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targets misfolded DJ-1 to aggresomes via binding
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equestration of misfolded proteins into pericentri-

olar inclusions called aggresomes is a means that

cells use to minimize misfolded protein-induced
cytotoxicity. However, the molecular mechanism by which
misfolded proteins are recruited to aggresomes remains
unclear. Mutations in the E3 ligase parkin cause autoso-
mal recessive Parkinson’s disease that is devoid of Lewy
bodies, which are similar to aggresomes. Here, we report
that parkin cooperates with heterodimeric E2 enzyme
UbcH13/Uevla to mediate K63-linked polyubiquitina-
tion of misfolded DJ-1. Ké3-linked polyubiquitination of

Introduction

A prominent feature common to most neurodegenerative dis-
eases is the accumulation of misfolded proteins in cytoplasmic
inclusions, such as Lewy bodies in Parkinson’s disease (PD) and
neurofibrillary tangles in Alzheimer’s disease (AD). The accu-
mulation of misfolded proteins in these diseases most likely oc-
curs due to a chronic imbalance in the generation and clearance
of misfolded proteins. Misfolded proteins can be generated by
genetic mutations (Goldberg, 2003) or oxidative modifications
(Dalle-Donne et al., 2006). Misfolded proteins are prone to
aggregation and have the potential to impair cellular functions
(Gregersen et al., 2006). Cells combat the buildup of misfolded
proteins either by chaperone-mediated refolding or by protea-
somal degradation (Goldberg, 2003). Alternatively, when the pro-
teasome becomes overwhelmed or impaired, misfolded proteins
are transported by the retrograde dynein motor complex to peri-
centriolar inclusions called aggresomes (Johnston et al., 1998;
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misfolded DJ-1 serves as a signal for interaction with
histone deacetylase 6, an adaptor protein that binds the
dynein—dynactin complex. Through this interaction, mis-
folded DJ-1 is linked to the dynein motor and transported
to aggresomes. Furthermore, fibroblasts lacking parkin
display deficits in targeting misfolded DJ-1 to aggresomes.
Our findings reveal a signaling role for K63-linked poly-
ubiquitination in dynein-mediated transport, identify parkin
as a key regulator in the recruitment of misfolded DJ-1 to
aggresomes, and have important implications regarding
the biogenesis of Lewy bodies.

Kopito, 2000; Garcia-Mata et al., 2002). It has been proposed
that aggresome formation is a specific and active cellular re-
sponse serving to sequester potentially toxic misfolded proteins
(Kopito, 2000). Recent evidence suggests that there are similar-
ities between Lewy bodies and aggresomes (Olanow et al., 2004).
However, the molecular mechanisms involved in recognition and
targeting of misfolded proteins to aggresomes remain unclear.
Ubiquitination is a dynamic post-translational modifica-
tion that serves diverse cellular roles (Weissman, 2001; Pickart
and Fushman, 2004). Ubiquitin is covalently attached to a sub-
strate protein through the formation of an isopeptide bond
between the C-terminal glycine residue of ubiquitin and the
g-amino group of a lysine residue on the substrate by a cascade
of enzymatic reactions involving an E1 ubiquitin-activating
enzyme, an E2 ubiquitin-conjugating enzyme, and an E3 ubiquitin
protein ligase. Successive conjugation of ubiquitin molecules to
one of the seven internal lysine residues (K6, K11, K27, K29,
K33, K48, and K63) within the preceding ubiquitin molecule
results in formation of a polyubiquitin chain (Pickart and Fushman,
2004). K48-linked polyubiquitination acts as the canonical signal
for targeting the substrate to the proteasome for degradation. In
contrast, K63-linked polyubiquitination has recently been shown
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to have a proteasome-independent role in the regulation of several
cellular processes, including endocytosis, signal transduction,
and DNA damage (Pickart and Fushman, 2004; Haglund and
Dikic, 2005). Although K48-linked polyubiquitination has been
extensively studied, relatively little is known about the molecu-
lar mechanisms underlying polyubiquitination via K63 or other
lysine linkages.

Mutations in the E3 ligase parkin account for ~50% of
all recessively transmitted early-onset PD cases (Kitada et al.,
1998; Lucking et al., 2000; Hattori and Mizuno, 2004). Inter-
estingly, parkin-associated PD is devoid of Lewy bodies
(Takahashi et al., 1994; Mori et al., 1998; Hayashi et al.,
2000), suggesting that parkin function may be required for the
formation of these inclusion bodies (Sulzer, 2007). Parkin is
present in Lewy bodies in sporadic PD (Schlossmacher et al.,
2002) and is recruited to aggresomes in cells treated with pro-
teasome inhibitors (Junn et al., 2002; Ardley et al., 2003; Zhao
et al., 2003; Mugit et al., 2004). However, the precise role of
parkin in the biogenesis of Lewy bodies or aggresomes is un-
clear. Two studies suggest that parkin is capable of mediating
K63-linked polyubiquitination (Doss-Pepe et al., 2005; Lim
et al., 2005a). However, the cellular role of parkin-mediated
K63-linked polyubiquitination and the molecular mechanism
by which parkin mediates K63-linked polyubiquitination re-
main undefined.

DJ-1 is a ubiquitously expressed protein that is mutated in
an autosomal recessive, early-onset form of PD (Abou-Sleiman
et al., 2003; Bonifati et al., 2003). We and others have previ-
ously shown that the PD-linked L166P mutation disrupts DJ-1
protein folding, resulting in a misfolded protein that is prone to
aggregation (Olzmann et al., 2004; Shendelman et al., 2004).
The folding state of other parkin-interacting proteins has not
been investigated. Therefore, in this study we investigated the
role of parkin in ubiquitinating misfolded proteins, using the
L166P mutant DJ-1 as a model. Our findings reveal a novel
proteasome-independent role for parkin in the regulation of
aggresome formation and have important implications for un-
derstanding the biogenesis of Lewy bodies in PD.

Results

Parkin selectively recognizes and
ubiquitinates L166P mutant DJ-1,

but not wild-type DJ-1

We and others have previously shown that the L166P mutation-
induced misfolded DJ-1 is selectively polyubiquitinated and
degraded by the proteasome (Baulac et al., 2004; Olzmann et al.,
2004). The molecular machinery that recognizes and ubiqui-
tinates L166P mutant DJ-1 is unknown. We have proposed that
L166P mutant DJ-1 might be a substrate for the E3 ligase parkin
(Olzmann et al., 2004). As shown in Fig. 1, immunoprecipitation
of hemagglutinin (HA)-tagged L166P mutant DJ-1, but not wild-
type DJ-1, was able to coprecipitate Myc-tagged parkin, provid-
ing evidence for an interaction of these two proteins in vivo
(Fig. 1 A). Given the reported interaction of Parkin and L166P
mutant DJ-1 with Hsp70 (Imai et al., 2002; Li et al., 2005; Moore
et al., 2005), we considered the possibility that these three
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proteins might be present in a complex. However, coimmuno-
precipitation experiments indicated that, even with high levels
of Hsp70 overexpression, Hsp70 did not associate with L166P
mutant DJ-1 under the experimental conditions used (Fig. S1, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200611128/DC1).
Furthermore, we found that GST-parkin bound Myc-tagged
L166P mutant DJ-1 expressed in SH-SYS5Y cells, but not Myc-
tagged wild-type DJ-1 or endogenous DJ-1 (Fig. S2, available at
http://www.jcb.org/cgi/content/full/jcb.200611128/DC1). In
addition, GST-parkin was able to efficiently pull down in vitro
translated [*S]-labeled L.166P mutant DJ-1, but not wild-type
DJ-1 (Fig. 1 B). Together, our data indicate that parkin directly
binds L166P mutant DJ-1, but not wild-type DJ-1, and that this
interaction does not require Hsp70 as a recruiting factor.

Next, we performed in vivo ubiquitination assays to ex-
amine whether the interaction with parkin targets misfolded DJ-1
for parkin-mediated ubiquitination. In agreement with previous
reports (Baulac et al., 2004; Olzmann et al., 2004), we found
that L166P mutant DJ-1, but not wild-type DJ-1, was selectively
polyubiquitinated in cells (Fig. 1 C). The polyubiquitination of
L166P mutant DJ-1 was significantly increased by coexpression
of parkin in the presence of the proteasome inhibitor MG132
(Fig. 1 C). Under the same conditions, parkin did not promote
the ubiquitination of wild-type DJ-1 (Fig. 1 C). Together, these
results demonstrate that parkin selectively recognizes and ubig-
uitinates misfolded DJ-1 in vivo.

Parkin-mediated polyubiquitination

has no apparent effect on the

degradation of misfolded DJ-1

To determine whether parkin-mediated ubiquitination targets
L166P mutant DJ-1 for degradation by the proteasome, we as-
sessed the effect of parkin overexpression on the steady-state
levels of wild-type and L166P mutant DJ-1 proteins (Fig. 1 D).
As we and others reported previously (Miller et al., 2003;
Moore et al., 2003; Gorner et al., 2004; Olzmann et al., 2004),
the steady-state level of L166P mutant DJ-1 was substantially
lower compared with wild-type DJ-1. Inhibition of proteasome
function by MG132 selectively increased the steady-state level
of the L166P mutant, but not wild-type DJ-1 (Fig. 1 D). Con-
trary to our expectation, we found that overexpression of parkin
did not alter the steady-state levels of L166P mutant or wild-
type DJ-1 (Fig. 1 D). Given the recent report that parkin pro-
motes degradation of synphilin-1 only when the expression of
parkin reaches very high levels (Lim et al., 2005a), we exam-
ined the effects of increased levels of parkin expression on
the degradation of L166P mutant DJ-1 (Fig. S3, available at
http://www.jcb.org/cgi/content/full/jcb.200611128/DC1). Even
at extremely high levels of overexpression, parkin was unable
to promote degradation of L166P mutant DJ-1 (Fig. S3). Con-
sistent with our previous findings (Olzmann et al., 2004), pulse
chase experiments indicated that L166P mutant DJ-1 was highly
unstable compared with the wild-type DJ-1 (Fig. 1 E). Co-
expression of parkin had no effect on the stability of L166P
mutant DJ-1 (Fig. 1 E). Together these results suggest that parkin-
mediated polyubiquitination of mutant DJ-1 may have a non-
degradative role.
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Figure 1. Selective interaction and ubiquitination of L166P mutant DJ-1 by parkin. (A) Lysates from transfected SH-SY5Y cells were subjected to immuno-
precipitation with anti-HA antibody followed by Western blotting. endo., endogenous; IB, immunoblot; IP, immunoprecipitation. (B) [**S]-labeled DJ-1 pro-
teins were incubated with immobilized GST or GST-parkin fusion proteins. Bound DJ-1 proteins were detected by autoradiography. (C) Transfected SH-SY5Y
cells were incubated in the absence or presence of 20 LM proteasome inhibitor MG 132 for 8 h before harvest. Lysates were subjected to immunoprecipita-
tion with anti-Myc antibody followed by Western blotting. The expression of parkin in the cell lysates is confirmed by immunoblotting with anti-parkin anti-
body. Ub,, polyubiquitin. (D) Lysates from MG132 (20 uM)- or vehicle (0.1% DMSO}+reated SH-SY5Y cells transfected with the indicated plasmids were
analyzed by Western blotting. The relative level of wild-type or mutant DJ-1 was measured by quantification of the intensity of the HAtagged DJ-1 or L166P
band and normalized to the actin level in the corresponding cell lysate. The bar graph shows the results (mean = SEM) from at least three independent
experiments. (E) The halfife of Myctagged wild-type and L166P mutant DJ-1 expressed in SH-SY5Y cells was analyzed by pulse chase and the protein levels

quantified and plotted relative to the corresponding DJ-1 levels at O h.

Parkin associates with the heterodimeric
E2 enzyme UbcH13/Uev1a to mediate KG63-
linked polyubiquitination of misfolded DJ-1
One possibility that may account for the inability of parkin to
promote the degradation of L166P mutant DJ-1 is that parkin

may mediate an alternative form of polyubiquitination that is
not associated with proteasomal degradation, such as K63-linked
polyubiquitination. The best-characterized E2 enzyme in mediat-
ing K63-linked polyubiquitination is the UbcH13/Uev1a heterodi-
mer, in which UbcH13 is the catalytic subunit (Deng et al., 2000;
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Figure 2. Parkin mediates K63-linked polyubig-

A

vitination of L166P mutant DJ-1 in cooperation

Myc-Parkin
with the UbcH13/Uev1a E2 enzyme. (A) lysates HA-UbcH5
from transfected SH-SY5Y cells were subjected to HA-UbcH7
immunoprecipitation with anti-Myc antibody fol- HA-UbcH8
lowed by Western blotting. (B and C) Purified HA-UbcH13
L166P mutant DJ-1 was subjected to in vitro ubig-
vitination in the presence of E1, E2 (UbcH13/ 1B: o-HA 15—
Uev1a), GST4agged parkin, and wild-type or mutant
ubiquitin as indicated. Ubiquitinated mutant DJ-1 IB: a-Myc
was detected by immunoblotting with anti-DJ-1 antfi- ’ 48—
body. All experiments were replicated three times B
with similar results.

E1 +
UbcH13/Uevla -
Parkin +
L166P +
Ub-WT =
kD
177 —
11—
80—
62—
IB: a-DJ-1 48—
36—
25—

20— @ v <—| 166P

Wang et al., 2001). A recent in vitro study has shown that the
GST-fused second RING domain of parkin can bind UbcH13
and this interaction recruits the UbcH13/Uevla heterodimer to
parkin (Doss-Pepe et al., 2005). However, it is unknown whether
full-length parkin is able to bind UbcH13 in vivo. As shown
(Fig. 2 A), UbcH13 readily coprecipitated with parkin, providing
evidence for an interaction between these two proteins in vivo.
In addition, we observed the interaction of parkin with UbcH7
and UbcHS, but not with UbcHS, consistent with previous stud-
ies (Shimura et al., 2000; Zhang et al., 2000). These data indi-
cate that parkin binds multiple E2 enzymes in vivo and suggest
that the ability of parkin to facilitate K48- or K63-linked poly-
ubiquitination may be dependent on the selective recruitment
of distinct E2 enzymes.

We next performed in vitro ubiquitination assays to deter-
mine if the UbcH13/Uev1a heterodimer is the cognate E2 en-
zyme for parkin-mediated ubiquitination of L166P mutant DJ-1.
We found that parkin ubiquitinated L166P mutant DJ-1 in an
UbcH13/Uevla-dependent manner (Fig. 2 B). To investigate
the linkage of parkin-mediated polyubiquitination of L166P
mutant DJ-1, we used ubiquitin mutants Ub-K29, Ub-K48, and
Ub-K63, which contain arginine substitutions of all of its lysine
residues except the one at position 29, 48, and 63, respectively.
The Ub-K29, Ub-K48, and Ub-K63 mutants are thus expected
to only allow the formation of K29-, K48-, and K63-linked
polyubiquitin chains, respectively. In vitro ubiquitination ana-
lyses using these ubiquitin mutants revealed that parkin was
able to facilitate the polyubiquitination of L166P mutant DJ-1
in the presence of wild-type ubiquitin (Ub-WT) and Ub-K63
(Fig. 2 C). In contrast, in vitro ubiquitination reactions using
Ub-K29 or Ub-K48 resulted in the accumulation of monoubig-
uitinated L166P mutant DJ-1 (Fig. 2 C). In addition, low levels
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of higher molecular weight bands were also observed at sizes
corresponding to L166P mutant DJ-1 conjugated with three or
four ubiquitin molecules (Fig. 2 C), and these bands could po-
tentially represent monoubiquitination of L166P mutant DJ-1 at
multiple lysine residues. Together these results demonstrate that
parkin-mediated polyubiquitination of L166P mutant DJ-1 oc-
curs in vitro via K63-linked ubiquitin chains.

We then used Ub-K48 and Ub-K63 mutants in in vivo ubig-
uitination assays to determine the linkage of parkin-mediated
polyubiquitination of L166P mutant DJ-1 in cells (Fig. 3 A).
In agreement with the results of the in vitro ubiquitination anal-
ysis (Fig. 2 C), parkin promoted robust polyubiquitination of
L166P mutant DJ-1 in cells expressing Ub-WT or Ub-K63, but
not in cells expressing Ub-K48 (Fig. 3 A). To provide further
support for the identified K63 linkage of parkin-mediated poly-
ubiquitination of L166P mutant DJ-1, we used another set of
ubiquitin mutants, Ub-K29R, Ub-K48R, Ub-K63R, which con-
tain a single lysine-to-arginine mutation at position 29, 48, and
63, respectively. The Ub-K29R, Ub-K48R, and Ub-K63R mu-
tants are expected to solely disrupt the assembly of K29-, K48-,
and K63-linked polyubiquitin chains, respectively. As a control,
we also included a polymerization-defective mutant of ubiqui-
tin (Ub-KO), in which all lysine residues of ubiquitin were
changed to arginines, and therefore is unable to form polyubig-
uitin chains. We found that parkin-mediated polyubiquitination
of L166P mutant DJ-1 was greatly reduced by replacement
of Ub-WT with Ub-K63R, but not by the replacement with
Ub-K29R (Fig. 3 B). As expected, parkin-mediated polyubiqui-
tination of L166P mutant DJ-1 was virtually abolished by re-
placement of Ub-WT with Ub-KO (Fig. 3, A and B). The low
levels of L166P mutant DJ-1 ubiquitination observed with Ub-
K63R could be due to non-K63-linked ubiquitination of mutant
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Figure 3. Parkin promotes K63-linked polyubiquitination of L166P mutant DJ-1 in vivo. (A and B) Transfected SH-SY5Y cells were treated with 20 pM
MG 132 for 8 h before harvest. Lysates (input) were subjected to immunoprecipitation with anti-Myc antibody followed by Western blotting. IgG HC, immuno-

globulin heavy chain; IgG LC, immunoglobulin light chain.

DJ-1 by another E3 ubiquitin-protein ligase(s) in SH-SY5Y cells.
Consistent with this possibility, we found that the polyubiqui-
tination of L166P mutant DJ-1 was reduced by replacement
of Ub-WT with Ub-K48R mutant (Fig. 3 B). Furthermore, we
and others have previously shown that L166P mutant DJ-1 as-
sociates with the E3 ligase CHIP (Moore et al., 2005; Olzmann
et al., 2005). Collectively, our in vitro and in vivo data pro-
vide strong evidence that parkin facilitates K63-linked poly-
ubiquitination of L166P mutant DJ-1 in cooperation with
UbcHI13/Uevla.

L166P mutant DJ-1 and parkin
colocalize in aggresomes induced
by proteasome impairment
Our findings that parkin specifically binds and ubiquitinates
L166P mutant DJ-1 prompted us to investigate the potential co-
localization of these two proteins in SH-SY5Y cells by immuno-
fluorescence confocal microscopy. HA-tagged L166P mutant
DJ-1 exhibited a cytoplasmic staining pattern that displayed sub-
stantial overlap with that of Myc-tagged parkin (Fig. 4 A, top).
In addition, treatment with the proteasome inhibitor MG132
caused a dramatic relocation of L166P mutant DJ-1 and parkin
to a single prominent, perinuclear inclusion (Fig. 4 A, bottom).
The morphology and localization of the L166P mutant
DJ-1-containing inclusions appeared similar to that of aggresomes
(Johnston etal., 1998; Kopito, 2000; Garcia-Mata et al., 2002). To
test whether these inclusions were aggresomes, we performed
additional immunofluorescence confocal microscopy experi-
ments to further characterize these inclusions (Fig. 4 B). We found
that the L166P mutant DJ-1-containing inclusions were highly
enriched with ubiquitin and the chaperone protein Hsp70, and
surrounded by a compacted cage of the intermediate filament pro-
tein vimentin. Lamp2-immunoreactive lysosomes did not co-
localize with the inclusions, but were observed in close apposition

and often tightly ringed the inclusions. This finding is consistent
with recent studies indicating that aggresomes may represent sub-
strates for autophagic degradation, a process involving fusion with
lysosomes (Taylor et al., 2003). Moreover, serial 1-um Z-sections
revealed that the misfolded DJ-1 protein was present throughout
the center of the aggresome, extensively colocalized with ubig-
uitin, and completely surrounded by vimentin (Fig. S4, available
at http://www.jcb.org/cgi/content/full/jcb.200611128/DC1).

Given the reported role of microtubule-dependent retro-
grade transport in aggresome formation (Kopito, 2000), we
examined the effects of the microtubule-depolymerizing drug
nocodazole on parkin-induced recruitment of L166P mutant
DJ-1 to aggresomes (Fig. 4 A). Depolymerization of micro-
tubules by nocodazole in MG132-treated cells disrupted delivery
of L166P mutant DJ-1 to the aggresome, leading to accumula-
tion of misfolded DJ-1 in widely dispersed preaggresome parti-
cles (Fig. 4 A). Parkin colocalized with L166P mutant DJ-1 in
these preaggresome particles (Fig. 4 A), demonstrating an asso-
ciation of these two proteins before their transport to the ag-
gresome. Together, these data indicate that recruitment of L166P
mutant DJ-1 to the aggresome is dependent on intact micro-
tubules and that the inclusions containing L.166P mutant DJ-1 are
bona fide aggresomes.

Accumulating evidence indicates that aggresomes found
in cultured cells are substrates for eventual autophagic degra-
dation. To determine if L166P mutant DJ-1-containing ag-
gresomes are sites of autophagy we used the widely used
marker of autophagic vacuoles monodansyl cadaverine (MDC)
(Biederbick et al., 1995; Jackson et al., 2005) (Fig. S5, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200611128/DC1).
The specificity of MDC staining is further confirmed by our
results, which show that MDC staining does not overlap with
lamp?2 (Fig. S5), a protein present on late endosomes and lyso-
somes. Our findings indicate that under control conditions
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Figure 4. Colocdlization of L166P mutant DJ-1 A
and parkin in perinuclear aggresomes. (A) SH-
SY5Y cells coexpressing Myctagged parkin and
HA-tagged L166P mutant DJ-1 were incubated in
DME containing 0.1% DMSO, 20 pM MG132,
20 uM MG132 plus 5 pg/ml nocodazole for
16 h as indicated. In cells treated with MG132 a
prominent L166P mutant DJ-1-containing aggre-
some is evident (arrowhead). However, cotreatment
with nocodazole results in the accumulation of
L166P mutant DJ-1-containing micro-aggregates
(open arrowheads). (B) For further analysis of inclu-
sions, SH-SY5Y cells coexpressing GFP-tagged par-
kin and Myctagged L166P were incubated in the
presence of 20 uM MG132 for 16 h and sub-
sequently processed for immunocytochemistry with
the indicated antibodies. The colocalization be-
tween parkin and L166P mutant DJ-1 is indicated
by the yellow color. The colocalization of parkin,
L166P mutant DJ-1, and ubiquitin or hsp70 is indi-
cated by the white color. Bar = 10 pum.

DMSO

Parkin

MG132

MG132 +
Nocodazole

MG132

MDC displays a widely distributed, punctate distribution with
relatively low fluorescence levels (Fig. S5). However, MG132-
induced proteasomal impairment results in an increase in MDC
fluorescence levels and a redistribution of MDC immuno-
reactivity to a perinuclear region that colocalizes with the L166P
mutant DJ-1 aggresomes (Fig. S5). Together these findings
indicate that L166P mutant DJ-1 aggresomes may be sites
of autophagy.

L166P DJ-1

L166P DJ-1

L166P DJ-1

L166P DJ-1 Vimentin

L166P DJ-1

L166P DJ-1

L166P DJ-1

To determine whether parkin selectively targets L166P mutant
DJ-1 to aggresomes, we assessed the effects of parkin overex-
pression on the accumulation of HA-tagged wild-type and L166P
mutant DJ-1 in aggresomes formed in response to proteasome
inhibition by MG132 (Fig. 5). In untreated cells the coexpression
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Figure 5. Parkin promotes the accumulation of L166P mutant DJ-1 in aggresomes. (A-D) SH-SY5Y cells coexpressing HA+tagged wild-type DJ-1 or L166P
mutant DJ-1 and Myc vector or Myc-tagged parkin were incubated in the presence and absence of 20 uM MG132 for 16 h and processed for immuno-
fluorescence with anti-HA (red) and anti-Myc (green) antibodies. (A and B) In untreated cells HA-tagged wild-type DJ-1 and L166P mutant DJ-1 are distributed
throughout the cytoplasm and colocalize with Myctagged parkin. (C and D) Inhibition of the proteasome coupled with overexpression of parkin resulted
in the accumulation of L166P mutant DJ-1 in aggresomes (arrowheads). In cells that were not transfected with parkin L166P mutant DJ-1 mostly retained a
diffuse distribution (open arrowheads). In contrast, the distribution of wild-type DJ-1 was unaffected, although these cells displayed robust parkin-containing
aggresomes (arrowheads). Superimposed images revealed a colocalization (yellow) between L166P mutant DJ-1 and parkin in the perinuclear region
in the presence of MG132. Bar = 10 pm. (E) Quantification shows that parkin selectively increases the targeting of L166P mutant DJ-1 to aggresomes.

The asterisk indicates statistical significance (P < 0.05).

of parkin had no effect on the cytoplasmic distribution of wild-
type or L166P mutant DJ-1 (Fig. 5, A and B). Treatment of the
cells with MG132 did not alter the distribution of wild-type
DIJ-1, but caused the accumulation of L166P mutant DJ-1 in
aggresomes in a small percentage of cells (Fig. 5, C and E).
Interestingly, coexpression of parkin resulted in a dramatic in-
crease in the percentage of cells containing L166P mutant DJ-1-
positive aggresomes, but had no effect on the localization of
wild-type DJ-1 (Fig. 5, D and E).

Aggresomes contain misfolded and aggregated proteins,
and are often insoluble in detergents (Johnston et al., 2002).

To determine if recruitment of L166P mutant DJ-1 to these
aggresomes alters its solubility, cell lysates were separated into
detergent soluble and insoluble fractions, and analyzed by West-
ern blotting. Wild-type and L166P mutant DJ-1 were predomi-
nantly found in the soluble fraction in untreated cells (Fig. 6,
A and B). However, MG132 treatment resulted in the selective
accumulation of L166P mutant DJ-1 in the detergent insoluble
fraction, and this accumulation was increased by coexpression
of parkin (Fig. 6, A and B). These results demonstrate that par-
kin selectively promotes the redistribution of misfolded DJ-1
into a detergent-insoluble aggresome.

PARKIN TARGETS MISFOLDED DJ-1 TO AGGRESOMES

1031



1032

A HA-DJ-1

MycVector + - + - + - &+ - 4+ -+ - 4+ -+
Myc-Parkin - + - + - + -+ -+ -+ -+ - +
MG132

IB: 0-DJ-124 s e — <«HA-DJ-1 or L166P

19— == W Sp)(endo)
. 62._
IB.aMyc48_ - - ® e = .. @& <«Myc-Parkin
B 601 *
O Control
5 o~ | Parkin
3T 407
P
2%
S & 201
=
MG132

HA-DJ-1 HA-L166P

Figure 6. Parkin increases the insolubility of L166P mutant, but not wild-
type DJ-1. (A), Lysates from transfected SH-SY5Y cells were separated into
defergent-soluble (S) and detergentinsoluble (I) fractions and analyzed by
Western blotting. (B) The relative level of insoluble DJ-1 was measured by
quantification of the intensity of the HAtagged DJ-1 or L166P band in the
detergent-insoluble fraction and normalized to the total level of HAtagged
wild-type or mutant DJ-1 in the corresponding cell lysate. The asterisk indi-
cates a statistically significant (P < 0.05) difference compared with the
corresponding control.

To investigate the role of parkin-mediated K63-linked polyubig-
uitination in aggresome formation, we analyzed and com-
pared the formation of MG132-induced aggresomes in SH-SYSY
cells coexpressing L166P mutant DJ-1 and Myc-tagged parkin
in the presence of either HA-tagged Ub-WT, Ub-K48, Ub-K63,
Ub-K48R, or Ub-K63R. We observed the presence of a clearly
visible aggresome containing immunoreactivity to HA-tagged
ubiquitin and L166P mutant DJ-1 in most of the cells express-
ing Ub-WT (46%) after 16-h MG132 treatment (Fig. 7, A and B).
Replacement of Ub-WT with Ub-K63R dramatically reduced
aggresome formation and resulted in the accumulation of cyto-
plasmic preaggresomal particles, whereas replacement with
Ub-K48R had no apparent effect (Fig. 7, A and B). Moreover,
expression of Ub-K63 significantly enhanced aggresome for-
mation compared with cells expressing Ub-K48, which were
more likely to contain cytoplasmic preaggresomal particles
(Fig. 7, A and B). Together, our results suggest that K63-linked
polyubiquitination of misfolded DJ-1 by parkin promotes
aggresome formation.

The observed microtubule-dependent recruitment of L166P mu-
tant DJ-1 to the aggresome (Fig. 4) suggests that the retrograde
dynein motor complex may be involved in the transport of mis-
folded DJ-1. Recent evidence indicates that histone deacetylase 6
(HDAC®) is critically involved in aggresome formation by act-
ing as an adaptor between polyubiquitinated proteins and the
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Figure 7. Parkin-mediated K63 polyubiquitination promotes the forma-
tion of L166P mutant DJ-1 aggresomes. (A) SH-SY5Y cells coexpressing
GFP-tagged parkin, Myctagged L166P mutant DJ-1, and the indicated HA-
tagged ubiquitin mutants were incubated in the presence of 20 uM MG 132
for 16 h, fixed, and immunostained with antibodies against Myc (green)
and HA (purple). Bar = 10 um. (B) The percentage of cells containing
L166P mutant DJ-1-positive aggresomes was quantified from 50-100 trans-
fected cells and indicates that K63-linked polyubiquitination is important for
the targeting of the misfolded protein to aggresomes. The asterisk indicates
a statistically significant decrease (P < 0.05) in the percentage of cells con-
taining aggresomes in cells expressing HA-tagged Ub-K48 or Ub-K43R
versus the cells expressing HAtagged Ub-WT, Ub-K63, or Ub-K48R.

dynein motor complex (Kawaguchi et al., 2003; Hideshima
et al., 2005). We performed coimmunoprecipitation analyses
to examine a potential interaction between Myc-tagged L.166P
mutant DJ-1 and endogenous HDAC6. We found that HDAC6
does not bind nonubiquitinated L166P mutant DJ-1 in untreated
cells (Fig. 8 A). In contrast, HDACG6 strongly interacts with
polyubiquitinated L.166P mutant DJ-1 induced by parkin coexpres-
sion in MG132-treated cells (Fig. 8 A). Moreover, immunofluores-
cence confocal microscopic studies revealed that, in response to
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proteasome inhibition, both HDAC6 and dynein are recruited
with L166P mutant DJ-1 to aggresomes (Fig. 8 B).

Although HDACG6 has been shown to bind polyubiqui-
tinated proteins (Hook et al., 2002; Kawaguchi et al., 2003), it
remains unknown whether HDAC6 specifically binds K48-
linked and/or K63-linked polyubiquitin chains. Coimmuno-
precipitation studies in SH-SYSY cells expressing HA-tagged
Ub-K48 or Ub-K63 indicate that HDACG interacts with both
K48- and K63-linked polyubiquitin chains, but binds more
strongly to K63-linked chains (Fig. 8 C), providing evidence
that HDAC6 preferentially interacts with K63-linked poly-

ubiquitinated proteins in vivo. Together, these data suggest that
parkin-mediated K63-linked polyubiquitination of L166P mu-
tant DJ-1 serves as a signal for binding HDAC®6, and thus couples
the misfolded DJ-1 to the dynein motor complex for transport to
the aggresome.

Given our findings that parkin-mediated K63-linked polyu-
biquitination mediates the recognition of misfolded DJ-1 by
HDACS6 and the dynein motor complex (Figs. 5, 7, and 8), we
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Figure 9. Parkin is required for proper transport A
of misfolded proteins to aggresomes. (A) Lysates
from MEFs cultured from Parkin™/~ and Parkin*/*

were separated by SDS-PAGE and analyzed by kD

IB: a-Parkin

Western blotting. (B) The half-life of Myctagged 45—

L166P mutant DJ-1 expressed in Parkin™/~ and
Parkin*/* MEFs was analyzed by pulse chase and
the protein levels quantified and plotted relative to
the corresponding levels at O h. (C) Parkin™/~ and
Parkin®/* MEFs were transfected with Myc-tagged B
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processed for immunocytochemistry with anti-Myc
(green) antibodies. Bar = 10 pum. (D) The percent-
age of cells containing L166P mutant DJ-1 ag-
gresomes was quantified from 50-100 transfected
cells. The asterisk indicates a statistically signifi-
cant difference (P < 0.05).
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next assessed the role of parkin in the transport of misfolded
proteins to the aggresome using mouse embryonic fibroblasts
(MEFs) cultured from Parkin knockout (Parkin™'~) mice (Perez
et al., 2005; Perez and Palmiter, 2005). Western blot analysis
with anti-parkin antibodies confirmed the absence of parkin pro-
tein in Parkin '~ MEFs (Fig. 9 A). In addition, pulse chase anal-
ysis indicated that the absence of parkin had no effect on the
stability of L166P mutant DJ-1 (Fig. 9 B). Imnmunofluorescence
confocal microscopy showed that L166P mutant DJ-1 exhibited
a diffuse cytoplasmic distribution in both untreated Parkin*'*
and Parkin~'~ MEFs (unpublished data). In Parkin™* MEFs
treated with MG132, L166P mutant DJ-1 accumulated in ag-
gresomes (Fig. 9, C and D). In contrast, in Parkin™'~ MEFs,
Myc-tagged L166P mutant DJ-1 was mostly observed in small
preaggresomal particles dispersed throughout the cytoplasm
(Fig. 9, B and C). Furthermore, coexpression of untagged-parkin
rescued the ability of Parkin™'~ MEFs to properly target the
misfolded DJ-1 to aggresomes (Fig. 9, C and D). Together these
results indicate that parkin is critically involved in the transport
of misfolded DJ-1 to aggresomes.

Although it is clear that cells sequester misfolded proteins into
centrosomal aggresomes, how the cell recognizes these proteins
for transport to the aggresome is poorly understood. Our find-
ings support the model depicted in Fig. 10, and suggest that
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misfolded proteins are normally polyubiquitinated and effi-
ciently degraded by the 26S proteasome. However, under patho-
genic conditions in which proteasome function is impaired,
parkin cooperates with UbcH13/Uevla to mediate K63-linked
polyubiquitination of misfolded proteins, promotes binding of
HDACG6 and couples the misfolded protein to the dynein motor
complex for transport to aggresomes.

Our results demonstrate that parkin directly binds the
misfolded L166P mutant, but not wild-type DJ-1. We find that
parkin selectively promotes K63-linked polyubiquitination of
L166P mutant DJ-1 in an UbcH13/Uevla-dependent manner.
K63-linked polyubiquitination has been proposed to play a role
in the formation of inclusion bodies (Lim et al., 2005b), but the
underlying molecular mechanisms remain unknown. Our data
show that parkin promotes the accumulation of misfolded DJ-1
into aggresomes. Furthermore, the ability of parkin to promote
the sequestration of misfolded DJ-1 into aggresomes is depen-
dent on K63-linked polyubiquitination, and expression of
Ub-K48 or Ub-K63R results in the accumulation of small
preaggresomal particles dispersed throughout the cytoplasm.
Previous studies suggest that misfolded proteins form small ag-
gregates within the cytoplasm, which are then transported to the
forming aggresome (Kopito, 2000; Garcia-Mata et al., 2002).
Disruption of transport by incubation with nocodazole (Johnston
etal., 1998), overexpression of dynamitin (Garcia-Mata et al., 1999;
Johnston et al., 2002), siRNA-mediated depletion (Kawaguchi
et al., 2003), or chemical inhibition (Wang et al., 2005) of



HDACS results in the accumulation of small cytoplasmic ag-
gregates. Thus the preaggresomal particles that accumulate
upon expression of Ub-K48 or Ub-K63R may represent L166P
mutant DJ-1-containing small aggregates. In addition to L166P
mutant DJ-1, these preaggresomal particles also contained parkin,
which suggests that K63-linked polyubiquitination may be im-
portant for the transport of parkin to the aggresome. Hampe
et al. reported that parkin catalyzes multi-monoubiquitination of
itself (auto-ubiquitination) in vitro and a fraction of parkin is
multi-monoubiquitinated in vivo under basal conditions (Hampe
et al., 2006). However, under conditions of proteasomal impair-
ment, they found that parkin is mostly polyubiquitinated in vivo
(Hampe et al., 2006), which might be mediated by another E3 li-
gase or by parkin in cooperation with additional factor(s) such as
E4 (Imai et al., 2002; Richly et al., 2005). Furthermore, Lim
et al. reported that parkin is modified by K63-linked polyubiqui-
tination in vivo, which was suggested to be mediated by parkin
itself (Lim et al., 2005a). K63-linked polyubiquitination of par-
kin under conditions of proteasomal impairment would promote
the transport of parkin to aggresomes, and this could explain the
reduced formation of parkin-positive aggresomes when K63-
linked polyubiquitination was inhibited.

One possibility is that K63-linked polyubiquitination may
block K48-linked polyubiquitination, resulting in decreased
proteasomal degradation and increased substrate accumulation.
However, this does not address how these proteins are recog-
nized and targeted to the aggresome. Our results indicate that
K63-linked polyubiquitination plays an active signaling role,
and that under conditions of proteasomal impairment facilitates
an interaction between L166P mutant DJ-1 and the dynein adap-
tor protein HDAC6. HDAC®6 links polyubiquitinated proteins, to
the molecular motor dynein by simultaneously binding ubiqui-
tin via a zinc-finger ubiquitin binding domain and dynein via a
distinct dynein motor binding domain (Kawaguchi et al., 2003).
In addition, HDACG6 has been found to localize to Lewy bodies
in sporadic PD patients, suggesting that HDAC6 may also play
a similar role in the biogenesis of these hallmark PD inclusions.
Our results further demonstrate that HDAC6 preferentially binds
K63-linked polyubiquitinated proteins in vivo, suggesting that
K63-linked polyubiquitination may act as a novel signal for the
dynein-mediated transport and sequestration of misfolded pro-
teins in the aggresome.

Based on the localization of parkin in aggresomes/
inclusions, it has been proposed that parkin is first recruited to
aggresomes in response to proteasome inhibition and then
ubiquitinates misfolded proteins in these inclusion bodies (Lim
et al., 2005a). In this case, one would expect that targeting of
misfolded proteins to aggresomes in Parkin '~ MEFs would be
unaffected, but that there would be a decrease in the ubiquitina-
tion of the inclusions. However, we observed that the percentage
of cells containing L166P mutant DJ-1 aggresomes was dramat-
ically reduced in Parkin '~ MEFs. These findings support a role
for parkin in the transport of misfolded DJ-1 to aggresomes
rather than in the ubiquitination of the misfolded proteins in
aggresomes. In addition, when transport of misfolded proteins
to the aggresome was disrupted with nocodazole we observed
that parkin colocalized with misfolded DJ-1 in ubiquitin-positive,
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Figure 10. Model of parkin-dependent targeting of misfolded proteins to
the aggresome. Under normal conditions misfolded proteins are recognized
and conjugated with K48-linked polyubiquitin chains, resulting in efficient
degradation by the 26S proteasome. However, under conditions of protea-
somal impairment, parkin cooperates with Ubc13/Uev1a to mediate K63-
linked polyubiquitination of misfolded proteins. This Ké3-inked polyubiquitin
chain promotes binding of the dynein adaptor protein HDAC, which
effectively “loads” the misfolded protein onto the dynein motor complex
for retrograde transport along microtubules to aggresomes.

preaggresomal particles, suggesting that parkin associates with
and polyubiquitinates misfolded proteins before their transport
to aggresomes.

Whether protein inclusions are cytoprotective or cytotoxic
is highly controversial. Studies indicate that several intermedi-
ates are generated during the process of protein aggregation, and
suggest that the small-intermediate oligomers may be the principle
toxic species (Caughey and Lansbury, 2003). Accumulation of
aggregated proteins can cause global impairment of the ubiqui-
tin-proteasome system (Bence et al., 2001; Bennett et al., 2005)
and aggregated proteins also directly interfere with proteasomal
function, possibly due to an inability to properly enter or exit the
proteasome (Holmberg et al., 2004; Venkatraman et al., 2004;
Kristiansen et al., 2007). Sequestration into inclusions like
aggresomes may render these oligomers inert and protect an im-
paired proteasomal system from further damage. Interestingly,
recent evidence suggests that aggresomes might also act as a
staging area for disposal by autophagy (Taylor et al., 2003). In
support of this possibility, we find that L166P mutant DJ-1 ag-
gresomes stained with MDC, a marker of autophagic vacuoles.
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Consistent with the findings of Iwata et al. (Iwata et al., 2005),
we observed that MG132-mediated inhibition of the proteasome
resulted in a redistribution of lysosomes, and often lysosomes
tightly encircled the aggresome. A protective role for aggresomes
has been further supported by the finding that disruption of ag-
gresome formation using small molecule inhibitors of HDAC6
(Hideshima et al., 2005) or by knockdown of HDACG6 protein
levels by RNA interference (Kawaguchi et al., 2003) increases
the susceptibility to apoptosis induced by proteasome inhibition
or misfolded protein stress.

It is widely believed that loss of parkin function would
lead to decreased proteasomal degradation of a cytotoxic sub-
strate protein, resulting in selective dopaminergic neurodegen-
eration (Kahle and Haass, 2004). Studies have found that Parkin
promotes the proteasomal degradation of several putative sub-
strate proteins (Kahle and Haass, 2004). However, the accumu-
lation of these substrates in parkin knockout mouse brain and
human PD brains has been conflicting (Goldberg et al., 2003;
Ko et al., 2005, 2006; Periquet et al., 2005). Thus the role these
substrates play in the pathogenesis of PD remains to be deter-
mined. Recent reports indicate that parkin is able to mediate
monoubiquitination (Hampe et al., 2006; Matsuda et al., 2006)
and K63-linked polyubiquitination (Doss-Pepe et al., 2005; Lim
et al., 2005a; Fig. 2 and 3), two forms of ubiquitination that are
not associated with proteasomal degradation. In addition, parkin
has been implicated in nonproteasomal processes, including
endocytosis and signal transduction (Fallon et al., 2006). Our
findings further indicate that parkin plays a regulatory role in
trafficking of misfolded DJ-1 to aggresomes. Our data reveal a
critical role for parkin-mediated K63 polyubiquitination in ear-
marking misfolded proteins for dynein-mediated transport to
the aggresome and suggest that loss of parkin function may
impair sequestration of toxic misfolded proteins, thereby result-
ing in an increased susceptibility to aggregated protein-induced
cellular dysfunction.

Materials and methods

Plasmids and antibodies

The expression vectors encoding HA- and Myctagged wildtype and
L166P mutant DJ-1 were described previously (Olzmann et al., 2004).
Myc-tagged parkin and HAtagged UbcH13 were provided by T. Suzuki
(Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan) and
Z. Chen (University of Texas Southwestern, Dallas, TX), respectively. HA-
tagged Ub-WT, Ub-K48, Ub-K63, and Ub-KO were provided by T. Dawson
(Johns Hopkins University, Baltimore, MD); and Ub-K29R, Ub-K48R, and
Ub-K63R were provided by M. Wooten (Auburn University, Auburn, AlL).
Anti-DJ-1 antibodies P7F and P7C were described previously (Olzmann
et al., 2004, 2007). Other antibodies used in this study include the
following: anti-HA (12CA5), anti-Myc (9E10.3, Neomarkers), anti-parkin
(Cell Signaling), anti-Hsp70 (Stressgen), anti-ubiquitin (PAG7, Covance),
anti-vimentin (Sigma-Aldrich), anti-B-tubulin (Boehringer Mannheim),
anti-HDAC6 (Santa Cruz Biotechnology, Inc.), anti-lamp2 (lowa Develop-
mental Studies Hybridoma Bank), and anti-dynein (Sigma-Aldrich); all
secondary antibodies were purchased from Jackson ImmunoResearch
Laboratories, Inc.

Cell transfections and immunoprecipitation

SH-SY5Y cells and mouse embryonic fibroblasts (MEFs) were transfected
with the indicated plasmids using Lipofectamine 2000 (Invitrogen) or Translt-
Neural (Mirus), respectively, according to the manufacturer’s instructions.
Cell lysates were prepared from transfected cells and immunoprecipitations
performed as described previously (Olzmann et al., 2004).
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Recombinant protein purification and in vitro binding assays

GST+tagged parkin fusion proteins were expressed in Escherichia coli BL21
cells and affinity purified as described previously (Chin et al., 2002; Kim
et al., 2007). Immobilized GST or GST-Parkin (~5 pg) were incubated with
[**S]Methionine-labeled Myctagged DJ-1 or L166P mutant DJ-1, generated
using the TNT Quick Coupled Transcription/Translation System (Promega),
in phosphate buffered saline for 2 h at 4°C. After extensive washes, bound
proteins were separated by SDS-PAGE and visualized by autoradiography.

Analysis of steady-state protein levels

Transfected SH-SY5Y cells were incubated for 8 h at 37°C with the protea-
some inhibitor MG132 (20 M, Calbiochem) or vehicle dimethyl sulfoxide
(DMSO, final concentration 0.1%) and protein levels analyzed as described
previously (Olzmann et al., 2004).

[**SIMethionine pulse-chase experiments

As described previously (Olzmann et al., 2004), transfected SH-SY5Y cells
or MEFs were labeled by incubation with Met/Cys-free DME (Invitrogen)
containing 100 pCi of Met/Cys Tran®S-label (MP Biomedicals) for 1 h.
Cells were washed and then incubated with DME containing 5% the nor-
mal concentrations of methionine and cysteine. At the indicated chase
times, equal amount of proteins were immunoprecipitated with anti-Myc
antibody, separated by SDS-PAGE, and analyzed by autoradiography.

In vitro and in vivo ubiquitination assays

In vitro ubiquitination assays were performed using a well-established re-
constitution system (Shimura et al., 2000, 2001; Pridgeon et al., 2003). In
brief, L166P mutant DJ-1 was purified as described previously (Olzmann
etal., 2004). 1.5 ug of purified L166P mutant DJ-1 was incubated at 37°C
in 60 pl of reaction buffer (50 mM Tris-HCI, pH 7.5, 2.5 mM MgCl,, 2 mM
DTT, and 2 mM ATP) containing 200 ng of E1 (Boston Biochem), 400 ng
of E2 ubiquitin-conjugating enzyme (UbcH13/Uev1a) (Boston Biochem),
1.5 pg of purified GST+agged parkin, and 10 pg ubiquitin or ubiquitin
mutants (Boston Biochem). After incubation for 2 h the reaction was stopped
by addition of loading buffer. Reaction products were analyzed by immuno-
blotting with anti-DJ-1 antibody to defect ubiquitin-conjugated DJ-1 proteins.
In vivo ubiquitination assays were performed as described previously

(Wheeler et al., 2002; Olzmann et al., 2004).

Cell fractionation

Transfected SH-SY5Y cells were lysed in a buffer containing 50 mM Tris-
HCl pH 7.6, 150 mM NaCl, 1.0% Triton X-100, and a cocktail of protease
inhibitors. Lysates were centrifuged at 100,000 g for 30 min at 4°C and
separated into detergentsoluble and insoluble fractions as described (Junn
et al., 2002). Fractions were analyzed by Western blotting, and protein
levels quantified using Scion Image. An ANOVA with a Tukey'’s posthoc
test was used for statistical comparison.

Immunofluorescence confocal microscopy

SH-SY5Y cells or MEFs were processed and stained as previously described
(Chin et al., 2000). Hoechst 33258 (Molecular Probes) was used to stain
nuclei. MDC (Sigma-Aldrich) staining and costaining was performed as de-
scribed (Jackson et al., 2005). Analysis and acquisition was performed using
a confocal laser-scanning microscope (Axiovert 100 M; Carl Zeiss Micro-
Imaging, Inc.) with a 63%, 1.4 NA, oil-immersion objective (Carl Zeiss
Microlmaging, Inc.) at room temperature. Images were exported in TIFF format
using LSM-510 software (Carl Zeiss Microlmaging, Inc.), and Adobe Photo-
shop Version 7.0 software was used to adjust the contrast and brightness.

Parkin knockout mice and generation of mouse embryonic fibroblasts
Parkin knockout mice, containing a targeted deletion of exon 2, were gen-
erated on a coisogenic background (12954/Sv)aeSor) and characterized
as described previously (Pawlyk et al., 2003; Perez et al., 2005; Perez
and Palmiter, 2005). MEF cultures were prepared using well-established
methods (Bi et al., 2004; Ma et al., 2004). Early passage MEFs were used
for all experiments.

Andlysis of aggresome formation

Transfected SH-SY5Y cells or MEFs were incubated in the presence and
absence of 20 pM MG132 for 16 h, and then processed for immunofluor-
escence microscopic analysis of aggresome formation. An aggresome was
defined as a single, perinuclear inclusion containing L166P mutant DJ-1.
For each experiment, 50-100 transfected cells were randomly selected
and scored for the presence of an aggresome in a blinded manner. Experi-
ments were repeated three times, and the data were subjected to statistical
analysis by ANOVA with a Tukey’s posthoc test.



Online supplemental material

Figure S1 shows how L166P mutant DJ-1 and parkin are not in a complex
with Hsp70. Figure S2 shows that Parkin selectively pulls down L166P mu-
tant DJ-1, but not wild-type DJ-1. Figure S3 shows how high levels of parkin
overexpression have no effect on the degradation of L166P mutant DJ-1. Figure
S4 shoes that the misfolded L166P mutant DJ-1 colocalizes with ubiquitin
and is concentrated in the center of the aggresome. Figure S5 shows how
L166P mutant DJ-1-containing aggresomes stain with the autophagosomal-
marker monodansyl cadaverine. Online supplemental material is available at

http://www.jcb.org/cgi/content/full /jcb.200611128/DC1.
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