interaction of parkin
and DJ-1 may instead link both proteins in a common mole-
cular pathway but only under selective conditions, including
pathogenic mutations or oxidative stress.

The failure of parkin to ubiquitinate or to enhance the
degradation of L166P or M261 mutant DJ-1 is suggestive of
an indirect interaction, perhaps as part of a larger protein
complex that contains CHIP and Hsp70 together with other
proteins. The function of such a protein complex is unclear.
Lack of a direct parkin-mediated effect on L166P DJ-1 high-
lights the distinct possibility that parkin may serve subsidiary
roles other than ubiquitination that might include protein
stabilization or refolding. We find no evidence for poly-
ubiquitination of L166P DIJ-1 in our study, suggesting that
ubiquitination does not play a major role in the proteasomal
degradation of L166P DJ-1. Previous studies have similarly
failed to demonstrate the formation of HMW L166P DJ-1-
ubiquitin conjugates, but have instead observed the accumu-
lation of full-length and truncated L166P DJ-1 following
proteasome inhibition (33,34,36,37). The unfolded nature of
L166P DJ-1 may therefore be sufficient for degradation
in an ubiquitin-independent manner by the 20/26S proteaso-
mal complex, similar to other natively unfolded proteins
including o-synuclein and tan (62,63). Intriguingly, a small
proportion of DJ-1 can be mono-ubiquitinated independent
of parkin overexpression, raising the possibility that DJ-1
function may be regulated, in part, by non-degradative
mono-ubiquitination.

The oxidative stress-induced interaction of parkin and DJ-1
failed to result in the ubiquitination or enhanced degradation
of DJ-1, perhaps suggestive of an indirect interaction and/or
that this association may serve an alternative biological
function. Current evidence suggests that DJ-1 may function
as an anti-oxidant protein and/or as a sensor of oxidative
stress (44-48). Furthermore, DJ-1 may be functional under
oxidative conditions because its reported chaperone and
protease activities are not apparently sensitive to hydrogen
peroxide treatment (37,42). As oxidative conditions do not
apparently impair DJ-1, the oxidative stress-induced associ-
ation of parkin and DJ-1 is unlikely the result of damaged
DJ-1 protein, in contrast to the effects of pathogenic
mutations, but instead may serve an alternative role. One
possibility is that parkin and DJ-1 might converge in a
common molecular pathway in response to oxidative stress.
At present, however, the significance of the oxidative stress-
induced association of parkin and DJ-1 and its relevance to
the pathogenesis of PD is not understood but clearly warrants
further attention.

DJ-1 levels are dramatically increased in the insoluble frac-
tion from sporadic PD/DLB brains. The significance of this
finding is not understood but might relate to increased stability
of the DJ-1 protein and/or up-regulation of DJ-1 mRNA as a
consequence of disease pathogenesis. Oxidative stress is one
obvious candidate for enhancing DJ-1 protein levels. Parkin
is primarily detergent-insoluble in the aged human brain
(64). Increased levels of oxidative stress that are commonly
observed in the brains of sporadic PD patients (49,50) may
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promote the association of parkin and DJ-1, subsequently
leading to stabilization of DJ-1 exclusively in the insoluble
fraction. Although this might provide an attractive putative
mechanism, it is difficult to reconcile this notion with
the observation that oxidative stress may actually reduce the
stability of insoluble DJ-1, at least in human SH-SYS5Y
cells. The generally reduced levels of DJ-1 in the insoluble
fraction from parkin-deficient AR-JP brains might suggest
that loss of insoluble parkin may primarily destabilize DJ-1
in this fraction, consistent with the stabilizing effect of
parkin in cultured cells. However, more cases need to be
examined to determine whether the reduction in DJ-1 levels
is a consistent feature of parkin-linked AR-JP brains.
Increased DJ-1 levels in PD/DLB brains might alternatively
be related to the presence of Lewy bodies or insoluble forms
of a-synuclein. However, this appears unlikely given that
DJ-1 fails to interact with a-synuclein and does not localize
to Lewy bodies or other inclusions in sporadic PD
(35,65,66). Increased levels of detergent-insoluble DJ-1
appear to be a common feature of many neurodegenerative
diseases (65,66). The tendency of DJ-1 to co-localize with
hallmark neuronal and glial tau inclusions in a number of neu-
rodegenerative tauopathies likely accounts for these increased
levels of insoluble DJ-1. As DJ-1 is absent from Lewy bodies
in PD and DLB brains (65,66), the increased levels of insolu-
ble DJ-1 observed in PD/DLB brains may represent a distinct
pathological species with altered biochemical properties that
specifically results from disease pathogenesis.

In conclusion, we report an association between the PD-
linked gene products parkin and DJ-1 mediated by pathogenic
DJ-1 mutations and oxidative stress. Pathogenic mutations in
DJ-1 tend to impair homo-dimer fonmation, and parkin
might be involved in stabilizing these mutants rather than
targeting them for proteasomal degradation. In contrast, the
oxidative stress-induced association of parkin and DJ-1 may
link both proteins in a common pathway related to cellular
stress. The stabilizing effect of parkin on DJ-1 appears to be
one functional outcome from the association of both proteins,
which may be relevant both in cultured cells and in vivo in PD.
The association of parkin and DJ-1 at multiple levels may
potentially link both proteins in a common molecular
pathway, and this may have important implications for under-
standing the pathogenesis of PD.

MATERIALS AND METHODS
Expression plasmids, cell culture and antibodies

Full-length human DJ-1 ¢cDNA was cloned into the mamma-
lian expression plasmid pcDNA3.1-Myc-His (Invitrogen),
and point mutations were introduced by PCR-mediated
site-directed mutagenesis using the QuickChange kit (Strata-
gene). Human o-synuclein and ubiquitin c¢cDNAs were
cloned into pRK5-HA vector as described previously (20).
Expression plasmids for FLAG-tagged human parkin and
V5-tagged human Hsp70 were kindly provided by
R. Takahashi (RIKEN Brain Science Institute, Japan), HA-
tagged mouse CHIP was kindly provided by S. Hatakeyama
(Kyushu University, Japan) and FLAG-tagged human DJ-1
was kindly provided by H. Ariga (Hokkaido University,
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Japan). A plasmid containing B-galactosidase cDNA was used
as a control in all experiments. The integrity of all constructs
was confirmed by sequencing.

Human SH-SYSY neuroblastoma cells were maintained in
DMEM supplemented with 10% FBS and penicillin/strepto-
mycin at 37°C in a 5% CO, atmosphere. Cells were trans-
fected with plasmids using Lipofectamine Plus reagent
(Invitrogen) according to the manufacturers recommendations.

Affinity-purified rabbit polyclonal anti-DJ-1 antibodies, DJ-1
(N) and DJ-1 (C), raised to N- and C-terminal epitopes, respect-
ively, have been described previously (33); mouse monoclonal
anti-Myc (clone 9E10), anti-Myc-HRP and anti-HA-HRP
antibodies were obtained from Roche; mouse monoclonal
anti-FLAG (M2), anti-FLAG-HRP, anti-B-tubulin and rabbit
polyclonal anti-actin antibodies were obtained from Sigma;
mouse monoclonal anti-V5 and anti-V5-HRP antibodies were
obtained from Invitrogen; mouse monoclonal anti-parkin
(clone PRKS) antibody has been described elsewhere (64);
rabbit polyclonal anti-SOD1 antibody was kindly provided
by D. Borchelt (Johns Hopkins University); HRP-coupled
anti-mouse and anti-rabbit antibodies were obtained from
Pierce.

Co-immunoprecipitation and western blotting

For co-immunoprecipitation from cell cultures, SH-SYSY
cells were transfected with 2 pg of each plasmid. After 48 h,
cells were washed with cold PBS and harvested in IP buffer
[0.5% Triton X-100, 1x Complete mini protease inhibitor
cocktail (Roche), in PBS] Lysates were then rotated at 4°C
for 1 h followed by centrifugation at 17 500g for 15 min.
The supernatant fractions were then combined with 50 pl
protein G sepharose 4 fast flow (Amersham), pre-incubated
with 5 pg mouse monoclonal anti-myc, anti-FLAG or anti-
V5 antibody followed by rotating overnight at 4°C. The
protein G sepharose complex was pelleted and washed once
with TP buffer supplemented with 500 mm NaCl, twice with
IP buffer alone and three times with PBS. Immunoprecipitates
or inputs (1% total lysate) were resolved by SDS—PAGE and
subjected to western blot analysis. Bands were visualized by
enhanced chemiluminescence (Amersham). Quantitation of
protein expression was performed using densitometry analysis
software (Alphalmager, Alpha Innotech Corp.) and data were
analyzed by Student’s f-test to determine differences between
groups.

Where indicated, SH-SYS5Y cells were treated for 24 h
with MG132 (5 pM; Affiniti Research), hydrogen peroxide
(Sigma), MPP™ (Sigma), SNAP (Calbiochem) or DMSO-
PBS as a control where appropriate, prior to harvesting in IP
buffer and submitting to IP, as described earlier.

Cross-linking assay

Soluble cell lysates were quantitated using the BCA kit
(Pierce) with BSA standards, Equal quantities of lysate were
incubated with DSS (Pierce) for 2 h at 4°C. The reaction
was quenched by incubation with 50 mm Tris—HCl, pH 7.5
for 15 min at room temperature. Lysates were analyzed by
western blotting with anti-myc or anti-DJ-1 (N) antibody.
For co-immunoprecipitation experiments, cells were transfected

with 2 pg of pcDNA3.1-Myc-DJ-1 and pcDNA3-FLAG-
parkin plasmids, and after 48 h, cells were harvested in IP
buffer (1% Triton X-100). Equivalent soluble lysates (3 mg
total protein) were incubated with Smm DSS for 2h,
quenched with 100 mM Tris—HCL, pH 7.5, and IP was per-
formed with an anti-myc antibody. Immunoprecipitates were
stringently washed five times with IP buffer supplemented
with 500 mm NaCl and once with PBS, and analyzed by
western blotting.

Ubiquitination assay

SH-SYSY cells were transfected with 2 pg of pcDNA3.1-Myc-
DI-1, pRK5-HA-ubiquitin or pcDNA3-FLAG-parkin plasmids.
After 48 h, cells were harvested in IP buffer (1% Triton X-100,
I x Complete protease inhibitor cocktail, in PBS) and IP was
performed with an anti-myc antibody. Immunoprecipitates
were stringently washed five times in IP buffer supplemented
with 500 mM NaCl and once with PBS, and submitted to
western blotting with anti-HA and anti-myc antibodies. For
preparation of detergent-insoluble fractions from cells, the
1% Triton X-100-insoluble pellet fraction was solubilized by
sonication and boiling in 100 pl 2x SDS sample buffer
containing B-mercaptoethanol. Equivalent detergent-insoluble
fractions were analyzed by western blotting.

Human brain tissue

Human brain tissue was obtained through the brain donation
program of the Morris K. Udall Parkinson’s Disease Research
Center at Johns Hopkins Medical Institutions (JHMI) accord-
ing to HIPAA regulations. This research proposal involves
anonymous autopsy material that lacks identifiers of gender,
race, or ethnicity. The JHMI Joint Committee on Clinical
Investigations decided that the studies in this proposal are
exempt from Human Subjects Approval because of Federal
Register 46.101 exemption number 4. Tissue from six
control brains, two AD brains and five PD/DLB brains were
utilized for western blot analysis. Table 1 shows clinical
details of subjects used in this study. Frontal cortex tissue
from four AR-JP brains was collected at the Department of
Neurology and Department of Pathology, Juntendo University
School of Medicine, Japan (Table 1). AR-JP cases 1 and 3
each carry a homozygous deletion of parkin exon 4, whereas
cases 2 and 4 each carry a homozygous deletion of parkin
exon 3, as described previously (7,59,67).

Fractionation experiments

Detergent-soluble and -insoluble fractions were prepared from
human brain tissue by homogenization of samples in TNE
buffer (10 mm Tris—HCl, pH 7.4; 150 mm NaCl; SmMm
EDTA) containing Complete protease inhibitor cocktail
(Roche) and detergent (0.5% NP-40). The homogenate was
centrifuged (20 min at 100 000g), and the resulting pellet
(P1) and supernatant (S1, detergent-soluble) fractions were
collected. The P1 fraction was washed once in TNE buffer
containing detergent, and the resulting pellet (P2, detergent-
insoluble) was homogenized and further solubilized by
sonication and boiling in TNE buffer containing 1% SDS
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and 0.5% sodium deoxycholate. Fractions were quantitated
using the BCA kit (Pierce) with BSA standards, and analyzed
by western blotting.
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Abstract: We report on an Israeli family originating from
Iran in which 4 of 7 brothers born from a consanguineous
marriage had juvenile Parkinsonism. Linkage analysis of
markers covering the autosomal recessive juvenile Parkin-
sonism (AR-JP, PARK2, Parkin gene, OMIM #602544)
gene resulted in a maximal logarithm of odds score of 2.18.

A homozygous deletion that expanded from exon 4 to exon
6 was identified in all the patients. Significant clinical het-
erogeneity was present between siblings. © 2005 Movement
Disorder Society

Key words: Parkinson's disease; genetics; Parkin; PARKZ;
clinical heterogeneity

Parkinson’s disease, with prevalence close to 2% after
age 65, is one of the most frequent neurodegenerative
disorders.! The classic symptoms include bradykinesia,
rigidity, resting tremor, and postural instability. In 1998,
Kitada and coworkers® identified a novel gene, desig-
nated parkin, in which homozygous mutations cause
autosomal recessive juvenile Parkinsonism (AR-JP),
which typically has an onset before age 40. Since then,
many different parkin mutations, ranging from exon re-
arrangements (deletions and duplications), point muta-
tions, and small deletions have been described in differ-
ent families from several populations.?> The phenotype
of patients with disease caused by parkin mutations is
broad but includes dystonia at onset, diurnal fluctuations,
slow disease progression, and a good response to levo-
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dopa at low doses.> We describe an Israeli family with
AR-JP due to a parkin mutation.

PATIENTS AND METHODS

Patients

We analyzed a Persian Jewish family who emigrated
from Iran to Israel in the early 1950s. There were 4
brothers of 7 siblings born to fist-degree consanguineous
parents who had juvenile Parkinsonism (see Fig. 1).
Neither parent has Parkinsonisin. The affected cases
fulfilled the UK Parkinson’s Disease Society Brain Bank
criteria for disease.®

Genetic Analysis

After informed consent was obtained, blood samples
were collected from all 4 patients and 3 unaffected broth-
ers, and DNA extraction was performed using standard
methods. Genotyping of the microsatellite markers
D6S308, D6S441, D6S1581, D65264, and D6S446 was
conducted by the polymerase chain reaction (PCR) using
fluorochrome-labeled primers. PCR products were 1un
simultaneously in an ABI PRISM 3100 Genetic Ana-
lyzer (Applied Biosystems).
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FIG. 1. Pedigree of the Israeli family. Squares represent men, circles
represent women. Gender of healthy family members has been masked
for confidentiality reasons. Black symbols indicate individuals mani-
festing autosomal recessive juvenile Parkinsonism. The healthy sibling
carrying a beterozygous deletion within the Parkin gene is depicted by
an asterisk. All the patients carried a homozygous deletion of the exons
4 through 6.
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We performed two-point linkage analysis using a
parametric model with a recessive mode of inheritance, a
frequency of the susceptibility allele of 0.01%, and a
homozygous penetrance of 100%. Pair-wise linkage cal-
culations were performed using MLINK.

Testing for gene dosage alterations in Parkin exons
was carried out by quantitative duplex PCR using the
ABI PRISM 7900 sequence detection system (Applied
Biosystems). The (3-globin gene was coamplified with
Parkin exons 1 through 12 and served as endogenous
reference as previously described.” The dosage of Parkin
exons relative to B-globin and nommalized to control
DNA was determined using the 2" method.

RESULTS

Molecular Findings

The two-point maximum logarithmm of odds score was
2.18 for markers D65264 and D6S446 at a theta = 0.
These markers are located 3 megabases (MB) and 7 MB,
respectively, from the Parkin gene, thus indicating a
PARK?2 mutation segregating with the disease.

Real-time quantitative PCR-based gene dosage assays
evidenced homozygous deletion of exons 4 to 6 in all the
patients. Only 1 of the healthy siblings (individual 1061)

J. CLARIMON ET AL

carried a heterozygous deletion. The other 2 siblings did
not harbor a deletion.

Clinical Description

Clinical characteristics are shown in Table 1.

Patient 1084.

On her first examination (at which time she was 28
years old), the patient had hypomimia, rest tremor in all
extremities and in the tongue, mild rigidity, and brady-
kinesia in all limbs. Treatment with anticholinergic
agents was initiated with beneficial response. Nine years
later, she started treatment with r-dopa/carbidopa (125
mg/day) with marked response. At the age of 38, she
developed oral and limb dyskinesias. She could not tol-
erate either the combination of L-dopa/carbidopa (125
mg t.i.d.) or a high dose of L-dopa and, until present, is
treated with pure L-dopa (100 mg/day). After a disease
duration of 35 years, severe freezing is reported with
recurrent falls, yet without postural instability. At that
time, she was still L-dopa-responsive with wearing off
fluctuations. Other medications are selegiline Smg/day,
and trihexyphenidyl 5 mg/day. She could not tolerate
dopamine agonists (pergolide and ropinirole). Over the
next years, her symptoms slowly progressed. At the time
of her most recent examination, she had marked diffi-
culties with walking, severe freezing gait, marked rigid-
ity, and dyskinesias of the left foot.

Patient 1064.

The patient started treatment with trihexyphenidyl
with good response. During the first years of the discase,
there were no other major complaints besides depression
and anxiety. Twelve years after disease onset, he com-
plained of migrating pain in different parts of the body,
constipation, depression, and insomnia. He also could
not tolerate carbidopa and was treated with low doses of
L-dopa (100 mg/day) with moderate response. He re-
mained stable over the course of 10 years and even
stopped taking L-dopa, as he felt worsening of his
symptoms (pain, tremor, general weakness) under all the

TABLE 1. Patient clinical characteristics

Patient 1084

Patient 1005

Patient 1006 Patient 1064

Age at onset (yr) 18 21 19 39

Age at last examination (yr) 67 62 65 67

Initial sympton Legs rest tremor Legs rest tremor Postural instability Right extremities rest tremor
Dystonia -+ - + +

Psychiatric symptoms - -

Diumnal fluctuations +
Slow progression +

-+

- +

-+
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1-dopa preparations. He was treated only with trihexy-
phenidyl and selegiline 5 mg/day. The most prominent
symptoims were psychiatric, with psychomotor restless-
ness, marked anxiety, akathisia, and unexplained fears.

Patient 1006.

At age 32, he was first examined at our clinic. His
main complaints were fatigue and excessive sweating.
On examination, head and limb tremor was noticed,
more on the left side of the body, mild rigidity, and
marked retropulsion. At that time, L-dopa treatment was
initiated with amelioration of the tremor and improve-
ment of postural instability. Three years later motor
fluctuations, dyskinesias, and dystonia of the right foot
emerged. The patient presented intolerance to carbidopa
and responded to very low doses of 1.-dopa (200 mg/day).
The parkinsonian symptoms progressed slowly, but 31
years after disease onset, he became very disabled due to
freezing gait with recurrent falls. On his recent exami-
nation, he was still taking very low doses of pure L-dopa
(50 mg q.i.d), sclegiline 5 mg/day, trihexyphenidyl 5
mg/day, and amantadine 200 mg/day. On examination
while on, the patient had hypomimia, dysarthria, no
tremor, mild rigidity in all extremities, was able to arise
from chair with assistance, and gait was impaired with
freezing episodes and postural instability. While off, he
had marked hypomimia, rigidity, and bradykinesia of all
four limbs, and he was almost akinetic, with severe and
frequent freezing episodes.

Patient 1005,

Eleven years from disease onset, low doses of 1.-dopa
were initiated with very good response. During the
course of the disease there were diurnal variations with-
out sleep benefit, as she felt worse in the morning hours,
Her symptoms included fatigue, weight loss, excessive
sweating, and pain on the right hand. On her last exam-
ination, the most prominent symptom was rest and pos-
tural tremor of all extremities and increased tonus more
on the right side of the body. Hand and leg movements
were normal. She had no difficulties rising from a chair,
and there was no gait abnormality.

DISCUSSION

We report on an AR-JP family with disease duration
of more that 40 years. Gene dosage analysis revealed an
exon 4 to 6 homozygous deletion in Parkin. We did not
sequence the entire gene and, therefore, cannot rule out
any further point mutations in this family.

This mutation has been described also by other au-
thors®-1%and, as far as we know, this is the third deletion
in the Parkin gene described in an Israeli family suffer-

ing from AR-JP. The same deletion extent was described
in two Israeli brothers with first-degree cousin parents.!©
Although both siblings had good response to L-dopa and
presented dystonia during the course of the disease, it is
noteworthy that none of them exhibited resting tremor.
Another Jewish Yemenite kindred also has been de-
scribed to harbor an exon 3 homozygous deletion.!!
Finally, a single base pair deletion at nucleotide 202 in
exon 2 of the Parkin gene also has been identified in
another Arabic Muslim Isracli family.'? These studies
demonstrate the existence of allelic and phenotypic het-
erogeneity of Parkin mutations in the Israeli population.

The patients described in the present study had bene-
ficial response to L~-dopa, slow progression of the disease,
and diumal fluctuations, common among patients with
Parkin mutations. Our cases share similar clinical fea-
tures to other parkin cases, including age at onset, symp-
toms at disease onset, beneficial response to L-dopa, and
the occurrence of nonmotor symptoms. However, some
features are unique to this kindred: all members have
hypersensitivity to 1-dopa, responding dramatically to
very low doses of L-dopa (at this time, they are treated
with strikingly low doses of L-dopa, between 50-100 mg
b.i.d. or g.i.d.), and attempts to increase the dose resulted
in general complaints; a wide interval of age at onset,
ranging from 18 to 39 years, is also presented; psychi-
atric symptoms seem to be present in only 1 of the 4
patients; and an asymmetrical motor symptoimn at onset is
also reported only by Patient 1064. Dystonia, a common
sign in AR-PD patients, was not present in Patient 1005,
whereas the other siblings presented different dystonic
signs. This phenotypic heterogeneity could be due to the
interaction of Parkin with other genes (epistasis) and/or
other environmental effects.

Acknowledgment: We thank the participating patients for
their cooperation.
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Preserved Myocardial
I]Metaiodobenzylguanidine Uptake in
Autosomal Recessive Juvenile Parkinsonism:

First Case Report
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Abstract: A decrease in myocardial uptake of iodine- 123-labeled
metaiodobenzylguanidine (**’I-MIBG) has been reported in idio-
pathic Parkinson’s disease (PD) using **I-MIBG myocardial
scintigraphy. However, the patient with autosomal recessive juve-
nile parkinsonism (AR-JP), caused by the parkin gene. presented
here showed normal 1-MIBG myocardial uptake, suggesting
that AR-JP is a distinct discase entity from PD. Although the
clinical features of AR-JP are sometimes quite similar to those of
late-onset idiopathic PD. "?I-MIBG myocardial scintigraphy may
be a powerful tool to differentiate PD from other parkinsonian
syndromes, including AR-JP. © 2005 Movement Disorder Society

Key words: autosomal recessive juvenile parkinsonism;
Parkinson’s disease; metaiodobenzylguanidine

Myocardial scintigraphy using iodine-123-labeled meta-iodo-
benzylguanidine (***I-MIBG) is used to differentiate idiopathic
Parkinson’s disease (PD) from other neurological diseases,!-#
Low myocardial '**I-MIBG uptake is a consistent finding in
PD.1-3 A recent neuropathological study suggests that low
IB.MIBG uptake indicates the involvement of postganglionic
sympathetic function in PD.5

Recently, autosomal recessive juvenile parkinsonism (AR-JP)
has been found to be caused by the parkin gene.® Although the
clinical features of AR-JP are sometimes quite similar to those of
late-onset idiopathic PD, newropathological studies have revealed
no Lewy bodies in the substantia nigra and locus ceruleus of most
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cases of AR-JP. suggesting that the pathological findings and
disease process of AR-JP are different from those of PID.78 In the
present study, we investigated cardiac sympathetic function in a
patient with AR-JP using ***I-MIBG scintigraphy and evaluated
the clinical applicability of this method.

Case Report

The patient was a 62-year-old, Japanese man with a 32-year
history of parkinsonism. He was the only son of consanguine-
ous parents from Niigata Prefecture, Japan. At 30 years of age,
dystonic posture of the legs and gait disturbance developed. At
presentation, the clinical features included diurnal fluctuation
and slow progression of the disease. The parkinsonian triad was
mild, and the tremor was usually of the fine type. These clinical
features markedly improved during sleep. Treatment with levo-
dopa effectively improved the condition, which exhibited a
benign clinical course. He was treated with 500 mg of L-dopa/
carbidopa and 22.5 mg of bromocriptine per day, which re-
sulted in marked improvement in bradykinesia and rigidity.
However, the wearing-off phenomenon was marked, and the
response to L-dopa gradually decreased. AR-JP was diagnosed
on the basis of the medical history. physiological and neuro-
logical examinations, routine laboratory tests. magnetic reso-
nance imaging studies of the brain, and parkin gene mutation
analysis, including quantitative analysis using real-time poly-
merase chain reaction (PCR) to detect a compound heterozy-
gote (Fig. 1).° Results of quantitative PCR amplification anal-
ysis showed that the relative dose value for exons 2 to 4 was
approximately 0.5, indicating that this patient was a compound
heterozygote for exons 2 and 3 to 4 deletions or exons 2 to 3
and 4 deletions. Alternatively. it is possible that this patient was
a heterozygote for deletions of exons 2 to 4. Considering the
clinical information, including the age of onset and the mode of
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FIG. 1. Real-time polymerase chain reaction shows heterodeletion in
exons 2, 3, and 4, indicating compound heterozygosity. The vertical
axis represents the ratio of each exonic dose of the parkin gene to the
dose of the B-actin gene.
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FIG. 2. Short-axis views in the early phase of single-photon emission computed tomography of jodine-123-labeled metaiodobenzylguanidine
(*PI-MIBG) myocardial scintigraphy in a 62-year-old man with autosomal recessive juvenile parkinsonism (a), a 58-year-old man with idiopathic
Parkinson’s disease (Hoehn and Yahr Stage II, b), and a healthy 62-year-old man (¢).

inheritance, the patient may be a compound heterozygote rather
than heterozygote for a deletion of exons 2 to 4.
Single-photon emission computed tomography (SPECT)
121 MIBG scintigraphy of the heart was performed with an
intravenous injection of 111 MBq of *I-MIBG (Daiichi Ra-
dioisotope Laboratories Co., Tokyo, Japan). FEarly and delayed
SPECT was obtained 30 minutes and 4 hours after injection,
respectively. Short-axis reconstruction of **[-MIBG early
SPECT acquisitions showed normal ***I-MIBG uptake (Fig. 2).
The mean values of the heart to mediastinum (FH/M) ratio in the
early and delayed phases were 1.99 and 2.13, respectively. In
our hospital, the same ratios in age-matched healthy control
subjects (n = 19) were eatly phase, 2.02 * 0.12 (range.
1.86-2.25), delayed phase, 2.05 & 0.15 (range, 1.85-2.38).

Discussion

To our knowledge, this is the first report of 'I-MIBG
myocardial scintigraphy in a patient with AR-JP. Myocardial
uptake of ***[-MIBG was normal in this patient (Fig. 2). The
H/M ratios in the early and delayed phases in this patient were
well within the range of healthy control subjects, although the
disease duration was more than 30 years. These findings might
explain the tendency for cardiac sympathetic function to be
normal in patients with AR-JP.

In PD, **I-MIBG uptake of postganglionic cardiac sympa-
thetic neurons is reduced at an early stage of the disease in
almost all patients with a clinical severity score of Hoehn and
Yahr stage 11 or higher.!3 In addition, **I-MIBG uptake was
reduced even in patients whose symptoms had been present less
than 5 years, although the reduction was significant in patients
with advanced disease.! The pathological background of PD) is
a systemic distribution of Lewy bodies and Lewy neuritis,
spreading to the peripheral autonomic nervous system, includ-
ing the cardiac plexus.!%!! However, neuropathological studies
in AR-JP have revealed selective degeneration with gliosis of
the pigmented neurons of the substantia nigra and locus cer-
uleus, but generally no Lewy bodies, 7812 suggesting that the
pathological findings and disease process of AR-IP differ from
those of PD. Considered together, our findings in AR-JP and
those of previcus studies in PD allow us to speculate that

AR-JP might be a disease entity distinct from PD, although the
clinical features of both diseases are quite similar.

Although this study consisted of only 1 patient with AR-JP,
our findings indicate that cardiac sympathetic nerve denerva-
tion occurs in PD, which accounts for the decrease in cardiac
uptake of *I-MIBG, but not in AR-JP. In this regard, quan-
tification of cardiac ‘*’I-MIBG uptake has been considered a
valuable tool to identify patients with PD and to distinguish
them from patients with other parkinsonian syndromes, includ-
ing AR-JP.}-4 Purther studies involving ***I-MIBG uptake and
neuropathological examination of the sympathetic nervous sys-
tem should be performed in a larger population of patients with
parkin mutations to confirm our conclusion.
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