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Mutations in Parkin, an E3 ubiquitin ligase that regulates pro-
tein turnover, represent one of the major causes of familial Par-
kinson disease, a neurodegenerative disorder characterized by
the loss of dopaminergic neurons and impaired mitochondrial
functions. The underlying mechanism by which pathogenic Par-
kin mutations induce mitochondrial abnormality is not fully
understood. Here, we demonstrate that Parkin interacts with
and subsequently ubiquitinates dynamin-related protein 1
(Drpl), for promoting its proteasome-dependent degradation.
Pathogenic mutation or knockdown of Parkin inhibits the ubiq-
uitination and degradation of Drp1, leading to an increased level
of Drp1 for mitochondrial fragmentation. These results identify
Drpl as a novel substrate of Parkin and suggest a potential
mechanism linking abnormal Parkin expression to mitochon-
drial dysfunction in the pathogenesis of Parkinson disease.

Parkinson disease (PD)* is one of the most common neuro-
degenerative diseases affecting over 2% populations over 65
years of age. It is classically characterized by the loss of dop-
aminergic neurons that project from the midbrain substantia
nigra to the striatum (1, 2). Although the loss of dopaminergic
neurons is responsible for the symptom of movement disorder
in PD, itis now clear that other types of neurons throughout the
brain are also affected in the disease (3, 4). The identification of
genes linking to PD has greatly advanced our understanding of
the molecular pathogenesis of the disease (5—8). Mutations in
Parkin represent one of major causes for early onset of familial
PD (9-11). Parkin is an E3 ubiquitin ligase that contains two
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ring finger domains (12-15). A handful of substrates have been
identified, including Parkin itself and CDCrel-1, synphilin-1,
Pael-R, glycosylated a-synuclein, FBP1 (far upstream element-
binding protein 1), and the RNA-processing protein subunit
p38/AIMP2 (16-19). A putative mechanism by which muta-
tions of Parkin cause PD would be abnormal accumulation and
aggregation of the above substrates due to insufficient E3 ligase
activity for ubiquitin-proteasome-dependent protein turnover
(18, 20, 21). Surprisingly, only p38/AIMP2 and FBP1 were
found to be accumulated in the brain samples of PD patients or
in Parkin knock-out mice (16, 17, 19). Even though a number of
the putative substrates have been identified, the causative link
between these substrates and the PD pathogenesis remains not
fully understood.

Over the past few decades, accumulating evidence has sug-
gested that mitochondrial dysfunction and the resulting oxida-
tive damage are associated with PD. This is supported by a large
number of reports demonstrating impaired mitochondrial
functions in PD patients (22-26). Mitochondria undergo fre-
quent fission, fusion, and redistribution throughout the cyto-
plasm in response to the energy needs (27, 28). Either disrup-
tion of the fusion process or enhancement of the fission process
renders the normal, tubular network of mitochondria to frag-
ment into short rods or spheres (29). Abnormal mitochondrial
fission or fusion is closely associated with neuronal cell death
and a number of neuromuscular diseases (30).

Drpl is a cytosolic protein responsible for mitochondrial fis-
sion (31). It targets to mitochondria to initiate mitochondrial
fragmentation (32-34). Enhanced Drpl expression or a
reduced level of mitofusins induces mitochondrial fragmenta-
tion, an early event prior to the release of mitochondrial cyto-
chrome c and programmed cell death (20, 35). Strong evidence
has shown that Parkin plays a critical role in regulating mito-
chondrial fission and fusion (36) and mitochondrial quality
control (37). Recent studies suggest that Drosophila Parkin
genetically interacts with proteins that regulate mitochondrial
fission and fusion, although other reports describe inconsistent
phenotypes in Parkin- and PINKI1-deficient Drosophila cells
(38 —44). Knockdown of Parkin results in mitochondrial elon-
gation in flies (40). However, studies in mammalian cells sug-
gest that loss of Parkin/PINK1 function may lead to excess
mitochondria fragmentation or enhanced mitochondrial bio-
genesis (45-48). We thus sought to address the molecular

JOURNAL OF BIOLOGICAL CHEMISTRY 11649


http://www.jbc.org/cgi/content/full/M110.144238/DC1

Drp1Is a Novel Substrate of Parkin

details on how Parkin regulates mitochondrial fission and
fusion in mammalian systems. To this end, we have identified
Drpl as a novel substrate of Parkin which effectively promotes
the proteasome dependent degradation of Drpl. Our results
thus uncover a novel mechanism linking loss of Parkin to mito-
chondrial dysfunction in the pathogenesis of PD and suggest
that Drpl could be a potential target for fighting against this
currently incurable disease.

EXPERIMENTAL PROCEDURES

Plasmids—The mammalian expression plasmids for Parkin
and Drpl were generated by PCR and cloned into pEGFPC1
and pRK5-myc vectors. The mammalian expression plasmid
for FLAG-ubiquitin was generated by insertion of ubiquitin
c¢DNA in-frame into the pCMV-tag-2B vector. The pCMV-
HA-UB and pCMV-HA-UB-KO plasmids were kindly provided
by Dr. Tomohiko Ohta (St. Marianna University, Japan).

Antibodies and Reagents—DAPI and antibodies against
FLAG, HA, Myc, and B-actin were purchased from Sigma-
Aldrich. Antibodies against Parkin (Cell Signaling), Drp1l (BD
Biosciences), GFP (Roche Applied Science), ubiquitin (Santa
Cruz), rhodamine- and fluorescein-conjugated secondary
antibodies (Jackson ImmunoResearch) were from the indicated
sources. MG132, PS341, PMSF, and cycloheximide were
obtained from Sigma-Aldrich. MitoTracker-Red, CM-
H2XRos, and chloroquine were from Invitrogen, pepstatin was
from BioBasic.

Cells, siRNAs, shRNAs, and Transfections—All the cells used
in this study were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS at 37 °C in an atmosphere
of humidified air and 5% CO,. siRNA oligonucleotides were
synthesized by RiboBio with a 2-base (dTdT) overhang and
transfected into cells with the Lipofectamine 2000 reagent
(Invitrogen). The sequences of the Parkin siRNAs are 5’ -CUU-
GGCUACUCCCUGCCUU-3" and 5'-CAGCCAAAUUGCA-
GAAGAA-3'. Drpl shRNA sequences are: 5'-GATCCGTGG-
TGCTAGAATTTGTTATTCAAGAGATAACAAATTCTA-
GCACCACTTTTTTG-3" and 5'-AATTCAAAAAAGTGGT-
GCTAGAATTTGTTATCTCTTGAATAACAAATTCTAG-
CACCACG-3'. Plasmids were transfected into cells with PEI
according to the manufacturer’s instructions.

Cell Lysate Preparation and Western Blotting—To prepare
cell lysates, cells were washed twice with ice-cold phosphate-
buffered saline (PBS) and solubilized in lysis buffer (150 M NaCl,
25 mm HEPES, pH 7.4, 1% Chaps, 0.25% sodium deoxycholate,
1 mm EGTA, 1 mm DTT, 1 mm PMSF, 10% glycerol, and 10
mg/ml aprotinin, leupeptin, and pepstatin). The cells were
scraped, and the supernatants were collected after 15 min of
centrifugation at 14,000 X g and 4 °C. Protein concentrations
were determined by using the BCA protein assay kit. Proteins
were resolved by SDS-PAGE and transferred onto polyvi-
nylidene difluoride membranes (Millipore). The membranes
were blocked in PBS containing 0.1% Tween 20 and 5% fat-free
dry milk and incubated first with primary antibodies and then
with horseradish peroxidase-conjugated secondary antibodies.
Specific proteins were visualized with enhanced chemilumines-
cence detection reagent (Pierce Biotechnology). The intensity
of protein bands was determined by the Image] software and
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corrected by subtracting the measured intensity with the back-
ground intensity.

Immunoprecipitation and MBP Pulldown—Cell lysate was
incubated with specific antibodies at 4 °C for 2 h, and protein
A/G-agarose beads (Pierce Biotechnology) were then added to
incubate for another 3 h. The beads were washed extensively
and boiled in SDS loading buffer, and the precipitated proteins
were detected by SDS-PAGE and Western blotting. For MBP
pulldown in vitro, MBP or MBP-Parkin fusion protein immo-
bilized on amylose magnetic beads was incubated with in vitro
translated Myc-Drpl at 4 °C for 2 h. The beads were washed
and boiled in the SDS loading buffer, and the precipitated pro-
teins were detected by SDS-PAGE and Western blotting.

Ubiquitination Assays—Cells were transfected with GFP-
Parkin, Myc-Drpl, and HA-UB or HA-UB-KO plasmids and
incubated with 20 um MG132 for 8 h before harvest. Cell lysate
was immunoprecipitated with an antibody against Myc. The
precipitates were subjected to Western blotting with an anti-
body against HA. In vitro ubiquitination assay was performed in
50 wl of ubiquitination reaction buffer containing 50 mm Tris-
HCl, pH 7.5, 5 mm MgCl,, 2 mm DTT, 2 mm ATP, 10 ug of
ubiquitin, 100 ng of E1, 200 ng of E2 (UbcH?7), 2 ug of purified
MBP-Parkin, 2 ug of immunoprecipitated MARCHS5, and 2 ug
of in vitro translated Drp1. The reaction was performed for 2 h
at 30 °C and terminated by addition of the SDS loading buffer.
The reaction products were then subjected to Western blotting
with anti-ubiquitin and anti-Drp1 antibodies.

Fluorescence Microscopy—Cells grown on glass coverslips
were transfected with Mito-DsRed together with GFP-Parkin.
Cells were fixed with 4% paraformaldehyde for 30 min at room
temperature, incubated with primary and secondary antibod-
ies, and then stained with DAPI. Coverslips were mounted with
90% glycerol in PBS and examined with a Zeiss fluorescence
microscope.

[?°S]Methionine Pulse-Chase Experiments—HeLa cells were
incubated with the labeling medium containing 10 wCi of Met/
Cys Tran>?S-label (PerkinElmer Life Sciences) for 3 h. Cells
were washed and then incubated with the chase medium con-
taining 2 mM methionine and cysteine (Sigma). Cells were har-
vested at different time points, and proteins were then immu-
noprecipitated with anti-Drpl and anti-$-actin antibodies,
separated by SDS-PAGE, and analyzed by autoradiography.

Statistical Analysis—Statistical analysis between groups was
performed by unpaired two-tailed Student’s ¢ test. Data are pre-
sented as means * S.E.

RESULTS

Alteration of Parkin Expression in Cells Affects Mitochondrial
Morphology—W e first examined mitochondrial morphology in
cells with altered Parkin expression. Fluorescence microscopy
revealed that overexpression of Parkin resulted in perinuclear
clustering of mitochondria in both HeLa and SH-SY5Y cells
(Fig. 1, A and B), and nearly half of the cells had this phenotype
(Fig. 1C). To assess the role of endogenous Parkin in the regu-
lation of mitochondrial morphology, we inhibited the expres-
sion of Parkin in SH-SY5Y cells with specific siRNAs (Fig. 1D).
Strikingly, although the majority of the cells transfected with
control siRNA had a normal reticulum of mitochondria, nearly
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FIGURE 1. Alteration of Parkin expression in cells affects mitochondrial morphology. A, Hela cells were transfected with Mito-DsRed together with
GFP-Parkin or GFP vector for 24 h, and cells were then stained with DAPI and analyzed by fluorescence microscopy. Cells with a dense cluster of mitochondria
were classified as perinuclear mitochondrial clustering. B, experiments were performed as in A except that SH-SY5Y cells were used. C, experiments were
performed as in A and B, and the percentage of cells with mitochondrial clustering was quantified. Cells with an intact network of tubular mitochondria were
defined as normal, cells with disrupted and predominantly spherical mitochondria were defined as fragmented mitochondria, and cells with a dense cluster of
mitochondria were classified as perinuclear mitochondrial clustering. D, Western blot analysis of the expression of Parkin and B-actin in SH-SY5Y cells
transfected with two different Parkin siRNAs or a scramble siRNA control was performed. Parkin protein level was determined by dividing the intensity of Parkin
with the intensity of B-actin on the blot. £, SH-SY5Y cells were transfected with control or Parkin siRNAs, stained with Mito-Tracker Red and an anti-Parkin
antibody, and then analyzed by immunofluorescence microscopy. F, experiments were performed as in E, and the percentage of cells with mitochondrial
truncation or fragmentation was quantified. G, experiments were performed as in E, and the length of mitochondria was measured with ImagelJ. Allimmuno-
fluorescence data shown in the bar graphs represent means = S.E. (error bars) from three independent experiments, with at least 100 cells counted in a blinded
manner. *, p < 0.01 and **, p < 0.001.
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FIGURE 3. Parkin interacts with Drp1 in vivo and in vitro. A, 293T cells were transfected with Myc-Parkin or the empty vector (control), and immunoprecipi-
tation (IP) and Western blotting were performed to examine the interaction between Myc-Parkin and endogenous Drp1. B, endogenous Parkin (kD) interacts
with endogenous Drp1. SH-SY5Y cells were transfected with Drp1 or control shRNAs. Cell lysates were subjected to immunoprecipitation with an anti-Drp1
antibody oran IgG control, and theimmunoprecipitates were examined by Western blotting using an anti-Parkin antibody. The middle and bottom panels show
the expression of Drp1 and Parkin in the cell lysates (1/20 input). C, Parkin and Drp1 interact in vitro. In vitro translated Drp1 was incubated with bacterially
purified MBP-Parkin or MBP immobilized on MBP beads. The presence of Drp1 in the pulldown preparation was examined by Western blotting. The last lane
shows 1/20 input of Drp1. D, various truncated forms of GFP-Parkin are shown as a schematic. £, 293T cells were transfected with Myc-Drp1 together with a
series of truncated forms of GFP-Parkin. Immunoprecipitation and Western blotting were performed to examine the critical domains in Parkin that mediate its
interaction with Myc-Drp1. All data are representative of at least three independent experiments.

half of the cells transfected with Parkin siRNAs had fragmented
mitochondria (Fig. 1, E and F), which was in accordance with
previous reports (48). The length of mitochondria was also sig-
nificantly decreased in cells transfected with Parkin siRNAs
(Fig. 1G). These results indicate that Parkin expression can sig-
nificantly alter mitochondrial morphology in cells.

Parkin Induces the Degradation of Drpl through the Protea-
some-dependent Pathway—The remarkable effect of Parkin on
mitochondrial morphology suggests that it may affect the level
of either the pro-fission proteins or the pro-fusion protein, key
regulators of mitochondrial dynamics. To test this possibility,
we chose 293T cells which have high transfection efficiency for
the overexpression experiments. We examined the expression
of Drp1, Mfn1/2 (mitofusion 1/2) and Fis1 (another pro-fission
molecule) in cells transfected with GFP-Parkin by Western
blotting. As shown in Fig. 24, the level of Drp1 was significantly
decreased by GFP-Parkin, whereas the levels of Mfn1/2 and
Fis1 were not affected. siRNA-mediated knockdown of Parkin

expression was performed in SH-SY5Y cells that have endoge-
nous expression of Parkin. We found that Drp1 expression was
significantly increased, but the expression of Mfn1/2 and Fisl
was not affected (Fig. 2B).

We further investigated whether the down-regulatory effect
of Parkin on Drpl was due to an increase in Drpl degradation
through the proteasome-dependent pathway, similar to the
effect of Parkin toward other substrates. To test this possibility,
cells were transfected with GFP-Parkin in the absence or pres-
ence of MG132, a specific proteasome inhibitor. We found that
the reduction of Drpl by GFP-Parkin was remarkably blocked
by MG132 (Fig. 2C). A similar result was obtained by treatment
of these cells with PS341, another proteasome inhibitor (Fig.
2D). In contrast, neither chloroquine, a lysosome inhibitor, nor
PMSF and pepstatin, protease inhibitors, could inhibit the
down-regulatory effect of Parkin on Drpl expression (Fig. 2D).
We further examined the effect of Parkin on Drp1 stability by
measuring the half-life of Drpl via the cycloheximide (CHX)-

FIGURE 2. Parkin induces the degradation of Drp1 through the proteasome. A, 293T cells were untransfected or transfected with GFP-Parkin or GFP vector, and
Western blotting was performed to examine the expression of Drp1, Mfn1/2, Fis1, B-actin, and GFP proteins. Drp1 protein level was quantified according to the results
of three independent blots. B, Western blot analysis of the expression of Parkin, Drp1, Mfn1/2, Fis1 and B-actin in SH-SY5Y cells transfected with control or Parkin siRNAs
was performed. Parkin and Drp1 protein levels were quantified according to the results of three independent blots. C, Western blot analysis of the expression of Drp1,
B-actin,and GFP proteins in 293T cells untransfected or transfected with GFP-Parkin or GFP vector, in the presence or absence of the proteasome inhibitor MG132, was
performed. Drp1 protein level was quantified according to the results of three independent blots. D, 293T cells were untransfected, transfected with GFP vector, or
transfected with GFP-Parkin in the presence of various inhibitors, including two proteasome inhibitors (MG132 and PS341), a lysosome inhibitor (chloroquine), or two
protease inhibitors (PMSF and pepstain). Western blotting was then performed to examine the expression of Drp1, B-actin, and GFP proteins. E, CHX chase assay for
the half-life of Drp1 is shown. 293T cells were transfected with GFP and GFP-Parkin for 24 h. Cells were then treated with CHX (100 ng/ml) for the indicated hours, and
Western blotting was performed. The level of remaining Drp1 at different time points was quantified as the percentage of initial Drp1 level (0 h of CHX treatment). All
data are representative of at least three independent experiments. *, p < 0.01 and **, p < 0.001.
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FIGURE 4. Parkin promotes the ubiquitination of Drp1 in cells. A, SH-SY5Y cells were transfected with HA-UB together with control or Parkin siRNAs as
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ubiquitination of Drp1. Uniquitinated Drp1 protein level was quantified according to the results of three independent blots. B, 293T cells were transfected with
HA-UB together with GFP-Parkin or GFP vector. Cells were treated with MG132 for 8 h before harvest. Cell lysates were then subjected to immunoprecipitation
and Western blotting. Uniquitinated Drp1 protein level was quantified according to the results of three independent blots. C, 293T cells were transfected with
various HA-UB constructs together with GFP-Parkin or GFP vector. Cells were treated with MG132 for 8 h before harvest. Cell lysates were then subjected to
immunoprecipitation and Western blotting. All Western blot data shown in the bar graphs represent means = S.E. (error bars) from three independent

experiments. *, p < 0.01 and **, p < 0.001.

chase assay and [*°S] methionine pulse-chase assay (supple-
mental Fig. S1). Our result revealed a striking decrease of Drpl
half-life in cells overexpressing GFP-Parkin (Fig. 2E and supple-
mental Fig. S1). Taken together, these data demonstrate that
Parkin induces Drp1 degradation through the proteasome-de-
pendent proteolytic machinery.

Parkin Interacts with Drpl through Its Second Ring Finger
Domain—Parkin, as an E3 ubiquitin ligase, can regulate the
ubiquitination and proteasome-dependent degradation of its
substrates. Our finding that Parkin is capable of regulating
Drpl expression suggests that Drp1 might be a new substrate of
Parkin. To test this, we first examined whether these two pro-
teins interact. Cells were transfected with plasmids expressing
either Myc-Parkin or Myc-Vector, and cell lysates were then
analyzed by immunoprecipitation with anti-Myc antibody. As
shown in Fig. 34, endogenous Drpl was immunoprecipitated
by Myc-Parkin.

Next, we investigated whether endogenous Drpl interacts
with endogenous Parkin. Cells were transfected with Drpl or
control shRNAs. Cell lysates were subjected to immunoprecipi-
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tation with an anti-Drp1 antibody or an IgG control, and West-
ern blotting was then performed. We found that endogenous
Parkin was immunoprecipitated by endogenous Drp1, and the
immunoprecipitated Parkin protein decreased when endoge-
nous Drpl protein level was down-regulated by Drpl shRNA
(Fig. 3B). To study whether Drp1 and Parkin interact directly, in
vitro translated Drpl was incubated with bacterially purified
MBP-Parkin or MBP immobilized on amylose beads, and MBP
pulldown assay was performed. Drpl was detected in the pull-
down preparation of MBP-Parkin but not in that of MBP (Fig.
3C). Thus, our results demonstrate that Drpl and Parkin can
interact both in cells and in vitro.

Parkin contains two ring finger domains separated by an in-
between ring finger domain important for its interaction with
most of the substrate proteins. We next determined the domain
mediating the interaction of Parkin with Drp1. A series of Par-
kin truncated constructs were constructed to determine the
domain of Parkin that interacted with Drpl (Fig. 3D). Cells
were transfected with the plasmids that express various trunca-
tions of GFP-Parkin, together with Myc-Drpl, and immuno-
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precipitation assay was then performed. Such an experiment
revealed that the second ring finger domain of Parkin mediated
its interaction with Drp1 (Fig. 3E). CHX assay indicated that the
decrease of Drp1 half-life by Parkin was inhibited by deletion of
the second ring finger of Parkin (supplemental Fig. S1).

Parkin Promotes the Ubiquitination of Drpl in Cells—We
then examined whether Drp1 is ubiquitinated by Parkin. To test
this possibility, SH-SY5Y cells were transfected with HA-UB
and control or Parkin siRNAs and treated with MG132 before
harvest. Immunoprecipitation analysis indicated that the
down-regulation of Parkin expression significantly reduced the
ubiquitination of Drp1 (Fig. 44).

We then examined whether Drpl ubiquitination was
enhanced by Parkin overexpression. 293T cells were trans-
fected with HA-UB together with Myc-Drpl and GFP-Parkin
and treated with MG132 before harvest. By immunoprecipita-
tion and Western blotting, we found that Parkin significantly
increased the ubiquitination of Drpl (Fig. 4B). Lys**-linked
polyubiquitination acts as the canonical signal for targeting the
substrate to the proteasome for degradation (14). Based on our
finding that Parkin could ubiquitinate Drp1 leading to its deg-
radation by the proteasome, we hypothesized that Parkin may
mediate the polyubiquitination of Drp1 via Lys*®-linked ubiq-
uitin chains. To test this, cells were transfected with Myc-Drpl,
GFP-Parkin, and various HA-UB constructs that encode wild-
type ubiquitin or ubiquitin mutants containing arginine substi-
tutions of all the lysine residues except the one at position 29,
48, or 63, respectively. Immunoprecipitation analysis revealed
that Parkin was able to induce the polyubiquitination of Drp1 in
the presence of wild-type or Lys*® ubiquitin, but not Lys* or
Lys®® ubiquitin (Fig. 4C). Thus, our results suggest that Parkin
mediates the polyubiquitination of Drpl mainly via Lys*®-
linked ubiquitin chains.

Mutations in Parkin Affect Its Ability to Ubiquitinate Drpl
for Degradation—We then investigated whether familial PD-
causing mutation (C431F) of Parkin, which is known to have
attenuated E3 ligase activity (49), impaired its ability to ubiq-
uitinate Drpl. 293T cells were transfected with HA-UB
together with Myc-Drpl and GFP-Parkin or GFP-Parkin
(C431F), and treated with MG132 before harvest. By immuno-
precipitation and followed by Western blotting, we found that
Parkin mutation significantly decreased the ubiquitination of
Drpl (Fig. 5A). Similar results were achieved when the second
ring finger domain of Parkin was deleted (Fig. 54).

Next, we attempted to determine whether Parkin could
directly ubiquitinate Drpl and whether mutations in Parkin
could result in the loss of its activity for Drp1 ubiquitination, by
using an in vitro ubiquitination assay. To reconstitute the ubiq-
uitin-conjugation-ligation reaction, in vitro translated Drpl

was incubated with purified ubiquitin, E1, E2 (UbcH7), and
various Parkin proteins. MARCHS5, an E3 ligase known to
ubiquitinate Drp1, was used as a positive control for Parkin.
The reaction products were analyzed by Western blotting
with an anti-ubiquitin antibody. We found that wild-type
Parkin, but not the C431F, T240R, or AR2 mutants, induced
a significant increase in ubiquitinated protein bands (Fig.
5B). Western blotting with an anti-Drpl antibody further
confirmed that the high molecular weight ubiquitinated pro-
teins represent the ubiquitinated Drpl (Fig. 5B). We also
found that the effect of Parkin on Drpl ubiquitination was
comparable with that of MARCHS5 (supplemental Fig. S2).
Taken together, these results demonstrate that Parkin is able
to ubiquitinate Drp1 directly.

Mutations in Parkin account for 50% of all recessively trans-
mitted early onset PD cases (50). We found that Parkin muta-
tions R42P, K161N, T240R, R275W, and C431F could reduce
its activity toward perinuclear mitochondrial clustering (Fig. 5,
C and D) and Drp1 degradation (Fig. 5E). These data suggest
that Parkin-induced ubiquitination and degradation of Drpl
might directly impact the regulation of mitochondrial mor-
phology by Parkin and mutations of Parkin affecting its E3
ligase activity increase Drpl expression, resulting in mitochon-
drial dysfunction.

DISCUSSION

In this study, we have found that Drp1 is a novel substrate of
Parkin. Parkin effectively promotes the ubiquitination and
proteasome-dependent degradation of Drpl. Our results
implicate a potential role for Parkin dysregulation in mito-
chondrial dynamics and PD pathogenesis. Because the role
of the Parkin mutation in the pathogenesis of PD has been
well established, it has long been speculated that this event
could result in the accumulation of its substrates affecting
mitochondrial morphology and functions (18). A number of
substrates of Parkin have been identified, and deregulation
of these substrates are responsible for the symptoms of neu-
rodegenerative disease such as PD (14, 18). However, the
direct connection of these substrates with the mitochondrial
dysfunction widely observed in PD is remains elusive. Our
results thus suggest a straightforward mechanism for how
mutations of Parkin impact mitochondrial integrity and
functions, leading to PD.

Our results demonstrate that Parkin interacts with and sub-
sequently ubiquitinates Drpl, a mitochondrial fission factor,
resulting in the degradation of Drp1 by the proteasome-depen-
dent pathway. The second ring finger domain of Parkin appears
to be important for its interaction with Drpl. Mutations or
deletion in this region may result in the loss of the E3 ligase

FIGURE 5. Parkin mutations affect its ability to ubiquitinate Drp1 and to cause Drp1 degradation. A, 293T cells were transfected with HA-UB or HA-UB-KO
together with Myc-Drp1 and various GFP-Parkin constructs as indicated. Cells were treated with MG132 before harvest. Cell lysates were then subjected to
immunoprecipitation (/P) and Western blotting to examine the ubiquitination of Drp1. Uniquitinated Drp1 protein level was quantified according to the results
of three independent blots. B, in vitro translated Drp1 was incubated with purified ubiquitin, E1, E2 (UbcH7), and various Parkin proteins. The reaction products
were analyzed by Western blotting with anti-ubiquitin and anti-Drp1 antibodies. Uniquitinated Drp1 protein level was quantified according to the results of
three independent blots. C, cells were transfected with various GFP-Parkin constructs, stained with Mito-Tracker Red and then analyzed by fluorescence
microscopy. D, experiments were performed as in C, and the percentage of cells with mitochondrial clustering was quantified. For each experiment, at least 100
cells were counted in three independent experiments. E, cells were transfected with various GFP-Parkin constructs, and Western blotting was performed. Drp1
protein level was quantified according to the results of three independent blots. Allimmunofluorescence data shown in the bar graphs represent mean =+ S.E.
(error bars) with at least 100 cells counted in a blinded manner. *, p < 0.01 and **, p < 0.001.
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activity of Parkin and/or affect its interaction with Drpl,
thereby reducing the level of ubquitination and leading to mito-
chondrial fragmentation. Strong evidence has shown that, in
mammalian cells, increased level of Drp1 causes mitochondrial
fragmentation (31-34). Accumulation of mitofusin leads to
enhanced mitochondrial aggregation and is protective to the
mitochondrial dysfunctions and apoptosis (51). These results
are in contrast to the recent reports showing that, in Drosoph-
ila, Parkin promotes mitochondrial fission (39, 40), and knock-
down of Parkin results in mitochondrial elongation and
increase of Mfn levels for mitophagy in Drosophila cells (38).
The reasons for this discrepancy may be because Parkin regu-
lates mitochondrial fission and fusion differently in distinct sys-
tems, and this warrants further clarification. Nevertheless, our
results are consistent with the recent report that knockdown of
Parkin leads to mitochondrial fragmentation (48). Our data
suggest that one of the important functions of Parkin is to keep
the cellular Drp1 level under control for proper mitochondrial
functions.

Drpl is the major factor responsible for mitochondrial fis-
sion (29, 33), which is one of the early events for neuronal cell
death and the development of PD and other types of neurode-
generative diseases (20). Our results uncover a novel regulatory
pathway of Drp1 by ubiquitination and proteasome-dependent
degradation involving a cytosolic E3 ligase. E3 ubiquitin ligases
localized in mitochondria, such as MARCH5/MITOL and
Mulan, have been shown to regulate mitochondrial fission by
interaction with Drp1 and another mitochondrial fission factor
Fisl (52, 53). To our knowledge, Parkin is the first cytosolic E3
ligase identified to regulate Drp1 turnover. Parkin is known to
interact with PINK1/DJ1 (54) to regulate protein ubiquitination
and degradation. It would be interesting to examine whether
this type of interaction is also important for monitoring the
Drpl level in mitochondria. Recently, strong evidence has
shown that Parkin is recruited onto damaged mitochondria to
mediate mitophagy, a process for eliminating damaged or
unwanted mitochondria (55, 56). Loss of PINKI1 function pro-
motes mitophagy in a Parkin- and Drpl-dependent manner
(46). 1t is possible that Parkin has dual roles for mitochondrial
homeostasis and quality control. On one hand, it is able to keep
cellular Drp1 levels in check to prevent mitochondrial fragmen-
tation. Once it is recruited toward depolarized mitochondria,
Parkin may help remove damaged mitochondria. It is of interest
to note that ubiquitination of proteins promotes both protein
degradation and selective removal of unwanted protein aggre-
gates or damaged organelles. Dysregulation of these processes
may cause mitochondrial fragmentation and accumulation of
damaged mitochondria for subsequent cell death and neural
diseases.

It is possible that dysregulation of the Parkin/Drpl axis
represents one of the early events predisposing susceptibility
of neuronal cells to intracellular or environmental changes
because mitochondrial fragmentation is tightly associated
with the loss of mitochondrial functions and enhanced mito-
chondrial oxidative stress. Investigation of how the Parkin/
Drpl axis is regulated may help elucidate the molecular
pathogenesis of PD and design new treatment strategies,
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in addition to a better understanding of mitochondrial
homeostasis.
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