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Mutations in the parkin gene result in an autosomal recessive juvenile-onset form of Parkinson’s disease. As an E3
ubiquitin-ligase, parkin promotes the attachment of ubiquitin onto specific substrate proteins. Defects in the ubiquiti-
nation of parkin substrates are therefore believed to lead to neurodegeneration in Parkinson’s disease. Here, we identify
the PSD-95/Discs-large/Zona Occludens-1 (PDZ) protein PICK1 as a novel parkin substrate. We find that parkin binds
PICK1 via a PDZ-mediated interaction, which predominantly promotes PICK1 monoubiquitination rather than polyu-
biquitination. Consistent with monoubiquitination and recent work implicating parkin in proteasome-independent
pathways, parkin does not promote PICK1 degradation. However, parkin regulates the effects of PICK1 on one of its other
PDZ partners, the acid-sensing ion channel (ASIC). Overexpression of wild-type, but not PDZ binding– or E3 ubiquitin-
ligase–defective parkin abolishes the previously described, protein kinase C-induced, PICK1-dependent potentiation of
ASIC2a currents in non-neuronal cells. Conversely, the loss of parkin in hippocampal neurons from parkin knockout mice
unmasks prominent potentiation of native ASIC currents, which is normally suppressed by endogenous parkin in
wild-type neurons. Given that ASIC channels contribute to excitotoxicity, our work provides a mechanism explaining how
defects in parkin-mediated PICK1 monoubiquitination could enhance ASIC activity and thereby promote neurodegen-
eration in Parkinson’s disease.

INTRODUCTION

Parkinson’s disease (PD) is characterized by the selective and
progressive loss of midbrain dopamine neurons resulting in
motor dysfunction and disability. Mutations in the parkin gene
cause autosomal recessive juvenile parkinsonism, which ac-
counts for a large proportion of genetically linked PD cases
(Kitada et al., 1998). Parkin encodes a 465-amino acid protein
(�52 kDa) that is expressed in multiple tissues and functions in
the ubiquitin (Ub) system as an E3 Ub-ligase (Shimura et al.,
2000). Ubiquitination of substrate proteins is a tightly regulated
process, requiring the combined activity of three enzymes: an
E1 Ub-activating enzyme, E2 Ub-conjugating enzymes, and E3
Ub-ligases (Hershko and Ciechanover, 1998). E3 Ub-ligases

bind substrate proteins and therefore regulate and confer spec-
ificity to the ubiquitination reaction. Typically, ubiquitination
leads to the assembly of a K48-linked polyubiquitin chain on
the substrate, which targets it for degradation by the 26S pro-
teasome, a large multimeric proteolytic complex (Voges et al.,
1999). Accordingly, defects in parkin-mediated ubiquitination
have been proposed to result in the failure to target parkin
substrates to the proteasome for degradation (Kahle et al., 2000;
Feany and Pallanck, 2003; Giasson and Lee, 2003). The ensuing
accumulation of parkin substrates is believed, in turn, to in-
duce the cellular toxicity and dopamine neuron loss seen in
PD. Although numerous parkin substrates have been identi-
fied (Zhang et al., 2000; Chung et al., 2001; Imai et al., 2001; Corti
et al., 2003; Staropoli et al., 2003), there is still controversy as to
which of these accumulate in the brains of parkin knockout
(KO) mice (Goldberg et al., 2003; Itier et al., 2003; Von Coelln et
al., 2004; Ko et al., 2005; Perez and Palmiter, 2005; Periquet et al.,
2005) and as to their respective roles in the pathogenesis of PD
(Cookson, 2005; Moore et al., 2005).

In addition to its traditional role, Ub can serve as a
reversible posttranslational modification that regulates
the function of tagged proteins without necessarily lead-
ing to their destruction by the proteasome (Hicke and
Dunn, 2003; Mukhopadhyay and Riezman, 2007). Depend-
ing on the length and architecture of the Ub chain, ubiquiti-
nation has been implicated in a variety of cellular functions
as diverse as signal transduction, transcription, and mem-
brane trafficking (Mukhopadhyay and Riezman, 2007). In-
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deed, it was recently shown that, under certain circum-
stances, parkin can also mediate the assembly of K63-, rather
that K48-linked, Ub chains, supporting a role for parkin in
proteasome-independent ubiquitination pathways (Doss-
Pepe et al., 2005; Lim et al., 2005). Additionally, conjugation
of a single Ub moiety can function as a regulatory mechanism,
influencing the interactions and trafficking of target proteins
(Hicke and Dunn, 2003; Mukhopadhyay and Riezman, 2007).
Parkin has recently been shown to monoubiquitinate and
multi-monoubiquitinate itself in vitro (Hampe et al., 2006;
Matsuda et al., 2006). Our own work has identified Eps15 as
the first substrate of parkin-mediated monoubiquitination
(Fallon et al., 2006), implicating parkin in a Ub-mediated
growth-factor receptor trafficking and signaling pathway
(Husnjak and Dikic, 2006). Thus, parkin-mediated modifica-
tion of substrates with either K63-linked Ub chains or with
monoubiquitin might help explain the lack of accumulation
of most known parkin substrates in parkin mutant animals.

Parkin contains a ubiquitin-like domain (Ubl) at its N-
terminus and two RING motifs, separated by an in-between-
RINGs (IBR) domain, at its C-terminus. RING motifs are
common in E3 Ub-ligases and serve to bind E2 enzymes
(Lorick et al., 1999; Joazeiro and Weissman, 2000). Interest-
ingly, many familial PD mutations in parkin are clustered
within this E2-binding region (Kitada et al., 1998; Giasson
and Lee, 2001), indicating a link between defects in parkin
E3 Ub-ligase activity and neurodegeneration. Finally, we
have recently shown that the last three amino acids (�FDV)
at the extreme C-terminus of parkin function as a class II
PDZ (PSD-95/discs large/ZO-1) binding motif (Fallon et al.,
2002). PDZ domains bind the C-terminal tails of proteins in
a sequence-specific manner. In general, two classes of inter-
actions are distinguished. Class I PDZ domains are specific
for the tripeptide sequence (S/T)X� (where � is any hydro-
phobic amino acid) and class II domains bind the C-terminal
sequence �X� (Songyang et al., 1997). PDZ domain-contain-
ing proteins often function in trafficking or as scaffolds for
the assembly of large protein complexes. Indeed, we showed
that the parkin PDZ-binding motif binds the PDZ protein
CASK; however, CASK itself is not ubiquitinated by parkin
(Fallon et al., 2002). We reported that parkin colocalizes with
CASK in postsynaptic densities (PSD), where many PDZ
proteins are localized and that parkin is associated with the
NMDA receptor-signaling complex. These findings suggest
a role for parkin-mediated ubiquitination in synaptic trans-
mission and plasticity. Identification of additional proteins
that interact with the parkin PDZ-binding motif may there-
fore provide further insight into the molecular mechanisms
that govern neuronal death in PD.

We report here that another PDZ protein, PICK1 (protein
interacting with C-kinase 1), also binds parkin in a PDZ-de-
pendent manner. PICK1 is a synaptic scaffolding protein
known to functionally interact with an assortment of neuro-
transmitter receptors, transporters, and ion channels (Madsen
et al., 2005). Unlike CASK, however, PICK1 is a substrate for
parkin-mediated ubiquitination. Moreover, we find that parkin
predominantly monoubiquitinates PICK1 and hence does not
promote its degradation by the proteasome. As monoubiquiti-
nation influences the interactions, sorting, and trafficking of
modified proteins (Hicke and Dunn, 2003; Mukhopadhyay
and Riezman, 2007), parkin-mediated monoubiquitination of
PICK1 might regulate its ability to interact with and regulate
the function of its other synaptic PDZ-binding partners. Con-
sistent with this hypothesis, we find that overexpression of
parkin in non-neuronal cells abolishes the previously described
PICK1-dependent, protein kinase C (PKC)-induced potentia-
tion of acid-sensing ion channel subunit 2a (ASIC2a) currents

(Baron et al., 2002a). Conversely, loss of endogenous parkin
markedly enhances the PKC-induced potentiation of native
ASIC currents in neurons. Taken together, our data show that
parkin regulates ASIC function via PICK1 monoubiquitination.
As excitatory ASIC currents have been implicated in synaptic
plasticity (Wemmie et al., 2002, 2003) and neuronal injury
(Xiong et al., 2004), we propose that defects in parkin-mediated
monoubiquitination of PICK1 may result in aberrant ASIC
signaling and contribute to dopamine neuron degeneration in
PD.

MATERIALS AND METHODS

Constructs, Antibodies, and Reagents
Rat parkin was cloned as described previously (Fallon et al., 2002). GST-parkin
constructs were prepared by subcloning various fragments into pGEX-4T2 or
pGEX-5X-1 (Amersham Biosciences, Piscataway, NJ). The myc-PICK1 construct
was a kind gift from Dr. Richard Huganir (Johns Hopkins University, Baltimore).
GST-PICK1 constructs were generated by subcloning it into the SalI and NotI
sites of the pGEX-4T-2 vector. The human ASIC2a clone in pcDNA3 was kindly
provided by Dr. François Besnard (Sanofi-Synthelabo, Rueil-Malmaison, France).
Flag-parkin was generated by PCR-amplifying the full-length rat cDNA using a
5� oligonucleotide primer encoding an in-frame Flag epitope. The PCR product
was then subcloned into the EcoRI and NotI sites of pcDNA3.1 (Invitrogen,
Carlsbad, CA). The Flag-parkin (C431F, W453*, F463*, D464*) and myc-PICK1
(K27A/D28A) mutants were generated using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA). M2 Flag Agarose and Flag peptide
were purchased from Sigma-Aldrich (St. Louis, MO). The antibodies used were:
mouse monoclonal Flag and synaptophysin (Sigma-Aldrich), PSD95, NR1, CASK
and synuclein (BD Bioscience, San Jose, CA), ubiquitin (Covance, Madison, WI),
9E10 myc, C2 actin, and PRK8 parkin (Santa Cruz Biotechnology, Santa Cruz,
CA); rabbit polyclonal MALS-1/Veli-1 (Zymed, San Francisco, CA), ASIC2a
(Alomone Laboratories, Jerusalem, Israel), PICK1 (kind gift from Dr. Richard
Huganir, Johns Hopkins, Baltimore, MD), PICK1 (Affinity BioReagents, Golden,
CO), and parkin (Cell Signaling, Beverly, MA); goat polyclonal N-18 PICK1
(Santa Cruz). Lactacystin was from Calbiochem (La Jolla, CA). Cycloheximide
was from Sigma-Aldrich.

Mouse Brain Synaptosomes
Whole mouse brain was fractionated by differential centrifugation as previously
described (Huttner et al., 1983; Fallon et al., 2002). Briefly, brain was homogenized
in 0.32 M sucrose, 10 mM HEPES, pH 7.4 supplemented with protease inhibitors:
0.5 �g/ml leupeptin, 0.5 �g/ml aprotinin, 100 �g/ml benzamidine, 20 �g/ml
phenylmethylsulfonyl fluoride. The homogenate was centrifuged for 10 min at
1000 � g, and the supernatant (S1) was collected and centrifuged again for 15 min
at 12,000 � g to produce a synaptic pellet (P2). P2 was resuspended in the original
volume of buffer and centrifuged for 15 min at 13,000 � g to produce the P2�
pellet. The soft, white component of P2� was used as the crude synaptosome
fraction. To further fractionate synaptosomes into subsynaptic components, P2�
was resuspended in 9 volumes of water and disrupted in a glass-Teflon homog-
enizer (three strokes). The water was adjusted to 10 mM HEPES and the sample
was centrifuged for 20 min at 33,000 � g to yield the synaptic plasma membrane–
enriched pellet (LP1). The supernatant (LS1) was centrifuged for 2 h at 260,000 �
g to yield the synaptic vesicle–enriched pellet (LP2) and synaptic cytosol-
enriched supernatant (LS2). Equal amounts of protein from each fraction were
loaded for immunoblotting.

Cell Lines and Culture
COS-7 and HEK293 cells were maintained at 37°C and 5% CO2 in DMEM
supplemented with 10% fetal bovine serum (heat inactivated), 2 mM glutamine,
100 U/ml penicillin, and 100 �g/ml streptomycin. HEK293 cells were transfected
with calcium phosphate, and COS-7 cells were transfected with Lipofectamine
2000 (Invitrogen). Stable Flag-parkin and control pcDNA3.1 HeLa cell lines were
generated as described previously (Fallon et al., 2006) and maintained in the
aforementioned medium supplemented with 100 �g/ml G418 sulfate.

In Vitro Transcription, Translation, and Expression of
Bacterial Fusion Proteins
In vitro translation of myc-PICK1 was performed using the TNT rabbit reticulo-
cyte lysate kit (Promega, Madison, WI.) according to the manufacturer’s instruc-
tions. All glutathione S-transferase (GST) and His fusion proteins were expressed
in Escherichia coli BL21 strain. GST fusion proteins were affinity-purified on
glutathione Sepharose 4B beads (Amersham Biosciences) overnight at 4°C in 20
mM Tris-HCl, pH 7.4, 200 mM NaCl, 1 mM dithiothreitol (DTT), and 0.1 mM
ZnSO4. Untagged wild-type and mutant PICK1 were obtained by incubating
GST-PICK1 with thrombin (10 U/mg of protein) for 2 h at room temperature.
His-tagged proteins were affinity purified using Ni-NTA Agarose (Qiagen,
Chatsworth, CA) according to the manufacturer’s instructions.
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GST-Binding Assays
Mouse brain synaptosomes were resuspended in 1% deoxycholic acid/50 mM
Tris-HCl, pH 9.0, and protease inhibitors, solubilized on ice for 30 min, and
cleared by centrifugation at 100,000 � g for 30 min. Triton X-100 was added
to 1%, and the preparation was incubated overnight at 4°C with equimolar
amounts GST fusion proteins and immobilized on glutathione-Sepharose
beads in the following binding buffer: 50 mM Tris-HCl, 100 mM NaCl, 1 mM
DTT, 0.1% Triton X-100, 10% glycerol, to pH 7.5 plus protease inhibitors. In
vitro–translated Myc-PICK1 and HEK293 cell lysates were incubated for 3 h
at 4°C with equimolar amounts of glutathione S-transferase fusion proteins,
immobilized on glutathione-Sepharose beads in the following binding buffer:
50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM DTT, 0.5% Triton X-100 plus
protease inhibitors. In all cases, the beads were rinsed four times in the
respective binding buffer, and bound proteins were eluted in SDS sample
buffer at 65°C. Samples were subjected to SDS-PAGE followed by immuno-
blotting as described below.

Immunoprecipitation and Immunoblotting
For coimmunoprecipitation of PICK1 and parkin, cells were lysed 48 h after
transfection in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, plus
protease inhibitors for 30 min on ice. Lysates were cleared by pelleting at
14,000 � g for 10 min, and the supernatant was incubated with primary antibody
for 2 h at 4°C. The lysates were incubated with protein G-Sepharose beads for 1 h
followed by washing of the immunoprecipitates four times with lysis buffer and
elution of bound proteins in SDS sample buffer at 65°C. Samples were subjected
to SDS-PAGE followed by electrotransfer to nitrocellulose membrane. Mem-
branes were incubated with primary antibody overnight and secondary antibody
for 1 h at room temperature. Proteins were detected using enhanced chemilumi-
nescence (ECL) from Perkin Elmer-Cetus Life Sciences (Boston, MA). To examine
the ubiquitination of PICK1, cells were preincubated in 2 �M lactacystin for 30
min and then lysed in RIPA buffer consisting of 20 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 0.5% Triton X-100, 0.1% SDS, 10 mM N-ethylmaleimide, and 1 mM EDTA
plus protease inhibitors. Ub blots were performed as previously described
(Avantaggiati et al., 1996). Briefly, after transferring protein to polyvinylidene
difluoride (PVDF; instead of nitrocellulose), the membrane was denatured in
guanidine-HCl for 30 min and blocked in 5% bovine serum albumin (BSA)/Tris-
buffered saline–Tween (TBS-T) for 6 h before incubation with the Ub antibody in
BSA overnight.

Parkin Solubility Assay
Transfected HEK293 cells were lysed on ice in 0.5% Triton X-100, 50 mM
Tris-HCl, pH 7.4, and 100 mM NaCl plus protease inhibitors for 30 min. The
lysates were centrifuged at 12,000 � g for 10 min, and the supernatant was
collected as the soluble fraction. The pellet was rinsed twice with the same
buffer and resuspended in 2% SDS, boiled for 10 min, and sheared with a
25-gauge needle. The solubilized pellet was then recentrifuged at 12,000 � g
for 1 min, and the SDS-solubilized supernatant was collected as the insoluble
pellet fraction. To compare the relative distribution of parkin, equal amounts
of protein, as determined with the BCA protein assay kit (Pierce, Rockford,
IL), of soluble and insoluble pellet fractions were processed for SDS-PAGE
and analyzed by immunoblotting for parkin and CASK (as a loading control).

Cell Fractionation
Stable Flag-parkin and control HeLa cells were fractionated using either
sequential detergent extraction or mechanical lysis. For detergent extraction,
the cells were lysed with 0.5% Triton X-100 in 50 mM Tris-HCl, pH 7.5, 150
mM NaCl, and protease inhibitors on ice for 30 min followed by centrifuga-
tion at 18,000 � g for 10 min. The supernatant was collected as the Triton-
soluble fraction, whereas the pellet was sheared with a 27-gauge needle and
re-extracted with 1% deoxycholic acid in 100 mM Tris-HCl, pH 8.8, and
protease inhibitors on ice for 30 min followed by centrifugation at 79,000 � g
for 30 min. The supernatant was collected as the deoxycholic acid–soluble
fraction, whereas the pellet was re-extracted with 2% SDS, boiled for 10 min,
and centrifuged at 79,000 � g for 30 min. The supernatant was collected as the
SDS-soluble fraction, and the pellet was discarded. Equal volumes of each
fraction were loaded and processed for SDS-PAGE followed by immunoblot-
ting for PICK1 and parkin. For mechanical lysis, cells were collected in 50 mM
Tris-HCl, pH 7.5, 10 mM MgCl2, 2.6 mM 2-mercaptoethanol, 50 mM NaF, and
2 mM Na3VO4 sheared with 10 passages of a 27-gauge needle, and centri-
fuged at 100,000 � g for 30 min. The supernatant was collected as the cytosolic
fraction, and the pellet was extracted in the same buffer with the addition of
1% Triton X-100 and 0.1% SDS, sheared with five passages of a 27-gauge
needle, and collected as the membrane fraction. To load similar amounts of
protein, 4:1 volume ratios of cytosol:membrane fraction were processed for
SDS-PAGE followed by immunoblotting for PICK1 and parkin.

In Vitro Ubiquitination Assay
The assay was adapted from a previously described protocol (Matsuda et al.,
2006). Briefly, purified GST fusion proteins (0.08 �g/�l GST, GST-parkin, or
GST-parkinC431F), bound to glutathione-Sepharose beads, were resuspended in
50 �l of ubiquitination buffer (50 mM Tris-HCl, pH 8.0, 5 mM MgCl2, and 2 mM

DTT) containing 90 nM E1 enzyme (Boston Biochem, Cambridge, MA), 0.05
�g/�l either His6-Ubc7 (kind gift from Dr. Ryosuke Takahashi, RIKEN Brain
Science Institute, Tokyo, Japan) or other E2 enzymes as indicated (Boston Bio-
chem, Cambridge, MA), 4 mM ATP, 0.2 mM Ub (Boston Biochem), and 0.02
�g/�l wild-type or KD/AA mutant PICK1. The reactions were incubated for 1 h
at 37°C and terminated by the addition of SDS sample buffer and boiling.

Genotyping
Genomic DNA from mouse tails was PCR-amplified from parkin wild-type,
heterozygous, and knockout mice (Itier et al., 2003) using 35 cycles at 94°C for
1 min, 45°C (wild-type) or 42°C (knockout) for 1 min, and 72°C for 1 min with
following primers: wild-type, forward 5�-tgctctggggttcgtc-3�, reverse 5�-tc-
cactggcagagtaaatgt-3�; knockout, forward 5�-ttgttttgccaagttctaat-3�, reverse 5�-
tccactggcagagtaaatgt-3�.

Primary Neuronal Culture
Cortical and hippocampal neurons were cultured from the brains of embry-
onic day 15 (E15)-E16 embryos obtained by mating parkin heterozygous mice.
The cortex or hippocampi from individual embryos were dissected, incubated
in 0.03% trypsin for 15 min at 37°C, and dissociated mechanically. Cells were
plated in DMEM containing 10% inactivated horse serum (Sigma), 10% F-12
HAM nutrient mixture, 25 U/ml penicillin, and 25 �g/ml streptomycin.
Hippocampal neurons were plated at a density of �50,000 cells per 35-mm
poly-l-lysine–coated tissue culture plates (Falcon, Lincoln Park, NJ). Cortical
neurons were plated at a density �25,000 cells per well on poly-l-lysine–
coated 12-well plates. After 48 h, the medium was replaced with Neurobasal
medium (Invitrogen) with 2% B27 supplement (Invitrogen) and kept in 95%
air and 5% CO2 at 37°C.

Cycloheximide Pulse Chase
Ten days after plating, cortical neurons from parkin wild-type and knockout
mice were incubated in 40 �g/ml cycloheximide in the presence or absence of
2 �M of the proteasome inhibitor lactacystin. After the indicated times,
neurons were harvested, lysed in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and
0.5% Triton X-100 plus protease inhibitors and 50 �g/time point were immu-
noblotted with the indicated antibodies.

Electrophysiological Recordings in Transfected COS-7
Cells and Hippocampal Neurons
COS-7 cells were transfected with Polyfect (Qiagen) according to the manu-
facturer’s protocols and were used for electrophysiological recordings 24–48
h after transfection. Whole-cell patch-clamp recordings (Vh of �60 mV) were
performed using pipettes filled with internal solution, pH 7.2, containing (in
mM): K-gluconate 120, MgCl2 1, NaOH 4, and HEPES 10. Drug applications
and rapid changes in extracellular pH were induced by shifting one out of
three outlets in front of the cell using a fast microperfusion system at a rate of
1 ml/min (SF-77B, Warner Instruments, Morris Plains, NJ). The perfusion
solution, pH 7.4, comprised (in mM): NaCl 145, NaOH 5, KCl 3, MgCl2 1,
CaCl2 0.9, and HEPES 10. We used 10 mM 2-(N-morpholino)ethanesulfonic
acid (MES) instead of HEPES to buffer the extracellular solutions at pH 5.0.
Membrane currents (DC, 200 Hz) were recorded using an Axopatch 200B
amplifier and digitized at 500 Hz. Hippocampal neurons with typical trian-
gular-shaped cell bodies, from parkin wild-type, heterozygous, and knockout
mice, were selected for recording 11 d after plating. The standard external
solution contained (in mM): NaCl 150, KCl 5, MgCl2 1, CaCl2 2, and glucose
10, buffered to various pH values with either 10 mM HEPES (pH 6.0–7.4) or
10 mM MES (pH �6.0), 300–330 mOsm/l. The patch pipette solution for
whole-cell patch recording was (in mM): KCl 120, NaCl 30, MgCl2 1, CaCl2
0.5, EGTA 5, Mg-ATP 2, and HEPES 10. The internal solution was adjusted to
pH 7.2 with Tris-base. All experiments were carried out at room temperature
(20–23°C). Results were expressed as amplitude of peak currents evoked by
pH 5.0 or as current density, defined as the ratio of peak amplitude over
membrane capacitance (pA/pF).

RESULTS

Parkin Directly Binds the Synaptic PDZ Protein PICK1
via its C-Terminus
The last three amino acids of parkin (�FDV) encode a type
II PDZ-binding motif. We reported previously that the PDZ
protein CASK binds to parkin via this C-terminal motif
(Fallon et al., 2002). As proteins with PDZ-binding motifs
often interact with several distinct PDZ proteins (Srivastava
et al., 1998; Dev et al., 1999), we used a candidate approach to
identify additional PDZ proteins that interact with the C-
terminus of parkin. We carried out pulldowns from mouse
brain synaptosomes using GST fused to various parkin do-
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mains (Figure 1A). In particular, we compared binding of
several endogenous PDZ proteins from mouse brain to GST-
IRWT, encoding the parkin C-terminal IBR, RING2, and

PDZ-binding motif. We find that, in addition to CASK,
GST-IRWT binds to the PDZ protein PICK1 (Figure 1B). In
contrast, neither CASK nor PICK1 binds to a GST-IR con-
struct containing the familial PD-linked mutation, W453stop
(GST-IRW453*). This mutation is particularly interesting be-
cause it truncates only the last 13 amino acids of parkin,
eliminating its PDZ-binding motif, but leaves the critical
E2-binding RING domain intact (Lucking et al., 2000; Zhang
et al., 2000). Interestingly, although CASK contains a well-
characterized class II PDZ domain, the PDZ domain of
PICK1 can interact with both type I and type II as well as
with atypical PDZ ligands (Staudinger et al., 1997; Dev et al.,
1999; Williams et al., 2003; Madsen et al., 2005). In contrast,
both PSD95 and Veli-1 contain distinct type I PDZ domains
and, accordingly, these do not bind to the GST-IRWT con-
struct. Thus, the C-terminus of parkin interacts not only with
the type II PDZ protein CASK but also interacts with the
atypical PDZ protein PICK1. To determine whether the in-
teraction observed between the parkin C-terminus and
PICK1 is direct, we performed pulldowns using in vitro–
translated myc-tagged PICK1 (myc-PICK1) and the bacteri-
ally expressed and purified parkin GST-IR fusion constructs.
We find that PICK1 interacts directly with the parkin C-
terminus (Figure 1C). Further, this interaction requires the
presence of the parkin PDZ-binding motif as the GST-
IRW453* construct fails to bind. Next, we asked whether
PICK1 could interact with other parkin domains, not present
in the N-terminally truncated GST-IR constructs. To this
end, we performed pulldowns from HEK293 cells express-
ing myc-PICK1 using GST fusion constructs encoding vari-
ous parkin domains (Figure 1A). Mapping experiments
demonstrate that PICK1 fails to bind all parkin constructs
that lack the PDZ-binding motif (Figure 1D). Importantly,
these data also indicate that PICK1 is able to interact with
full-length parkin (GST-parkinWT), in addition to the C-
terminal PDZ-binding motif in isolation.

Identification of Critical Residues Involved in the
Parkin-PICK1 PDZ-mediated Interaction
We anticipated that parkin constructs lacking the PDZ-bind-
ing motif (i.e., W453*) would be unable to bind PICK1.
However, a recent report suggested that C-terminal trunca-
tions of parkin tend to induce misfolding and cause aggre-
gation of the protein in cells (Winklhofer et al., 2003). Delet-
ing of as few as four carboxyl-terminal amino acids
completely interferes with parkin folding in transfected N2a
cells; however, loss of the final one or two residues has
minimal impact on folding compared with the wild-type
protein (Winklhofer et al., 2003). The lack of association
between PICK1 and the parkinW453* mutant might therefore
result from improper parkin folding rather than the absence
of the PDZ-binding motif per se. To investigate the PDZ-
dependent association between parkin and PICK1 in cells,
we first determined the effects of systematic C-terminal
amino acid deletions on parkin solubility in HEK293 cells
(Figure 2A). We find that deletion of as little as the final three
residues of Flag-tagged parkin (Flag-parkinF463*) renders the
protein nearly completely insoluble, as measured by the
amount of parkin remaining in the supernatant after extrac-
tion with Triton X-100 (Figure 2B). In agreement with pre-
vious work (Winklhofer et al., 2003), the W453* truncation is
also found exclusively in the Triton-insoluble pellet fraction,
whereas deletion of the last two amino acids results in levels
of soluble parkin comparable to those of the wild-type pro-
tein. We therefore used Flag-parkinD464* to further investi-
gate the role of the parkin C-terminus in PICK1 binding. To
confirm that the parkin C-terminus is required for PICK1

Figure 1. PDZ-dependent, direct interaction between parkin and
PICK1. (A) GST-parkin fusion constructs are shown with the fol-
lowing functional domains: UBL, ubiquitin-like domain; RING,
RING finger motif; IBR, in-between-RINGs motif. Constructs con-
taining the parkin C-terminus encode both the wild-type and trun-
cated PD-linked mutant, W453*. The ability of each GST-parkin
construct to interact with wild-type PICK1 is indicated in the right
column. (B) The C-terminus of parkin pulls down endogenous
PICK1 from mouse brain synaptosomes. Solubilized synaptosomes
were incubated with wild-type and mutant parkin C-terminal fu-
sion proteins, GST-IRWT and GST-IRW453*. Binding was assayed by
SDS-PAGE and Western blotting with antibodies against candidate
PDZ proteins. As shown previously, CASK as well as the PDZ
protein PICK1 associate specifically with the wild-type parkin con-
struct and not with the truncated construct or GST alone. (C) PICK1
directly binds the extreme C-terminal residues of parkin in pull-
down assays. In vitro–translated myc-PICK1 is selectively pulled
down by the wild-type parkin carboxyl-terminal construct, GST-
IRWT, and not by the PDZ-binding site mutant, GST-IRW453*, or by
GST alone. (D) Domain mapping of interaction of PICK1 with
parkin. Myc-PICK1 was transiently expressed in HEK293 cells and
pulled down with the indicated GST-parkin fusion proteins or by
GST alone. Western blots show that myc-PICK1 is only retained by
fusion constructs containing the extreme C-terminal residues of
parkin. The ponceau indicates comparable levels of fusion proteins
were used in each binding assay.
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binding, we performed GST-PICK1 pulldowns from HEK293
cells transiently expressing either Flag-parkinWT or Flag-par-
kinD464* (Figure 2C). GST-PICK1 shows selective binding to
wild-type but not parkinD464*, confirming that the interaction is
PDZ-dependent.

PICK1 contains a single PDZ domain at its N-terminus. To
test the hypothesis that the PDZ domain of PICK1 is respon-
sible for the interaction with parkin, we mutated PICK1
residues Lys-27 and Asp-28 to alanine residues (myc-
PICK1KD/AA). Mutations of these two residues have been
well characterized to interfere specifically with PDZ-inter-
actions between PICK1 and its ligands (Staudinger et al.,
1997; Xia et al., 1999) because they form part of the carbox-
ylate-binding loop of the PDZ domain, which binds to the
last residue at the C-terminus of interacting proteins (Doyle
et al., 1996; Songyang et al., 1997). As shown in Figure 2D, the
myc-PICK1KD/AA mutant does not interact with the parkin
GST-IRWT fusion construct, confirming that the PDZ domain
of PICK1 is responsible for the interaction with parkin.

Parkin and PICK1 Interact in Cells
To determine whether parkin and PICK1 interact in cells as
well as in vitro, we carried out coimmunoprecipitation exper-
iments using HEK293 cells overexpressing full-length Flag-
parkin and either wild-type or PDZ mutant myc-PICK1. As
shown in Figure 3A, parkin coimmunoprecipitates with PICK1
only when the PDZ domain of PICK1 is intact. Conversely,
PICK1 is coimmunoprecipitated by a Flag antibody only when
both Flag-parkin and wild-type myc-PICK1 are expressed to-
gether (Figure 3B). These results demonstrate that PICK1 and

Figure 3. Parkin and PICK1 associate in cells via a PDZ-mediated
interaction. HEK293 cells were transfected with expression vectors
encoding Flag-parkin and wild-type myc-PICK1 or myc-PICK1 PDZ
mutant K27A,D28A (KD/AA). Extracts were prepared from trans-
fected cells and were immunoprecipitated with (A) anti-PICK1 or
(B) anti-Flag antibodies. After separation of immunoprecipitates by
SDS-PAGE, Western blotting was performed with the indicated
antibodies. In both A and B, parkin associates only with wild-type
PICK1. Mutations in the carboxylate-binding loop of PICK1 (KD/
AA) inhibit these interactions.

Figure 2. Identification of critical residues involved in
the parkin-PICK1 PDZ-mediated interaction. (A) Sche-
matic representation of Flag-parkin constructs. (B) C-
terminal truncations exceeding two amino acids render
parkin insoluble. HEK293 cells were transiently trans-
fected with the indicated wild-type and C-terminal de-
letion constructs of parkin. Cells were harvested, lysed
in detergent buffer (0.5% Triton X-100 in TBS), and
fractionated by centrifugation, and parkin present in the
detergent-soluble (S) and -insoluble (P) fractions was
analyzed by Western blotting with anti-Flag antibodies.
Deletion of the last two residues of parkin (D464*) does
not affect parkin solubility compared with the wild-type
protein. However, deletion of the final 3 (F463*) or 13
(W453*) amino acids of parkin renders the protein in-
soluble to mild detergent. Endogenous CASK levels are
shown in the bottom panel as a loading control. (C)
Deleting the final two amino acids of the PDZ-binding
motif (Flag-parkinD464*) of parkin eliminates binding
with PICK1 in vitro. Extracts from HEK293 cells tran-
siently transfected with wild-type or PDZ mutant Flag-
parkin were incubated with either GST-PICK1 or GST
alone. Binding was assayed by SDS-PAGE and Western
blotting with the indicated antibodies. (D) Mutation of
the PDZ domain of PICK1 disrupts the interaction with
parkin. Extracts from HEK293 cells transiently trans-
fected with wild-type or PDZ mutant myc-PICK1 (myc-
PICK1KD/AA) were incubated with the indicated GST
fusion proteins. Binding was assayed by SDS-PAGE
and Western blotting with the indicated antibodies.
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full-length parkin associate in mammalian cells in a PDZ-
dependent manner. However, as both parkin and PICK1 comi-
grate with the immunoglobulin heavy chain at 45–50 kDa, we
were unable to detect coimmunoprecipitation of endogenous
PICK1 with parkin using currently available antibodies.

Parkin Promotes PDZ-dependent PICK1 Monoubiquitination
Given that parkin functions as an E3 Ub-ligase, we asked
whether parkin could ubiquitinate PICK1 directly using an in
vitro ubiquitination reaction containing purified recombinant
E1, E2 (Ubc7), Ub, PICK1, and GST-parkin bound to glutathi-
one-Sepharose beads. The reactions were immunoblotted with
antibodies against PICK1 and parkin to assess PICK1 ubiquiti-
nation and parkin self-ubiquitination, respectively (Figure 4A).
We find that PICK1 is ubiquitinated by parkin, as shown by a
characteristic 8-kDa shift in the molecular weight of PICK1
(Figure 4A). In contrast, PICK1 ubiquitination is not observed
in reactions lacking parkin, E1, or Ub. As expected, the PD-
linked parkin mutant, C431F, which is E3 Ub-ligase inactive
(Fallon et al., 2006; Matsuda et al., 2006), does not support
parkin self-ubiquitination and failed to ubiquitinate PICK1
(Figure 4A). Moreover, neither wild-type nor C431F mutant

parkin could ubiquitinate the PICK1 PDZ domain mutant,
PICK1KD/AA (Figure 4A). Because PICK1KD/AA does not bind
parkin (Figure 3, A and B), our findings indicate that parkin-
mediated PICK1 ubiquitination requires both functional parkin
E3 Ub-ligase activity and the parkin-PICK1 PDZ interaction.
Interestingly, we could reliably detect only a single PICK1-
immunoreactive band, 8 kDa above the unmodified protein,
indicating that PICK1 is predominantly monoubiquitinated.
The lack of PICK1 polyubiquitination is unlikely to stem from
inherent limitations of our assay, because GST-parkin in the
same reaction displayed a typical smear characteristic of polyu-
biquitination or multi-monoubiquitination, as reported previ-
ously (Hampe et al., 2006; Matsuda et al., 2006). It is also
unlikely that the lack of PICK1 polyubiquitination or multi-
monoubiquitination can be explained by the specific E2 (Ubc7)
used in our assay. Indeed, reactions carried out with a panel of
E2s that have been shown to support parkin-mediated ubiq-
uitination (Matsuda et al., 2006) yielded very similar patterns of
PICK1 ubiquitination (Figure 4B). Taken together, the findings
indicate that PICK1 is predominantly monoubiquitinated by
parkin in a PDZ-dependent manner.

Figure 4. Parkin promotes PDZ-dependent
PICK1 monoubiquitination. (A) In vitro ubiquiti-
nation assays were performed using purified re-
combinant E1s, E2 (Ubc7), GST-parkin (wild-
type or C431F E3 Ub-ligase inactive mutant),
PICK1 (wild-type or KD/AA PDZ-mutant), Ub,
and ATP. Reagents were combined as indicated
at 37°C for 1 h. Reactions were immunoblotted to
detect Ub-modified PICK1 species. Monoubiq-
uitination of PICK1 by parkin is dependent on
both an intact PDZ domain in PICK1 and func-
tional E3 Ub-ligase activity of parkin. Asterisk (*)
indicates nonspecific band, present with or with-
out functional parkin. (B) Multiple E2 enzymes
can support parkin-mediated PICK1-monoubiq-
uitination. Ubiquitination reactions were carried
out as above with wild-type GST-parkin and
PICK1 in the presence of the indicated E2s. (C
and D) Parkin enhances the monoubiquitination
of PICK1 in cells. (C) Extracts were prepared
from COS-7 cells transfected with expression
vectors encoding myc-PICK1 and wild-type
Flag-parkin or the E3 Ub-ligase inactive parkin
mutant Flag-parkinC431F. Proteins were sepa-
rated by SDS-PAGE, and Western blotting was
performed with the indicated antibodies. (D)
COS-7 cells were transfected with expression
vectors encoding myc-PICK1 and wild-type
Flag-parkin. Cells were preincubated with pro-
teasome inhibitor (2 �M lactacystin) for 30 min to
allow ubiquitinated species to accumulate. Cells
were then lysed in RIPA buffer containing NEM,
and soluble proteins were immunoprecipitated
with anti-myc antibody. After separation of im-
munoprecipitates by SDS-PAGE, immunoblot-
ting was used to detect ubiquitinated PICK1.
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Considering that parkin ubiquitinates PICK1 in vitro, we
asked whether parkin could also promote PICK1 ubiquitina-
tion in cells. Examination of transfected COS-7 cell lysates
reveals an 8-kDa upward shift in the mobility of myc-PICK1 in
the presence of wild-type Flag-parkin but not the E3 Ub-ligase–
inactive Flag-parkinC431F (Figure 4C). To further substantiate
that PICK1 is mono- rather than polyubiquitinated, we also
carried out anti-myc immunoprecipitation experiments in cells
expressing myc-PICK1 in the presence or absence of Flag-
parkin (Figure 4D). PICK1 immunoblots reveal prominent
PICK1-monoubiquitin, rather than higher molecular weight
PICK1-polyubiquitin conjugates, despite preincubation of the
cells with lactacystin to prevent the degradation of polyubiq-
uitinated proteins by the proteasome (Figure 4D, bottom
panel). Further, it is unlikely that the monoubiquitinated spe-
cies results from PICK1 deubiquitination after cell lysis as
N-ethylmaleimide, an inhibitor of deubiquitinating enzymes,
was included in all steps after lysis. Indeed, probing of the
immunoprecipitates with an antibody against Ub reveals a
clear enhancement in the amount of polyubiquitinated species
associated with PICK1 in cells overexpressing parkin (Figure
4D, top panel). Unfortunately, it was not possible to clearly
distinguish the monoubiquitinated PICK1 band, visible in the

PICK1 blot (Figure 4D, bottom panel), from among this smear
of ubiquitinated species. Considering that these bands are not
immunoreactive for PICK1, they likely correspond to distinct
parkin-ubiquitinated proteins that coimmunoprecipitate with
PICK1 in cells. However, we cannot exclude that our PICK1
antibody recognizes only monoubiquitinated and not more
heavily ubiquitinated forms of PICK1. Nonetheless, taken to-
gether, these results demonstrate that PICK1 can serve as a
substrate for parkin-mediated ubiquitination both in vitro and
in cells and that parkin predominantly promotes PICK1
monoubiquitination.

Parkin Does Not Promote PICK1 Degradation by the
Proteasome
If parkin promotes polyubiquitination and proteasome-de-
pendent degradation of PICK1, then we should see an in-
crease in PICK1 protein levels in the absence of parkin.
Conversely, if parkin primarily promotes monoubiquitina-
tion, then we predict that PICK1 protein levels would not be
altered in the absence of parkin. Consistent with the latter
possibility, we find that steady state PICK1 levels are similar
in parkin wild-type and knockout mouse whole brain ly-
sates and synaptic fractions (Figure 5, A and B). Similarly,

Figure 5. Parkin does not promote PICK1
degradation by the proteasome. (A–C) Steady
state endogenous PICK1 levels in mouse
whole brain lysates (A), synaptosomes (B),
and cortical neurons (C) from parkin wild-
type and knockout mice. Equal amounts of
protein were loaded from the indicated num-
ber of mice and immunoblotted with the an-
tibodies shown. Densitometric analyses of en-
dogenous PICK1 band intensities, normalized
to actin, used as a loading control, are pre-
sented (right) as mean � SEM. Student’s t test
reveals no significant differences between par-
kin wild-type and knockout samples. (D) Deg-
radation rate of endogenous PICK1 in cortical
neurons cultured from parkin wild-type and
knockout mice. New protein synthesis was
blocked with cycloheximide (40 �g/ml). In
parallel cultures, the proteasomal inhibitor
lactacystin (2 �M) was applied in addition to
cycloheximide. Cells were harvested at the
indicated time points after treatment, and pro-
tein levels were assessed by immunoblotting
with the indicated antibodies. Densitometric
analyses of PICK1 band intensities, normal-
ized to actin, are presented (below) as mean �
SEM of five experiments. ANOVA reveals no
significant differences in endogenous PICK1
turnover between parkin wild-type and
knockout samples regardless of lactacystin
treatment.
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we could detect no differences in PICK1 levels in cortical
neurons cultured from parkin wild-type and knockout
mouse brains (Figure 5C). Thus, steady-state PICK1 levels
do not increase in the absence of parkin in neurons, consis-
tent with parkin-mediated PICK1 monoubiquitination,
rather than polyubiquitination. To examine directly whether
parkin promotes PICK1 degradation, we treated parkin
wild-type and knockout cortical neurons with the protein
synthesis inhibitor cycloheximide and monitored endoge-
nous PICK1 turnover during 24 h (Figure 5D). Remarkably,
levels remained stable over this time period, suggesting that
PICK1 is quite a long-lived protein in neurons. Endogenous
parkin levels also remained stable over the time course,
consistent with recent reports that it is predominantly multi-
monoubiquitinated (Hampe et al., 2006; Matsuda et al., 2006)
and functions in proteasome-independent pathways (Doss-
Pepe et al., 2005; Lim et al., 2005; Fallon et al., 2006). Indeed,
incubation of the neurons with lactacystin did not affect
PICK1 levels, further indicating that its turnover is not reg-
ulated by the proteasome. More importantly, we did not
observe a more rapid rate of PICK1 degradation in wild-type
compared with parkin knockout neurons, either with or
without lactacystin, indicating that parkin does not promote

endogenous PICK1 degradation in neurons. Taken together
with our ubiquitination (Figure 4) and steady state (Figure 5,
A–C) data, these findings indicate that parkin predomi-
nantly promotes PICK1 monoubiquitination, which does not
target it for degradation by the proteasome.

Parkin Does Not Affect PICK1 Subcellular Localization
Given that parkin does not promote PICK1 turnover and
that monoubiquitination controls protein trafficking, we
tested whether parkin could regulate PICK1 subcellular lo-
calization. Using a sequential detergent extraction proce-
dure in HeLa cell lines stably expressing either Flag-
parkin or pcDNA3.1 as a negative control (Fallon et al.,
2006), we found that the majority of endogenous PICK1
cofractionated with parkin in the Triton X-100 –soluble
fraction (Figure 6A). A small amount of PICK1 and parkin
could also be detected in the Triton X-100 –resistant, de-
oxycholate soluble fraction, suggesting their localization
in lipid raft or caveolar compartments. Similarly, using
mechanical lysis followed by differential centrifugation,
we found that the majority of parkin and PICK cofraction-
ated in the cytosolic fraction (Figure 6B). Most impor-
tantly, the distribution of PICK1 was similar in both the

Figure 6. Parkin does not affect PICK1 sub-
cellular localization. (A and B) Subcellular dis-
tribution of endogenous PICK1 in HeLa cells
stably expressing Flag-parkin or empty vector
control. (A) Cells were sequentially extracted
with 0.5% Triton X-100 (T), 1% deoxycholic
acid (D), and 2% SDS (S). Equal volumes were
loaded and immunoblotted with the indicated
antibodies. Both PICK1 and parkin were pre-
dominantly found in the Triton X-100–soluble
fraction with a small amount in the Triton
X-100–resistant, deoxycholic acid–soluble
fraction. (B) Cells were lysed mechanically
without detergent, and the cytosolic (C) and
membrane fractions (M) were separated by
centrifugation. Similar amounts of protein
(volume ratio of 4:1 cytosol:membrane frac-
tion) were loaded and immunoblotted with
the indicated antibodies. Both PICK1 and par-
kin were predominantly found in the cytosolic
fraction. Importantly, parkin expression did
not change endogenous PICK1 distribution
using either the detergent (A) or mechanical
(B) fractionation procedure. (C) Distribution
of PICK1 in subsynaptic fractions prepared
from parkin wild-type and knockout mouse
brain synaptosomes (P2). Immunoblotting
showed a similar distribution pattern of
PICK1 in parkin wild-type and knockout frac-
tions. Antibodies against NMDA NR1, synap-
tophysin, and �-synuclein were used as mark-
ers of synaptic plasma membrane (LP1),
synaptic vesicle (LP2), and synaptic cytosolic
(LS2) fractions, respectively. (D–F) Quantifica-
tion of PICK1 levels in synaptic plasma mem-
brane (D), synaptic vesicle (E), and synaptic
cytosol (F) from parkin wild-type and knock-
out mice. Equal amounts of protein were
loaded from the indicated number of mice
and immunoblotted with the antibodies
shown. Densitometric analyses of endogenous
PICK1 band intensities, normalized to actin,
used as a loading control, are presented (right)
as mean � SEM. Student’s t test reveals no
significant differences between parkin wild-
type and knockout samples.
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parkin and control HeLa cell lines, indicating that parkin
expression does not play a major role in the subcellular
localization of endogenous PICK1 in non-neuronal cells.
Next, to test whether parkin affects PICK1 localization in
brain, we used a well-established differential centrifuga-
tion procedure to prepare synaptic fractions from parkin
wild-type and knockout mice (Huttner et al., 1983; Fallon
et al., 2002). The procedure yielded crude synaptosomes
(P2) and synaptic plasma membrane-(LP1), synaptic ves-
icle- (LP2), and synaptic cytosol (LS2)-enriched fractions.
As expected, the NR1 subunit of the NMDA receptor was
enriched in LP1, whereas the synaptic vesicle protein
synaptophysin was enriched in LP2 and the cytosolic
protein �-synuclein was enriched in LS2 (Figure 6C). We
found that PICK1 was present in all fractions, but partic-
ularly enriched in the synaptic vesicle (LP2) and synaptic
cytosol (LS2) fractions. However, no differences were ap-
parent in the distribution of PICK1 between the parkin
wild-type and knockout fractions (Figure 6C). Even when
normalized relative to actin, careful densitometric quan-
tification revealed no statistically significant difference in
PICK1 levels in synaptic plasma membrane (Figure 6D),
synaptic vesicles (Figure 6E), and synaptic cytosol (Figure
6F) between parkin wild-type and knockout brain. Thus,
parkin does not regulate the steady-state subsynaptic dis-
tribution of PICK1 in brain.

Parkin Suppresses PICK1-mediated Potentiation of
ASIC2a Currents
Through its single PDZ domain, PICK1 binds numerous
synaptic proteins, including several neurotransmitter recep-
tors, transporters, and ion channels (Madsen et al., 2005).
Furthermore, PICK1 can dimerize via its central coiled-coil
motif and thereby promote protein complex formation be-
tween its binding partners. One such PICK1-associated pro-
tein is the proton-gated ion channel ASIC2a, a mammalian
member of the degenerin/epithelial Na� channel (DEG/
ENaC) superfamily (Duggan et al., 2002; Hruska-Hageman et
al., 2002). Interestingly, Baron et al. (2002a) reported that
activation of PKC strongly potentiates ASIC2a currents in a
PICK1-dependent manner. Considering that parkin monou-
biquitinates PICK1, we asked whether parkin could func-
tionally affect PICK1-mediated potentiation of ASIC2a cur-
rents. We therefore recorded proton-gated ASIC2a inward
currents after repeated application of pH 5.0, 2-min apart,
from COS-7 cells transfected with either ASIC2a alone,
ASIC2a with myc-PICK1, or ASIC2a, myc-PICK1 and Flag-
parkin together. In cells expressing ASIC2a alone, peak-
current channel responses are similar before and after
sustained application of the diacylglycerol analog OAG
(1-oleyl-2-acetyl-sn-glycerol; Figure 7, A and F). Consis-
tent with the findings of Baron et al. (2002a), when cells
expressing ASIC2a channels are cotransfected with myc-

Figure 7. Parkin suppresses PICK1-mediated potentiation of ASIC2a currents. (A–E) Representative ASIC2a inward currents (1st response
and 11th response) evoked by consecutive application of extracellular solution at pH 5.0, 2 min apart, before and after OAG (50 �M, 10 min)
from COS-7 cells transfected with ASIC2a alone (A), ASIC2a � myc-PICK1 (B), ASIC2a � myc-PICK1 and either wild-type Flag-parkin (C),
Flag-parkinD464* (D), or Flag-parkinC431F (E). (F) Quantitative analysis of PICK1-induced potentiation of ASIC2a responses (n 	 9) and of the
blockade of the PICK1-mediated effect by wild-type, but not by D464* nor C431F mutant parkin coexpression (n 	 4–7), expressed as mean �
SEM of normalized currents. *p � 0.05; **p � 0.01; ***p � 0.001, Student’s t test.
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PICK1, pH 5.0-evoked ASIC2a currents are strongly po-
tentiated by 50 �M OAG treatment (Figure 7, B and F).
The effect was significant within 8 min of OAG applica-
tion and continued to increase until a plateau was
reached. Further, the potentiation of ASIC2a currents per-
sisted even 6 min after the OAG application was stopped.
Importantly, we find that coexpression of Flag-parkin
with myc-PICK1 and ASIC2a completely abolishes the
PICK1-mediated potentiation of ASIC2a currents induced
by OAG, without affecting basal ASIC2a current ampli-
tudes or kinetics (Figure 7, C and F). Cotransfection of
Flag-parkin and ASIC2a without myc-PICK1 had no effect
on ASIC2a currents (normalized current ratio of 11th re-
sponse/1st response 	 100 � 12 vs. 106 � 13%, n 	 3),
suggesting that parkin blocks potentiation of ASIC2a cur-
rents via its effect on PICK1 rather than via a direct effect
on ASIC2a. To further elucidate the mechanisms involved,
we tested the ability of different parkin mutants to modify
ASIC2a function. Deletion of the final two C-terminal
residues of parkin (Flag-parkin464*) abolishes binding to
PICK1 in our GST pulldown assays (Figure 2C). In con-
trast to wild-type Flag-parkin, coexpression of Flag-par-
kin464* with ASIC2a and myc-PICK1 failed to suppress the
OAG-induced potentiation of ASIC2a currents (Figure 7,
D and F). Therefore, the PDZ-dependent interaction be-
tween parkin and PICK1 is required to suppress the OAG-
induced potentiation of ASIC2a currents. We further
tested a point mutation in the E2-binding RING region
(Flag-parkinC431F) that interferes with parkin self-ubiq-

uitination (Figure 4A) and parkin-mediated ubiquitina-
tion of PICK1 both in vitro and in cells (Figure 4, A and
C). Importantly, Flag-parkinC431F also failed to suppress
the OAG-induced PICK1-dependent potentiation of ASIC2a
currents (Figure 7, E and F). Thus, the ability of parkin to
suppress PICK1-dependent, OAG-induced ASIC2a current po-
tentiation requires functional parkin E3 Ub-ligase activity. To-
gether, the findings indicate that PDZ-dependent monoubiq-
uitination of PICK1 regulates ASIC2a channel function.

Endogenous Parkin Suppresses Potentiation of Native
ASIC Currents in Neurons
To examine whether endogenous parkin could also affect
native ASIC channel levels, localization and function in neu-
rons, we used parkin knockout mice, which mimic the loss
of parkin protein observed in patients with parkin gene
deletions (Itier et al., 2003). PICK1 regulates the stability and
trafficking of several of its PDZ domain–binding partners
(Xia et al., 1999; Torres et al., 2001; Williams et al., 2003;
Hanley, 2006). We therefore tested whether parkin-mediated
PICK1 monoubiquitination affected ASIC2a levels or surface
targeting. We found no differences in endogenous steady
state ASIC2a levels in the brain or in cultured cortical neu-
rons from wild-type and parkin knockout mice (Figure 8, A
and B). In hippocampal neurons, proton-evoked ASIC cur-
rents are mediated predominantly by homomeric ASIC1a
channels and heteromeric ASIC1a/2a and ASIC1a/2b chan-
nels (Baron et al., 2002b; Askwith et al., 2004). Therefore,
ASIC-like current densities are likely to reflect total surface

Figure 8. Parkin does not affect ASIC2a levels or na-
tive ASIC current densities. (A and B) Steady state
endogenous ASIC2a levels in mouse whole brain ly-
sates (A) and cortical neurons (B) from parkin wild-type
and knockout mice. Equal amounts of protein were
loaded and immunoblotted with the antibodies shown.
Densitometric analyses of endogenous ASIC2a band
intensities, normalized to actin, used as a loading con-
trol, are presented (right) as mean � SEM, (n 	 6).
Student’s t test reveals no significant differences be-
tween parkin wild-type and knockout samples. (C) Na-
tive ASIC current densities were similar in hippocampal
neurons cultured from parkin wild-type (34.68 � 5.33
pA/pF, n 	 7), heterozygous (36.58 � 5.83 pA/pF, n 	
9), and knockout (35.13 � 6.1 pA/pF, n 	 10) mice.
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expression of endogenous functional ASIC channels in these
neurons. We found that ASIC current densities were similar
in parkin wild-type, heterozygous, and knockout hippocam-
pal neurons (Figure 8C). Thus, the loss of parkin does not
affect the steady state levels or the surface expression of
endogenous ASIC channels under basal conditions. Because
overexpression of parkin suppresses PICK1-dependent,
PKC-induced ASIC2a current potentiation in non-neuronal
cells (Figure 7), we speculated that, conversely, the loss of
parkin might enhance the potentiation of native ASIC cur-
rent in neurons. Indeed, native ASIC currents in hippocam-
pal neurons from parkin knockout mice showed strong po-
tentiation after OAG treatment (50 �M for 30 min), whereas
heterozygotes showed an intermediate albeit nonsignificant
trend toward potentiation (Figure 9). The results suggest a
gene-dosage effect of parkin in modulating ASIC channels in
central neurons. In contrast, OAG treatment did not poten-
tiate ASIC currents in wild-type neurons (Figure 9), suggest-
ing that endogenous levels of parkin are sufficient to com-
pletely block the PKC-induced potentiation of native ASIC
currents. Thus, parkin may normally function to suppress
ASIC current potentiation in neurons, whereas, in the ab-
sence of parkin, an enhanced propensity to ASIC channel
overactivation with the associated vulnerability to cell
damage and excitotoxicity may contribute to neurodegen-
eration in PD.

DISCUSSION

Our previous study established that the parkin carboxyl-
terminus encodes a type II PDZ-binding motif that interacts
with, but does not ubiquitinate, the PDZ scaffolding protein
CASK. The present work demonstrates that CASK is not
unique in its ability to associate with the C-terminal tail of
parkin but that the PDZ protein PICK1, a PKC�-binding
protein, also associates with parkin via a PDZ-mediated
interaction. In contrast to CASK, we find that parkin ubiq-
uitinates PICK1 both in vitro and in cells. Moreover, ubiq-
uitination of PICK1 requires a PDZ-mediated interaction
with parkin. PDZ-dependent ubiquitination of substrates
has been reported previously for other E3 Ub-ligases. For
example, the RING-type E3 Ub-ligase LNX requires its first
PDZ domain to ubiquitinate its substrate, mNumb (Nie et al.,
2004). Likewise, the human papillomavirus E6 protein con-
tains a PDZ-binding motif, which targets the PDZ protein
hScrib to the HECT domain E3 Ub-ligase E6AP for ubiquiti-
nation (Nakagawa and Huibregtse, 2000). We find that par-
kin conjugates only a single Ub moiety onto PICK1 in vitro
and promotes PICK1 monoubiquitination in cells. Nonethe-
less, we cannot completely rule out that a given cellular
context or a cofactor not present in our assay might tilt the
balance toward PICK1 polyubiquitination under certain cir-
cumstances. For instance, the E4 activity mediated by CHIP
(carboxy-terminus of the Hsp70-interacting protein) has
been previously shown to enhance polyubiquitin chain for-
mation on the parkin substrate Pael-R (Imai et al., 2002).
Further supporting a role for parkin in mono-, rather than
polyubiquitination of PICK1, we find that steady state levels
of PICK1 are not increased in whole brain, synaptic frac-
tions, or cultured cortical neuron lysates prepared from
parkin knockout mice compared with wild-type littermates.
Moreover, cycloheximide pulse-chase experiments show
that the rate of PICK1 degradation is similar in cortical
neurons prepared from parkin knockout mice and wild-type
mice. We therefore propose that parkin predominantly func-
tions in PICK1 monoubiquitination and does not target
PICK1 for proteasome-mediated degradation. The results
are consistent with recent work showing that parkin pre-
dominantly monoubiquitinates and multi-monoubiquiti-
nates itself (Hampe et al., 2006; Matsuda et al., 2006) and that
it monoubiquitinates Eps15 (Fallon et al., 2006). Despite con-
siderable effort, we were unable to detect ubiquitination of
endogenous PICK1 in cultured neurons or in brain. This can
be notoriously difficult considering the low abundance and
short half-life of ubiquitinated proteins and the lack of sen-
sitive antibodies and methods to detect them. Accordingly,
we speculate that PICK1 ubiquitination is very rapid and
transient in neurons. Nonetheless, we provide strong evi-
dence that parkin ubiquitinates PICK1 in vitro and in cells
and that parkin E3 Ub-ligase activity is required to suppress
the PKC-induced, PICK1-dependent potentiation of ASIC2a
currents. Moreover, we find that the potentiation of native
ASIC currents is markedly enhanced in parkin knockout
neurons, consistent with parkin-mediated ubiquitination of
PICK1 in vivo.

PICK1 was originally identified in a yeast two-hybrid
screen with the catalytic domain of PKC� as bait (Staudinger
et al., 1995). It has since been shown to bind numerous
transmembrane receptors, transporters, and ion channels via
its single N-terminal PDZ domain (Madsen et al., 2005). In
contrast to most PDZ proteins, it is capable of interacting
with both class I and class II PDZ ligands, as well as with
various atypical motifs (Staudinger et al., 1997; Dev et al.,
1999; Madsen et al., 2005). PICK1 also contains a coiled-coil

Figure 9. Loss of parkin unmasks native ASIC current potentiation
in hippocampal neurons. (A) Representative native ASIC inward
currents evoked by consecutive application of extracellular solution
at pH 5.0, 2 min apart, before and after OAG (50 �M, 30 min) in
hippocampal neurons cultured from parkin wild-type, heterozy-
gous, and knockout mice. (B) ASIC currents in parkin knockout
neurons mice showed strong OAG-induced potentiation (�176%),
whereas heterozygotes showed an intermediate albeit nonsignifi-
cant trend toward potentiation (�46%). In contrast, OAG treatment
did not potentiate ASIC currents in wild-type neurons (peak cur-
rents evoked by pH 5.0, OAG: 906 � 211 pA; vehicle: 830 � 208 pA).
The data are expressed as mean � SEM of normalized currents (n 	
5–10). **p � 0.01, Student’s t test.
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motif that has been proposed to form a BAR (Bin/am-
phiphysin/Rvs.) domain, which mediates protein–protein
interactions, lipid-binding, and endocytic processes (Peter et
al., 2004; Lu and Ziff, 2005; Jin et al., 2006). The coiled-coil/
BAR domain also promotes PICK1 dimerization (Staudinger
et al., 1997), which may allow the pairing of multiple com-
binations of PDZ ligands. Indeed, PICK1 is known to target
the activated form of PKC� to several transmembrane pro-
teins for phosphorylation in a PDZ-dependent manner,
which, in turn, alters their trafficking and functional regula-
tion (Xia et al., 1999; Baron et al., 2002a; Williams et al., 2003).
For instance, PICK1 binds to the C-termini of several iso-
forms of the ASIC family of proton-gated ion channels
(ASIC1a, 2a, and 2b) via its PDZ domain (Duggan et al., 2002;
Hruska-Hageman et al., 2002). Further, PICK1 is believed to
target activated PKC� to ASIC2a, thereby leading to the
phosphorylation of the channel in its cytoplasmic tail and to
the potentiation of ASIC2a currents (Baron et al., 2002a).
Considering that parkin promotes PICK1 monoubiquitina-
tion, we hypothesized that it might influence the ability of
PICK1 to potentiate ASIC2a activity. Indeed, we find that
parkin abolishes the ability of PICK1 to potentiate PKC-
stimulated ASIC2a currents. In contrast to wild-type parkin,
the parkinD464 mutant, which cannot bind PICK1, fails to
suppress potentiation, demonstrating that the effect is PDZ-
dependent. Similarly, the E3 Ub-ligase inactive, parkinC431F

mutant fails to suppress potentiation, indicating that the
effect also requires parkin-mediated ubiquitination. Interest-
ingly, the magnitude of potentiation with parkinC431F was
somewhat lower than with parkinD464* or than in the absence
of parkin. Therefore, we cannot exclude that parkinC431F may
have some residual low-level E3 Ub-ligase activity toward
PICK1 in vivo, despite the complete absence of function in
vitro or that part of the inhibitory effect on ASIC2a potenti-
ation is independent of parkin’s E3 Ub-ligase activity. Con-
sistent with our findings using overexpression in non-neu-
ronal cells, we also observed an inverse relationship
between endogenous parkin levels and PKC-induced poten-
tiation of native ASIC channels in hippocampal neurons
from parkin wild-type, heterozygous, and knockout mice.
Although potentiation was prominent in the absence of par-
kin, it was undetectable in neurons in the presence of wild-
type levels of endogenous parkin. The finding may explain
why PICK1-dependent, PKC-induced ASIC current potenti-
ation has only been reported in heterologous systems, be-
cause the phenomenon may have been masked by endoge-
nous parkin in neurons.

Parkin has been implicated previously in the regulation of
cell surface receptors, channels and transporters. Parkin was
shown to modulate P2X receptor function in PC12 cells.
However, in contrast to our findings, ATP-induced currents
were potentiated rather than suppressed by overexpression
of parkin, and the effect was independent of PKC (Sato et al.,
2006). Further, ubiquitination by parkin of P2X or other
potential substrates in this process was not reported. Parkin
was also found to ubiquitinate the dopamine transporter
(DAT), which like ASIC2a, is a PDZ ligand of PICK1 (Torres
et al., 2001; Jiang et al., 2004). By ubiquitinating misfolded
DAT in the endoplasmic reticulum, parkin appears to en-
hance the expression of functional DAT at the cell surface.
However, the role of PICK1 in this process was not exam-
ined. It was also recently reported that cell surface DAT is
ubiquitinated and internalized in response to PKC activation
(Miranda et al., 2005, 2007), a process that involves the
HECT-family E3 Ub-ligase Nedd4–2 rather than parkin
(Sorkina et al., 2006). Nedd4 also ubiquitinates and controls
the cell surface expression of the Liddle’s syndrome-associ-

ated epithelial sodium channel (ENaC; Staub et al., 1997),
which like ASIC2a is a member of the degenerin/ENaC
superfamily of ion channels. In contrast, we did not observe
Ub-modified forms of ASIC2a on immunoblots (not shown),
suggesting that parkin acts on PICK1 rather than by directly
ubiquitinating ASIC2a itself. Moreover, we did not detect
differences in steady state ASIC2a levels or native ASIC
current densities in neurons cultured from parkin knockout
and wild-type mice, suggesting that parkin does not regu-
late constitutive ASIC channel turnover or surface targeting.
Thus, in contrast to Nedd4, which can ubiquitinate cell
surface receptors, channels, and transporters, parkin ap-
pears to act predominantly on downstream adaptor proteins
involved in endocytosis and trafficking. In addition to
PICK1, parkin monoubiquitinates Eps15, a Ub-binding pro-
tein involved in epidermal growth factor (EGF) receptor
(EGFR) trafficking and signaling (Fallon et al., 2006). Similar
to our findings with ASIC channels, parkin does not appear
to directly ubiquitinate EGFR nor does it affect constitutive
EGFR turnover or surface targeting. However, parkin regu-
lates EGFR internalization and PI3K-Akt signaling indirectly
by ubiquitinating Eps15, reminiscent of the indirect effects of
PICK1 ubiquitination on ASIC channels. In the future, it will
be interesting to determine whether parkin-mediated ubiq-
uitination also regulates other PICK1 ligands, such as the
AMPA receptor and UNC5H1 (Xia et al., 1999; Williams et
al., 2003; Madsen et al., 2005) and to further characterize the
mechanisms involved. Importantly, central ASIC channels
are involved in synaptic plasticity (Wemmie et al., 2002) and
mediate a significant component of calcium-dependent ex-
citotoxicity after ischemic injury (Xiong et al., 2004). Thus,
the current work showing that endogenous parkin masks
PICK1-dependent ASIC potentiation in hippocampal neu-
rons suggests that it might also normally protect neurons
from channel overactivity leading to excitotoxicity. Because
ASICs have recently been implicated in midbrain dopamine
neuron injury (Pidoplichko and Dani, 2006), the unmasking
of ASIC current potentiation in parkin knockout neurons
may reflect an increased vulnerability of these neurons to
injury in patients with PD-associated parkin mutations.
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