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Figure 6. Oxidative modification of proteins is slowly increased by GluR2
overexpression. Tissue extracts were treated with DNPH, which specifically
reacted with carbonyl groups in the protein side chains and converted into
DNP-hydrazone. The levels of carbonylated proteins in spinal cords, which
were evaluated from the absorption of DNP-hydrazone (375 nm), were sig-
nificantly higher in the 6- and 7-month-old 8 littermates and 8-month-old
(8 littermates compared with G and wt littermates (P << 0.05). In comparison
between the S and GS littermates, the carbonylated protein levels were signifi-
cantly higher in S than GS littermates at the age of 6 and 7 months (T
P < 0.05). # = 3—4 mice per each group.

Ca**-influx though motoneuronal AMPA
receptors promotes conversion of SOD1 protein
into aberrant forms

In addition to delaying the disease onset, GluR2 overexpres-
sion succeeded in delaying the conversion of SOD1 protein
into unusual forms (Figs 4 and 5B). To date, more than 20
papers have reported the delay of disease onset in mutant
SOD1 transgenic mice by various pharmacological or trans-
genic techniques (1). However, the effects of such trials on
SOD!1 conformational changes have yet to be shown. Here,
we provide the first evidence that disease onset is delayed
when conversion of SOD1 into unusual forms is delayed, con-
sistent with the hypothesis that SOD1 aggregation participates
in ALS pathogenesis.

This study also provides an outline of the temporal profile
for the formation of unusual SOD1 species during the clinical
course of mouse ALS. Previous studies with western blots
detected two distinct patterns of unusual SOD] species in
spinal cord extracts from mutant SODI transgenic mice.
One is a set of oligomer-sized species (9), and another con-
tains species between a monomer and dimer in size (10~
12). Here, we show that trimer- and tetramer-sized species
are detectable in the post-mitochondrial fractions containing
cytosolic proteins (Fig. 4A), whereas species between a
monomer and dimer in size are detected in the crude mito-
chondrial fractions comtaining major cellular components
such as organelles and cytoskeleton. On the other hand,
dimer-sized species were detectable in both fractions
(Figs 4B and 5B). The amount of trimer and tetramer-sized
species in the cytosol seemed comparatively very small to
the unusual species in the organelle/cytoskeleton fractions,
as these species are no longer detectable in Figure 5B, an
experiment in which the same subcellular fraction amounts
were loaded to the respective lanes. The first detectable
unusual SOD1 species are dimer-sized species that appear
several months before disease onset. Subsequently, a very
small population of SOD1 proteins grows into trimer- and

tetramer-sized species in the cytosol. On the other hand, a
large amount of SODI protein is converted into ~25 and
35 kDa-sized species. These unusual species first appear in
the P1 and P2 fractions and then extensively accumulate
into the Pl fraction by disease onset. The presence in the P2
mitochondrial fraction might be related to the dysfunction of
mitochondria that has been reported in ASODI®®* mice
around disease onset (1,31). In the P1 fraction, nuclei and
certain kind of filamentous cytoskeletons such as neurofila-
ments and GFAP, but not actin filaments or microtubiles,
are effectively concentrated. The extensive accumulation of
unusual SQODI species in the P1 fraction implies that these
species are fundamentally associated with neurofilaments or
GFAP, because a further fractionation study revealed that
these species do not independently accumulate in the nuclei
(data not shown). Abnormalities in the neurofilaments
observed in ALS patients and mutant SODI mice, such as
an accumulation of neurofilament inclusions (1) and a defect
in axonal transport (4), might be closely related to this
phenomenon. Alternatively, those SODI1 species might be
involved in aggresome-like structures, as observed in HEK293
cells transfected with G85R and G93A SOD1 mutants (9).
After disease onset, unusual species spread to other organelle
fractions enriched in lysosomes, peroxysomes and microsomes
derived from the endoplasmic reticalum (ER), Golgi apparatus
and plasma membrane. These alterations in SODI1 proteins
are thought to predominantly occur in motoneurons and
surrounding astrocytes, as SODl-containing proteinacious
inclusions, which are likely to have developed from high-
molecular-weight-shifted SOD1 species, are specifically
detected in motoneurons and neighboring astrocytes in end-
stage ASODI%%** mice (6-8). The reduction of Ca?*-influx
through motoneuronal AMPA receptors successfully delayed
the formation of the entire range of unusual SOD1 species
in the spinal cord extracts (Figs 4 and SA) as well as the
development of astrogliosis (Fig. 3C). These results suggest
that Ca®*-influx through motoneuronal AMPA receptors can
affect the physiology of neighboring astrocytes as well as
their own, and contributes to the misfolding and subsequent
conversion of SOD! protein.

Ca’*-influx through AMPA receptors enhances ROS
production, which may induce the misfolding of
SOD1 proteins

Ca®*-influx through motoneuronal AMPA. receptors seems
to enhance oxidative stress primarily in motoneurons and
secondatily in neighboring astrocytes. Activation of Ca®*-
permeable AMPA receptors causes rapid increases in the
level of cytosolic calcium, which are rapidly attenuated by
trapping with Ca’"-chelating proteins and by incorporation
of calcium into mitochondria and ER (40). As spinal moto-
neurons are less capable of buffering increased calcium
levels, probably due to a lack of major Ca**-chelating proteins
such as parvalbumin and calbindin D28K (41), a large pro-
portion of free calcium is reported to be incorporated into
mitochondria, resulting in enhanced ROS production (42).
Evidence suggests that ROS generated in motoneurons can
exit from the motoneurons and cause oxidative disruption of
glutamate transporters and increased ROS level in neighboring



astrocytes (43). The loss of astrocytic glutamate transporters,
which has been preferentially observed in the affected area in
ALS patients and mouse models (15,43,44), accelerates AMPA
receptor-mediated Ca’'-influx and ROS generation within
motoneurons, resulting in a vicious cycle to enhance the oxi-
dative stress in motoneurons and neighboring astrocytes (45).

Enbanced ROS levels might, in part, account for the for-
mation of unusual SODI1 species, as oxidative modification
by ROS has been shown to convert SODI proteins into a
variety of unusual forms, at least ir vitro (34,35). We found
a good correlation between the levels of carbonylated proteins
and unusual SOD1 species in the spinal cord extracts from 8
and GS mice. Both levels were rapidly increased at disease
onset but these increases were similarly attenuated when the
Ca®*-permeability of AMPA receptors was reduced (Figs 4,
5B and 6). This correlation may imply that the increased cel-
lular 0x1datwe stress resulting from activation of motoneuro-
nal Ca®*-permeable AMPA receptors induces the misfolding
and subsequent conversion of SOD1 protein within motoneur-
ons and adjacent glial cells.

MATERIALS AND METHODS

The sequence information for the primers and probes is
described in Supplementary Material, Table S1. All the data
shown are representative of three mice per group when the
number of mice (1)} used for experiments is not mentioned.
Signals in immunoblots and RT-PCR were quantified with
NIH image software (1.61J). Statistical significance was
assessed by the two-tailed Student’s ~test when the statistical
method is not mentioned. All protein electrophoreses in
this paper utilized SDS—PAGE under reducing cenditions.
Antibodies were used for immunoblots and immuno-
histochemistry, which comprised of: anti-SOD1 (Stressgen,
SOD-100), anti-GluR2 (BD PharMingen, 556341), anti-ChAT
(Chemicon, AB144P), anti-cytochrome ¢ (BD PharMingen,
556433), anti-Hsp60 (Sigma, H4149), anti-actin (Chemicon,
MABI1501), anti-GFAP (Chemicon, MsX GFAP), anti-prohibitin
(NeoMarkers, MS-261-P0), anti-CoxIV (Molecular Probes,
A-6431), anti-nucleoporin pH2 (BD Transduction Laboratories,
N43620}, anti-ribophorin I (Santa Cruz, sc-12164), anti-Lamp1
(BD PharMingen, 553792}, anti-adaptin gamma (BD Transduc-
tion Laboratories, A36120), anti-neurofilament-M (Chemicon,
AB1987), and anti-beta-tubulin (Sigma, T 4026} antibodies.

Generation of GluR2 transgenic mice

The transgene construct contained the 6.4 kb promoter region
of the mouse ChAT gene (AF019045), the 2.6 kb rat GluR2
coding sequence (CDS, M85035), internal ribosome entry
sequence (JRES), EGFP CDS and the SV40 polyadenylation
signal, in that order. As the Ch4T promoter region contains
an open reading frame of a vesicular acetylcholine transporter
(VAChHT) intronless gene (23), we introduced a stop codon
at the 55th amino acid position to avoid producing a func-
tional VACHT protein from this construct. The region from
IRES to the polyadenylation signal was derived from the
PIRES2—EGFP vector (Clonetech), with a base substitution
s0 as to delete a Not[ site in the EGFP 3'-untranslated region,
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The Notl-digested 10.9 kb DNA fragment was injected into
C57BL/6] mouse eggs, and three transgenic lines, Tg3, Tg7
and Tgl0, were established,

Tagman quantitative DNA PCR was performed using
probe—primer sets specific to EGFP and two internal control
genes, SODI and CPTI, on an ABI7700 thermal cycler (PE
Biosystems} under the conditions recornmended by the manu-
facturer. Data were normalized using results from the EGFP
knock-in mouse in the Cx43 gene (M, Tanaka and S. Itohara,
unpublished data), which displays a single copy of £GFP in
the genome. Then absolute EGFP copy numbers in Tg3
(n=3) Tg7 (n=13) and Tgl0 (r = 5) of chat-GluR2 mice
were calculated as 2.10 4 0.04, 9.31 4+ 0.14 and 16.44 +
(.67 copies for the SOD! control, and 2.13 + 0.07,
10.20 £+ 0.09 and 16.43 + 1.28 copies for the CPFJ control,
respectively (mean + SD). The transgene copy number was
thus represented as the mean of these two values.

Electrophysiological recordings

Electrophysiological experiments were performed as pre-
viously described (46) using 200-250 um slices of spinal
cord lumbar regions from mice at the postnatal ages of 4-7
days. Whole-cell paich-clamp recordings were performed
with motoneurons identified wusing biocytin-containing
Cs-based intracellular solution. To isolate the AMPA current,
the extracellular solution contained 20 uM  bicuculline,
25 pM D-2-amino-phosphonovaleric acid (D-APV) and 10 pMm
strychnine, which blocks the GABA, NMDA and glycine
receptors, respectively. A glass electrode containing artificial
cerebrospinal fluid positioned in the spinal cord was used for
synaptic stimulation.

Quantitative analysis of gene expression levels in
motoneurons

Spinal cords from 6-8-month-old mice were . dissected
without fixation, immediately embedded in OCT compound
(Tissue-Tek), and frozen in liquid nitrogen. Frozen sections
30 pm thick were processed and stained using 0.01% toluidine
blue, and motonenrons in spinal cords were clipped out of sec-
tions using laser microdissection (AS LMD, Leica) according
to the manufacturer’s protocol. About 1000 clipped slices of
motoneurons were collected per mouse and subjected to
RNA purification using an RNAeasy kit (Qiagen), followed
by cDNA synthesis primed with oligo-dT using Superscript
H (Gibco-Brl). The gene expression level was examined by
Tagman real-time quantitative PCR using probe—primer sets
specific to target genes. PCR was performed on an ABI7700
thermalcycler (PE Biosystems) under the manufacturer’s rec-
ommended conditions, using ¢cDNA derived from 60 (for
GluR2-4 and ChAT) or 10 (for SOD! and GAPDH) clipped
slices of motoneurons as templates. Data were normalized
with the expression level of GAPDH, and presented as a rela-
tive expression level compared with the level in the CS7BL/6J
non-transgenic control mouse.

Animals

Non-transgenic littermates without any transgene are indicated
as wt to distinguish them from non-transgenic control mice,



2194 Human Molecular Genetics, 2004, Vol. 13, No. 19

C57BL/6J mice. All data except for Table 1 and Figure 1E are
comparisons among littermates. The GIL line of transgenic
mice harboring the G93A-mutated human SODI gene
(B6SJL-TegN(SODI-G934)1 Gur®) was purchased from Jackson
Laboratories and backcrossed with C57BL/6J mice. We used
the littermates generated by crossing male ASODI®* mice
(fourth backcross-generation) with female chat-GluR2 trans-
genic mice for all analyses except for a study of disease onset
and mortality in Tg10 line (Table 2 and Fig. 2B and C), that
involved three S and three GS littermates generated from
the third backcrossed ASODI%%** mouse. To determine the
day of disease onset, mice were subjected to the rotarod test
(47). The retention time on a rotating wheel, the rotarod
score, was measured four times per day with a 1-week interval
in a blind fashion. Each trial lasted for a maximum of
5 min, during which time the wheel rotates with a linear accel-
eration from 4 to 40 rpm. The day of disease onset was
defined as the day just before the mean retention time of
four trials was sequentially shortened to <<80% of the
previous time. The end time was defined as the day of death
or the day when the mouse was unable to right itself within
30 s (25).

Preparation of ¢rude mitochondrial and
post-mitochondrial fractions

Crude mitochondrial and post-mitochondrial fractions were
prepared according to an established method (31) with
certain modifications. The bovine strum albumin concentra-
tion in buffer H was reduced to 0.1%. The spinal cord L1-L5
segments were homogenized in buffer H (1 mg tissue/10 pl
buffer H) on ice and centrifuged at 600g for 5min at 4°C
to remove unbroken cells. The supernatant was centrifuged
at 13500g for 10 min at 4°C, dividing into pellet (crude
mitochondrial fraction) and supernatant (post-mitochondrial
fraction).

Size-exclusive chromatography

Approximately 200 pg of cytosolic extracts were filtered
through Millex-HV PVDF filters (Miilipore, 0.45 um dia-
meter), concentrated with a Vivaspin column (Vivascience,
cut-off size, MW 10 000), then resolved on a Superdex200
PC3.2/30 column (linear fractionation range, MW 10 000-
600 000; bed volume, 2.4 ml; Pharmacia Biotech) at a flow
rate of 40 pl/min in 50 mM sodium phosphate with 150 mm
NaCl, pH 7.0. Fractionation started when 800 p! was eluted,
and a 30 plitube of elutant was collected for a total of 48
tubes. Void volume was determined by the elution profile of
dextran blue (2000 kDa). The column was calibrated using
gel filtration calibration kits for high- and low-molecular
weights (Amersham Bioscience).

Subcellular fractionation

Figure SA represents a schematic of this procedure. Whole
spinal cords were gently homogenized in modified buffer H
[0.22 M D-mannitol, 0.07 M sucrose, 20 mM HEPES, pH 7.4,
1mM EGTA and complete protease inhibitor cocktail
(Roche), at 1 mg tissue/10 pl buffer] with a glass—Teflon

homogenizer (10 up-and-down strokes) on ice, and centrifuged
at 600g for 10 min. The supernatants were sequentiatly centri-
fuged at 5000g for 15 min, 8000g for 15 min and 100 000g for
1 h, to obtain three pellets (P2, P3 and P4) and the resulting
supernatant (8). The pellets generated by the first brief centrifu-
gation were very gently suspended with 2.2 M sucrose contain-
ing complete protease inhibitor cocktail (1 mg starting tissue/
15 ul), and centrifuged at 40 000g for 1 h. The resulting
pellets (P1) were rinsed with medified buffer H followed
by centrifugation at 12 000g for 10 min. The pellets of PI,
P2, P3 and P4 were finally resuspended with 1/4, 2, 1/2 and
1/2 volume (ul) of modified buffer H per starting tissue
weight (mg), respectively. All centrifugations were performed
at 4°C.

Measurement of protein carbonylation

Freshly dissected tissues were sonicated in buffer [S0 mM Tris—
HCI, pH 7.6, 20 mM NayP,07, 20 mm sodium fluoride, 1 mM
EGTA, 5 mM EDTA, 5 mM DTT and complete protease inhibitor
cocktail (Roche), at 1 mg tissue/20 ) buffer] and centrifuged at
500g for 5 min. The supernatants were further centrifuged at
100 000g for 1 h, and the resulting supernatants were used. The
levels of carbonylated proteins in these supernatants were evalu-
ated by measuring absorbance derived from dinitrophenyl
(DNP)—-hydrazone as previously described (36) with slight modi-
fications. We started with 40 g of protein and used 6% SOD fora
solubilization of the trichloroacetic acid precipitates.

SUPPLEMENTARY MATERIAL
Supplementary Material is availabie at HMG Online.
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Mutations in the PARKIN gene are the most common
cause of hereditary parkinsonism. The parkin protein
comprises an N-terminal ubiquitin-like domain, a linker
region containing caspase cleavage sites, a unique do-
main in the central portion, and a special zine finger
configuration termed RING-IBR-RING. Parkin has E3
ubiquitin-protein ligase activity and is believed to me-
diate proteasomal degradation of aggregation-prone
proteins. Whereas the effects of mutations on the struc-
ture and function of parkin have been intensely stadied,
post-translational modifications of parkin and the reg-
ulation of its enzymatic activity are poorly understood.
Here we report that parkin is phosphorylated both in
human embryonic kidney HEK293 cells and human neu-
roblastoma SH-SY5Y cells. The turnover of parkin phos-
phorylation was rapid, because inhibition of phosphata-
ses with okadaic acid was necessary to stabilize
phosphoparkin. Phosphoamino acid analysis revealed
that phosphorylation occurred mainly on serine resi-
dues under these conditions. At least five phosphoryla-
tion sites were identified, including Ser'®!, Ser!®, and
Serl®® (located in the linker region) as well as Ser™® and
Ser®™ (located in the RING-IBR-RING motif), Casein ki-
nase-1, protein kinase A, and protein kinase C phospho-
rylated parkin in vitro, and inhibition of casein kinase-1
caused a dramatic reduction of parkin phosphorylation
in cell lysates. Induction of protein folding stress in cells
reduced parkin phosphorylation, and unphosphoryl-
ated parkin had slightly but significantly elevated
autoubiquitination activity. Thus, complex regulation of
the phosphorylation state of parkin may contribute to
the unfolded protein response in stressed cells.

Parkinson’s disease (PD)! is the second most common neu-
rodegenerative disorder. Parkinsonian symptoms are caused
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nylidene difluoride; PKB, protein kinase B; ACTH, adrenocarticotropic
hormone; BT, reverse transcription.

by the progressive loss of dopaminergic neurons in the substan-
tia nigra pars compacta (1). Although more than 90% of PD
cases occur sporadically, the study of genetic mutations has
offered great insight into the molecular mechanisms of PD (2).
After the discovery that mutations in the PARKIN gene cause
autosomal recessive juvenile parkinsonism (3), parkin muta-
tions have been recognized as the most common cause of he-
reditary PD and possibly a risk factor for idiopathic PD {4, 5).

The PARKIN gene comprises 12 exons and codes for a 465-
amino acid protein that is widely expressed, most prominently in
muscle and throughout the brain (3). The 52-kDa parkin protein
comprises an N-terminal ubicuitin-like domain (aa 1-76}, a
unique parkin domain (aa 145-232), and two RING (zeally inter-
esting new gene) fingers (aa 238293 and 418-449, respectively}
flanking an IBR (in-between RING) domain {aa 314-377) at the
€ lerminus. All of these domains uppear Lo be funclionally
important, because I'D mutations cluster in them (6).

Parkin functions in the ubiquitin-proteasome system as an
E3 ubiquitin-protein ligase together with the E2 ubiquitin-
conjugating co-enzymes UbcH7 or UbcHS (7-9). Because this
[unclion appears Lo be defeciive in patienls with parkin muta-
tions, the identification of protein substrates is of great impor-
tance (6, 10). Parkin substrates include synaptic proteins (the
septing CDCrel-1 and CDCrel-2, synaptotagmin XT, and the
a-synuclein interactor synphilin-1), PaelR (parkin-associated
endothelin-like receptor), cyclin E, &/8 tubulin, and the p3&
subunit of the aminvacyl-LRNA syuthelase complex (9, 11-17).
Darkin cxpression was found to be neuroprotective in Drosoph-
ilee (18) and in eell colture medels of dopamine neuron loss
{19-22). However, the exact molecular mechanisms of how
parkin dysfunction causes PD remain to be elucidated {6, 10).

Post-transiational modificalions oflen regulule enzyratic
activity. Nitrosylation of parkin was recently found to occur in
PD, leading to an inhibition of its ubigquitin ligase activity (23,
24). Here we addressed the question whether phosphorylation
of parkin occurred and, if se, by which kinases under what
cellular conditions. Parkin was found to be phosphorylated on
at least five serine residues. Casein kinase-1 (CK-1), protein
kinasc A {I'KA) and protein kinase € (PKC) were identificd as
parkin kinases ip vilro, and inhibifion of CK-1 suppressed
phosphorylation of parkin in cell lysates. Unfolded protein
stress mediated by proteasomal inhibition or endoplasmatic
reticulum (ER) stress, but not oxidative stress, reduced the
overall phodphorylation of parkin., Unphosphorylaled parkin
isolated from eukaryotic cells or purified as recombinant fusion
protein from bacteria showed a small but significant increasc of
autoubiquitin ligase activity, compared with parkin phospha-
rylated in vivo and in vitro. Thus, we suggest that modulation
of the phosphorylation state of parkin has a regulatory role on
its B3 ubiquitin ligase activity.

90 This paper is availahle on fine at http://www.jhe.org
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MATERIALS AND METHODS

Cell Culture, Transfection, and Establishment of Stable Transfec-
tanis—HEK293, HEK293T, and SH-8Y5Y cells were cultured in Dui-
becco's modified Eagle’s medium with Glutamax (PAA Laboratories
GmbH) supplemented with 10% fetal calf seram for HEK293 cells and
HEK293T eells or-15% for SH-SY5Y cells. Cells were transfected using
Lipofectainine 2000 Reagent (Invitrogen) or FuGene (Roche Applied
Seience) according to the supplier's instructions. Stable HEK293 and
SH-SY5Y transfectants were selected with 200 or 225 ug/ml
zeocin, respectively.

Construction of cDNAs—Human full-length parkin was amplified
by PCR {(all primer sequences are available upon request) using a
parkin ¢DNA construct {a gift from R, Baumeister) and cloned into
the Xbal/HindIIl restriction sites of peDNA3.1 zeol-) (Invitrogen),
yielding MYC-parkin.

An additional C-terminal V5 tag was introduced by subeloning into
peDNAG/VS-His (Invitrogen) (MY C-parkin-V5). For mapping the phos-
phorylation sites, parkin fragments comprising the N terminus (aa
2-144), the N terminus and middle portion (aa 2-298), and the €
terminus (aa 294--465) were generated by PCR using the appropriate
oligonucleotide primers and cloned into the Xbal/HindIIl restriction
gites of peINA3.1 zeo{—) or the Nhel/EcoRI restriction enzyme sites of
peDNAG/VS-His, yielding the constructs MYC-parM(-Vg), MYC-
parNM(-V5}, and MYC-parC(-V5). Serine-to-alanine mutants were gen-
erated by mutagenizing respective codons in MYC-parN-V5 or MYC-
parC-V5 in two-step PCR.

GST-parkin, GST-parN, and GST-parC were constructed by PCR and
clened into the EcoRI/Notl restriction sites of pGEX-4T-1 (Amersham
Biosciences). Serine-to-alanine mutants were generated by mutageniz-
ing the respective codons in GST-parN or GST-parC by two-step PCR.
N-terminal FLAG-tagged parkin (FLAG-parkin} and C-terminal FLAG-
tagged PaelR (PaelR-FLAG) were described elsewhere (8, 11).

RT-PCR—Total RNA was izolated from both HEK293 cells and sta-
ble HEK293 transfectants of parkin under various stresses using
peqGOLD RNA Pure (PeQlab). First strand ¢cDNA was synthesized
using SuperScript First-Strand Synthesis System for RT-PCR (Invitro-
gen). RT-PCR was perforined using Tag DNA polymerase (PeQLab} and
the following primers: BiP forward primer, 5-CCGCATCACGCCGTC-
8’ BiP reverse primer, 5'-GGCTCGTTGATGATCCTC-3'.

Immunoprecipitation and Immunoblotting—Cells were harvested
24 h after the transfection and lysed in lysis buffer (10 mu Tris-HCI, pH
1.5, 150 mM NaCl, t mm EDTA, and 1% Triton X-100) with proteinase
inhibitovs (Sigma) on ice for 15 min. Cell lysates were centrifuged at
4°C at 16,000 x g for 20 min. Imimunoprecipitations were carried out
using protein G-Sepharose (Amersham Bioseiences) or protein
A-Sepharose, anti-Myc-agarose, anti-FLAG M2-agarose affinity gel (all
from Sigma) at 4 °C for 2 h. Immunoprecipitates were washed with lysis
buffer three times (or, in the case of radiolabeled samples, six times).
Whole cell extracts and immunoprecipitates were separated by SDS-
PAGE, and proteins were transferred onto PVDF membrane ([rmino-
bilen; Millipore Corp.). Enhanced chemiluminescence detection re-
agents (Amersham Biosciences) were used to detect immunoblot signals
of the following antibedies: 9E10 monoclonal anti-Mye (Developmental
Studies Hybridoma Bank, University of lowa), monoeclonal anti-V5 (In-
vitrogen), monoclonal anti-KDEL against glucose-regulated proteins
Grp78 and Grp94 (Stressgen), polyclonal anti-parkin (Cell Signaling),
and PRK8 monoclonal anti-parkin (25) (kindly provided by V. Lee).

In Vive Phosphorylation Assay—Twenty-four h after the transfec-
tion, cells were incubated for 45 min in phosphate-free mediam (Sigma),
and 13-36 MBq of [*2Plorthophosphate was added. After 30 min (to
label transfected parkin) or 2 h (to label endogenous parkin), 1 uM
okadaic acid (OA) was added and incubated at 37°C for 1 h. The
conditioned medium was aspirated, and the cell monolayer washed
twice with ice-cold phosphate-buflered saline. Cells were Tysed on ice
with lysis buffer, and immunoprecipitations were performed as above,
Immunoprecipitates were separated by SDS-PAGE and transferred
onto PVDF membrane. Autoradiography was carried out to visualize
radiclabeled proteins.

Matrix-assisted Laser Desorption Ionization Time-of-flight (MALDI-
TOF) Mass Spectrometry—Phosphorylation of transfected MYC-parkin
fragments was induced with OA, and MYC immunoprecipitates were
subjected to SDS-PAGE. Colloidal blue-stained bands of interest were
in-gel digested with endoproteinase Lys-C as described (26), After over-
night digestion, about 1 u] was mixed with 1 pl of saturated a-cyano-
cinnarnic acid in 50% acetonitrile, 0.1% trifluoroacetic acid in water and
applied to the MALDI target. The samples were analyzed with a Bruker
Daltonies (Bremen, Germany) Uliraflex TOF/TOF mass spectrometer.
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Fic. 1. Parkin is phosphorylated both in HEK293 cells and
SH-SYSY cella. A, HEK203 cells (upper panels) and SH-SY5Y cells
(lower panels) stably expressing MYC-parkin were labeled with
{*2Plorthophosphate in the presence or absence of QA, and then cell
lysates were immunoprecipitated with 9E10. Proteins separated by
12% SDS-PAGE were transferred onto PYDF membrane. Autoradiog-
raphy was earried out in order to visualize phosphorylated parkin (left
panels). Afterward, blots were probed with polyclonai anti-parkin or
9E 10 anti-Myc (right panels). B, endogenous parkin in HEK293 cells

fper panels) and SH-SY5Y cells (lower panels) was labeled with

[**Plorthophosphate and immunoprecipitated with polyclonal anti-par-
kin. After the autoradiography (left panels), blots were probed with
PRKS monoclonat anti-parkin (right panels). DMSO, Me,S0.

An acceleration voltage of 25 kV was used. Calibration was internal to
the samples with des-Arg-bradykinin and ACTH-(18-38) (both peptides
purchased from Sigma).

Nanoelectrospray lonization Tandem Mass Spectromeiry—In order
to identify which of the three pogsible serines was phosphorylated in the
parkin peptide obtained after digestion with endoproteinase Lys-C with
2 monoisotopic mass of 1568.75 Da, this proteclytic product was sub-
jected to nanoelectrospray ionization tandem mess spectrometry on a
QSTAR Pulsar I quadrupole TOF tandem mass spectrometer (Applied
Biosystems/MDS-Sciex, Toronto, Canada) equipped with a nanoelectro-
spray ion source (Proxeon, Odense, Denmark) as deseribed (27).

Dephosphorylation by Alkaline Phosphatase—HEK223 cells and SH-
SY5Y cells were transiently transfected with MYC-parkin-V5 and var-
ious portions of parkin (MYC-parN-V5, MYC-parNM-V5, and MYC-
parC-V5). Twenty-four h after the transfoction, 1 uM OA was added,
and cells were incubated for 1 h, Immunoprecipitation using anti-Mye-
agarose conjugate (Sigma} was performed. Immunoprecipitates were
incubated at 37 °C for 1 h with or without calf intestinal alkaline
phosphatase (CIP) (New England Biolabs) according to the supplier's
mannal. Reactions were terminated by adding 22 S8DS sample buffer
and analyzed by immunoblot.

Phosphoamino Acid Analysis—Phosphommino acid analysis was per-
formed using the method by Jelinek and Weber (28). After electroblotting
radiolabeled proteins onto PVDF membrane, bands were excised and
hydrolyzed using 6 v HCl at 100 °C for 90 min, After centrifugation,
supernatants were dried in a SpeedVac concentrator. Pellets were dis-
solved in pH 2.5 buffer (5.9% glacial acetic acid, 0.8% formic acid, 0.3%
pyridine, and 0.3 mm EDTA) and spotted onto thin layer chromatography
plates (Merck) together with unlabeled phosphoaminoe acid markers (1 pg
ezach of Ser(P), Thr(P), and Tyr(P); Sigma). One-dimensional high voltage
electrophoresis was performed at 20 mA for 50 min. Radioactive phos-
phioamine acids were identified by aatoradiography and co-migration with
the ninhydrin-stained standards.

In Vitro Phosphorylation Assays—Recombinant rat CK-1 8, recombi-
nant a-subunit of human CK-2 and recombinant human Aktl/PKB
protein kinase were nsed for in vitre phosphorylation assays according
to the supplier’s instructions (Cell Signaling). The catalytic subunit of
PRA purified from bovine heart (gift from V. Kinzel) was uged in a
buffer containing 20 mm Tris, pH 7.5, 5 mM magnesiam acetate, and 5
mM dithiothreitol. PKC purified from rat brain (Biomol) was nsed in
similar buffer to PKA supplemented with 1 uM phorbol-12,13-dibu-
tyrate (PDBu), 0.5 mym CaCl,, and 100 ug/ml phosphatidylserine under
mixed micellar conditions. Fusion proteins GST-parkin, GST-parN,
GST-parC, and varicus serine-to-alanine mutations in G8T-parN or
GST-parC were used as substrates. The reaction was started by adding
10 pm [ 32PIATP (250 pM [y-22PJATP in the case of AkilL/PKB) and
allowed to proceed for 30 min at 30 °C.
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FiG. 2. Both N terminus and C ferminus of parkin are phosphorylated. A, schematic representation of MYC-parkin, MYC-parN, and
MYC-par€, which were used to establish stable transfectants in HEK293 cells. B, the experimental procedure was followed as described in Fig.
1A. Autoradiography was carried out in order to visnalize phosphorylated parkin (left punel). Afterward, the immunoblot was probed with 9E10

anti-Myc (right panel). *, cleaved forms of MYC-parkin.

Alternatively, cell lysates were used to phosphorylate fusion proteins of
GST carrying parkin, parN. and parC. HEK293 cells were lysed in a
buffer containing 20 mm Tris, pH 7.5, 5 mM magnesium acetate, 5 mm
dithiothreitol, and 0.5% Triton X-100. In case of PKC, 0.5 mM CaCl,, 1 uM
PDBu, and 100 pgiml phosphatidylserine were added. After centrifuga-
tion at 14,000 X g at 4 °C for 10 min, GST-parkin, GST-parN, GST-parC,
or various serine-to-alanine mutants were added to supernatants. Phos-
phorylation reactions were started by adding [v-**PIATP and allowed to
proceed at 30 °C for 30 min in the presence of 4 uM OA and in the presence
or absence of 5 pM hymenialdisine {(donated by L. Meijer), 5 pm H-89
{Biomol}, or 5 uM GF 109203X (Biomol). After the reaction, precipitations
with glutathione-Sepharose (Amersham Biosciences) were caxried out at
4°C for 2 h. Precipitates were washed four times with phosphate-buffered
saline and eluted by 2xX SIS sample buffer.

In Vitro Ubiguitination Assay—FLAG-parkin was transfected into
HEK293T cells. Twenty-four h after the transfection, 1 uM OA was
added to cells and incubated for 50 min. Cells were harvested and
lysed in lysis buffer. Alternatively, GST-parkin immobilized on glu-
tathione-Sepharose, which was phosphorylated by CE-1, PEA, or
PKC was used. Immunoprecipitates using anti-FLAG M2-agarose
(Sigma) or immobilized phosphorylated GST-parkin were washed
three times with lysis buffer and once with ubiquitination buffer (50
mM Tris-HCE, pH 7.4, and 5 mM MgCL,). One md dithiothreitol, 2 mn
ATP, 100 ng of E1 (AFFINITD), 2 ug of UbcH7 (AFFINITI or MBL)
and 5 pg of ubiquitin biotinylated using the EZ-Link Sulfo-NHS
biotinylation kit {(Pierce) were added to the imununoprecipitates. The
reactions were conducted at 30 °C for 90 min and terminated by
sdding 2x SDS sample buffer. Reaction mixtures were resolved by
10% SDS-PAGE, and immunoblot was carried out using anti-FLAG
M2 monoclonal antibody (Sigma) or streptavidin-peroxidase pelymer
(Sigma). Autoubiquitination (biotinylated) of parkin was quantified
by densitometric seanning of the streptavidin-peroxidase developed
blots. Image analysis was done using NIH Image version 1.62 (avail-
able on the World Wide Web at rsb.info.nih.gov/nih-image).

RESULTS

Parkin Is Constitutively Phosphorylated at the N Terminus
and the C Terminus—In order to exaraine whether or not parkin
is phosphorylated, we cavried out in vive phosphorylation assays.
Stable HEK293 and SH-SY5Y transfectants expressing MYC-

parkin were labeled with [**Plorthophosphate. Phosphorylation
was stabilized with OA, which inhibits phosphoprotein phospha-
tase 1, 2A, and 2B. Analysis of Mye-immuncprecipitated parkin
by anatoradiography revealed that fuli-length MYC-parkin under-
goes phosphorylation both in HEK293 cells and SH-SY5Y cells
(Fig. 14). OA treatment also increased the [F?Plorthophoesphate
incorporation inte endogenous parkin present at low levels in
HEK293 and SH-SY5Y cells (Fig. 1B).

To assess which portion of parkin is phosphorylated, we
generated Myc-tagged N-terminal parkin (aa 2-144) (parN}
and C-terminal parkin (aa 294-465) (parC) constructs (Fig.
2A) and established their stable transfectants. Stable transfec-
tants from the middle portion of parkin {aa 145--293) could not
be established, possibly due to folding difficulties of the
polypeptide. Both N-terminal and C-terminal parkin frag-
ments were phosphorylated (Fig. 2B). We also noted in the

anti-Myc immunoprecipitates phosphorylated protein bands

that were possibly cleavage products derived from full-length
parkin (29-31) and resembled the parlN fragments in terms of
92PQ, incorporation and band shift. Retarded electrophoretic
motility of the phosphorylated bands was evident for N-termi-
nal parkin fragments, whereas such a mobility shift was not
observed in parC (Fig. 28). Thus, parkin is phosphorylated in
both N terminus (with mobility shift) and C terminus {without
mobility shift),

In order to further prove that parkin is phosphorylated and
the observed electrophoretic motility shift of parlN is caused by
the covalent incorporation of phosphate, parkin immunopre-
cipitates were dephosphorylated with CIP. For this set of ex-
periments, HEK293 and SH-SY5Y cells were transiently trans-
fected with double-tagged MYC-parkin-V5, MYC-parN-V5, and
MYC-parC-V5 (Fig. 34). Transiently transfected cells were
treated with QA and lysed, and the washed Myc-agarose im-
munoprecipitates were incubated with or without CIP. Then
samples were subjected to 10-15% Tris/glycine gel electro-
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Fic. 3. Dephosphorylation reverses the molecular mass shift of N-terminal parkin both in HEEK283 cells and SH-SYSY cells. A,
schematic representation of MYC-parkin-V5, MYC-parN-V5, MYC-parNM-V5, and MYC-parC-V5. B, the indicated constructs were transiently
transfected into HEK293 cells (left panels) and SH-SY5Y cells (right panels). Twenty-four h after the transfection, 1 pa1 OA (lanes 2, 3, 5, 6, 8, 8,
11, and 12} or Me,S0 (lanes 1, 4, 7, and 10) was added and cultured for 2 h. Immunoprecipitation (1) was carried out using MYC-agarose beads.
Immunoprecipitates were inenbated in the presence (lanes 3, 6, 9, and 12) or absence (lanes 1, 2, 4, 5, 7, 8, 10, and 11) of CIP. Samples were
subjected to 10-20% Tris-glycine gel (Invitrogen) or 15% SDS-PAGE. *, unspecific band. The band shifis of full-length parkin from SH-SY5Y cells
are better seen on a short exposure (inset). C, parkin expression levels in each transient transfectant treated with Me,SO (lanes 1, 3, 5, and 7) or
OA (anes 2, 4, 6, and 8) were confirmed by immunoblotting (/8) of cell lysates using anti-V5 antibody (ower panels).

phoresis, and imimunoblots were probed with anti-V5 antibody,
MYC-parN-V5 immunoprecipitated from OA-treated cells
showed retarded electrophoretic mobility compared with con-
trols (Fig. 3B). Full-length MYC-parkin-Vs also showed slight
band retardation after OA treatment. These phosphorylation-
induced band shifts were observed both in HEK293 and SH-
SY5Y cells, indicating similar phosphorylation patterns in non-
neuronal neuronal cells. The phosphorylation-induced band
retardations were reversed upon CIP treatment (Fig. 3B), con-

firming that phosphorylation in the N terminus of parkin oc-
curs along with a characteristic band shift. Electrophoretic
mobility shift caused by the incorporation of covalent phos-
phate is frequently observed in phosphorylated proteins (e.g.
tau (32) and the C-terminal fragment of presenilin-1 (33)). On
the other hand, band shifts were hardly observed in parNM
and parC, despite the fact that parC was phospherylated in
vive (Fig. 2). Note that a band shift is not always a consequence
of phosphorylation (34).
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Identification of Parkin Phosphorylation Sites—To identify
the phosphorylated residues of parkin in OA-treated cells,
phosphoamino acid analysis was carried out. Stable transfec-
tants of MYC-parkin in HEK293 cells and SH-SY5Y cells as
well as MYC-parN and MYC-parC in HEK293 cells were la-
beled with [**Plorthophosphate in the presence of OA. Myc
immunoprecipitates were subjected to SDS-PAGE and then
transferred onto PYDF. Proteins were eluted from the excised
bands and hydrolyzed. Phosphoamino acid analysis revealed
that parkin was mainly phosphorylated at serine residues in
OA-treated HEK293 cells and SH-SY5Y cells (Fig, 4). Scme
minor threonine phosphorylation was observed, whereas tyro-
sine phespherylation was not evident under these conditions.

There are 30 serine residues in parkin, 14 of them in parlN
and 4 in parC. We carried out site-directed mutagenesis to
identify phosphorylated serine sites. Selected serines with high
phosphorylation probability identified with the NetPhos 2.0
prediction algorithm were substituted by alanine in order to
generate unphosphorylatable forms. Since there are only 4
serines in parC (Ser?®®, 8er®™®, Ser®®, and Ser'®”), we mu-
tagenized all of them. These serine-to-alanine mutants in parN
and parC as well as wild type with Myc tag at the N terminus
and V5 tag at the C terminus were transiently transfected into
HEK293 cells, and then cells were labeled with FZP]orthophos-
phate in the presence or absence of OA. Cell lysates were
subjected to Immunoprecipitation using Myc-agarose beads.
Phosphate incorporation of 81014, 81314, and 8136A muta-
tions under the treatment of OA were reduced compared with
wild type parN (Fig. 54). In the case of {8101AlparN, the
shifted band was no longer detected. Thus, Ser’®? was found to
be the responsible phosphate aceeptor for the motility shift of
parN. *P0, incorporation into the lower band was detectable
but reduced for the S1014, $131A, and S136A mutants of parN.
We also carried out mass spectrometry to determine phospho-
rylation sites in parN and confirmed that Ser'® and Ser'®®
(Fig. 5, B and C) were unambiguously phesphorylated, with
wealker signals for Ser'®! than for Ser'*®. The phosphorylation
of Ser'®! was not detected by mass spectrometry analysis, sinee
Liys-C proteolysis of parlN could not provide complete coverage
of the protein sequence.

In the case of parC, S296A was the enly mutant that re.

vealed a small but reproducible reduction of phosphate incor-
poration compared with wild type parC in the presence of OA
{Fig. 51). No difference of phosphate incorporation between
wild type parC and mmtants S384A and S407A was detected.
However, Ser®™ was clearly identified ag phosphorylation site
using an alternative assay {see below). Taken together, we
discovered that Ser®!, Ser!?l and Ser'®® in the parkin N
terminus as well as Ser®® (Fig. 5) and Ser®™® (see Fig. 7B) in
the parkin C terminus are phosphorylated.

Parkin Is Phosphorylated by CK-1, PKA, and PKC—In vitro
phosphorylation assays were carried out in order to identify
kinases involved in phosphorylation of parkin, Fusion proteins
(38T-parkin, GST-parN, and GST-parC as well as mutations
GST-[S101A}parN, GST-[8131AlparN, GST-[S136AlparN,
GST-18296A]parC, and GST-[S378AlparC were expressed in
Escherichia coli. The recombinant parkin fusion proteins were
incubated in the presence of [y-**PJATP with various protein
kinases. CK-1, CK-2, PKA, PKC were chosen because several
recognition consensus sites for CK-2, PKA, and PKC were
predicted by NetPhos 2.0 algorithm. The antiapoptotic kinase
Akt/PKB1 was also considered, because parkin has been re-
ported to protect dopaminergic cells against apoptosis (19-232).
GST-parkin as well as G8T-parN and GST-parC were effi-
ciently phosphorylated by CK-1, PKA, and PKC, but not by
CK-2 and Akt/PKB1 (Fig. 64). :
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FiG. 4. Parkin is phosphorylated mainly on serine residues.
HEK293 cells (lanes 1-3) and SH-SY5Y cells (lune 4) stably expressing
the indicated MYC-parkin constructs were used for an (2 vivo phospho-
rylation assay labeled with [**Pjorthophosphate. Radiolabeled MYC-
parkin (lares 1 and 4), MYC-parN tlane 2), and MYC-parC (June 3) were
isolated by fmmunoprecipitation and subjected to one-dimensional
phosphoamino acid analysis. :

We analyzed further which kinases were responsible for
selective phosphorylation of residues Ser®, Ser'®!, Ser'®,
Ser?%, and Ser®™®, In vitro phosphorylation assays were per-
formed using GST fusion proteins harboring serine-to-
alanine mutations. Phosphorylation by CK-1 was reduced in
GST-[S101A]parN (Fig. 6B) and GST-[8378A]parC (Fig. 60).
We detected slightly reduced phosphorylation of GST-
[S101A]parN, GST-[S131AlparN and GST-[S136A]lparN by
PKA, which indicates that PKA might possibly phosphorylate
these serine sites, On the other hand, PKC-mediated phos-
phate incorporation was not reduced in the serine-to-alanine
mutants investigated (Fig. 6, 8 and C). Thus, PKC was not
responsible for phosphorylation of these sites.

We further analyzed whether CK-1, PKA and PKC phospho-
rylate GST-parN and GST-parC in cell lysates. Fusion proteins
were incubated with extracts prepared from HEK293 cells,
[v3?PIATP, and OA in the presence or absence of selective
inhibitor of CK-1 (hymenialdisine), an inhibitor of PKA (H-89),
and an inhibitor of PKC (GF 108203X). PDBu was used to
stimulate PKC activity. Consistent with the result from in vitro
phosphorylatien assays (Fig, 6), we found that GST-parN and
(G8T-parC were phosphorylated by cellular extracts in the ab-
sence of inhibitors (Fig. 7, A and B). Both parN and parC
phosphorylation was eompletely inhibited with the CK-1 inhib-
itor hymenialdisine (Fig. 7, A and B), but not in the presence of
the PKA inhibitor H-89. Stimulation of PEKC with PDBu en-
hanced phosphorylation of parlN and parC, and this effect was
reversed with the PKC inhibitor GF 109203X.

Consistent with the in vitro phosphorylation assays (Fig. 6),
each of the serine-to-alanine mutants (S101A, S1314, S1364A,
52964, and S378A) showed reduced phosphorylation in cell
lysates (Fig. 7, A and B). The incorporation of phosphate was
completely abolished when GST-[S378]parN was incubated
with HEK293 lysates. Phosphate incorporation inte the S296A
mutant was also reduced in this assay, but to a lesser extent,
Taken together, parkin is phosphorylated by CK-1, PKA, and
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1. 5. Parkin is phosphorylated at serines 101, 131, 136, and
296 in in vivo phosphorylation assays. A, serines 101, 131, and 136
in MYC-parN-V5 were individually mutagenized to alanine. Bach con-
struet was transiently transfected into HEK203 cells and an ir vive
phosphorylation assay was carried out with [**Plorthophosphate in the
presence or absence of OA. Cells were harvested, and immunoprecipi-
tation using Myc-agarose beads was performed (upper panels). The
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PKC. CE-1 is a strong candidate kinase for phosphoryiation of
Ser'®® in the parkin N terminus and Ser®™® in the parkin C
terminus (Fig. 7C).

Cellular Modulation of Parkin Phosphorylation—After hav-
ing identified experimental conditions affecting parkin phos-
phorylation, we studied how cellular stress would influence
parkin phosphorylation. Parkin has been shown to reduce ox-
idative stress (35) and protect against unfolded protein stress
mediated by proteasome inhibitors (19) and ER stress (8, 11,
18). Thus, we have exposed HEK293 cells stably transfected
with MYC-parkin-V5 to hydrogen peroxide, the proteasome
inhibitor MG132, and the glycosylation inhibitor tunicamycin,
concomitant with stabilization of phogphorylation by OA. As an
alternative means to induce ER stress, cells were transfected
with PaelR-FLAG, an aggregation-prone ER protein that me-
diates ER stress upon overexpression (11). Indeed, aggregation
of PaelR-FLAG was readily detected on FLAG-probed Western
blots (Fig. 8A).

ER stress was confirmed by determination of the eco-regu-
lated ER chaperones Grp78 and Grp84 (36, 37). Tunicamycin
treatment caused induction of GRP78 mRNA, as evidenced by
RT-PCR, as well as Grp78 and Grp94 proteins, as evidenced by
immunoblotting (Fig. 88). PaelR overexpression caused an in-
duction of these ER chaperones in HEK293 cells, an effect that
was greatly reduced in parkin transfectants (Fig. 88). Parkin
expression also attenuated tunicamyein-induced glucose-regu-
lated protein induction (Fig. 8B), consistent with previous re-
ports that parkin protects cells against ER stress (8, 11).

[**P]Orthophosphate incorporation into V5-immunoprecipi-
tated MYC-parkin-V5 was found to be specifically reduced un-
der conditions of protein folding stress. ER stress elicited by
tunicamycin treatment and by PaelR overexpression greatly
reduced overall parkin phosphorylation (Fig. 8). Proteasomal
inhibition with MG-132 reduced parkin phosphorylation, but
less than ER stress (Fig. 8). In contrast, oxidative stress medi-
ated by hydrogen percxide exposure did not affect parkin phos-
phorylation, although eytotoxicity became apparent after pro-
longed exposure to 60 uM H,0,. No ER stress was evidenced
after H 0, treatment (Fig. 8B). Thus, protein folding stress
specifically reduces parkin phosphorylation.

OA-stabilized Phosphorylation of Parkin Suppresses E3 Ac-
tivity—In order to examine whether phosphorylation can af-
fect the enzymatic activity of parkin, in vitro ubiquitination
assays were performed. Since it has been reported that par-
kin is autoubiquitinated {7-9), we used parkin itself as a
substrate. For this purpose, HEK293T cells were transfected
with FLAG-parkin as well as phosphoserine mutants. After
OA or control treatment, cell lysates were prepared, and

lower panels reveal equal transfection efficiencies by immunohlotting
{UIB) using snti-V5 antibody. The closed arrows point to MYC-parN
bands, and open arrows point to band-shifted, phosphorylated bands, B,
MALDI-TOF mass spectrum of MYC-parN-V5 treated with OA after
in-gel digest with endoproteinase Lys-C. The masses of the internal
slandards were us tollows: MH™ — 2465.20-Dy monoisolopic mass of
ACTH-(18--389) and MH™ = 904.47-Da monoisotopic mass of des-Arg-
bradykinin. Parkin-derived fragments were as follows: MH* =
1488.76-Da monoisotopic mass of unphesphorylated Lys-C peptide
Asp*® to Asn™4 MH* = 1568.71-I)a monoisotopic mass of phospharyl-
ated Lysa-C peptide Asp'®® ta Asn'*, and MH* = 1755.08. D monaiso-
topic mass of Lys-C peptide Arg®® to Lys*®. €, the tandem mass spec-
trum of the doubly charged precursor ion (m/z 784.8) allowed the

" identification of the phesphorylation site within the peptide DSIPI'AG-

pSPAGRSIYIN obtained after in-gel digestion with endoproteinase
Lys-C. The phosphorylated amine acid and product ions derived from y
ions by B-elimination of phosphoric acid are assigned. D, experimental
procedures were earried out as described in A, except that scrines 296,
378, 384, and 407 in MYC-parC-V5 were individually mutagenized to
alanine.



3396 Parkin Phosphorylation and Modulation of Its E3 Activity
Pl 2 O & 20 S Fa
$ S5 # BEE B LES
A & ﬁg‘}{? & eff‘}%«z@d & s‘éﬁf‘gé $EEE & & 0‘3‘:’%
145 o ]
28 o
o3 - “ o
G @y 4 el | o
2
- < parkin
. e ‘j‘\.. 4 narC
(Co) - - < P
- - 4~ GST
CK-f cK2 PKA PKC AKI/PEB
2 a\‘“\iig:@é * n\‘”\ﬁiﬁ\f & e\‘g‘?&f & .ep%ié ‘.;gg‘?b 4@‘%{;@0
e S N oy e it
B £E5E% 080 % B80T € SRS e oEFE
) PRy = 8l 1. ; S
0z} 2p) m] sl
(Co) (CO)- j ,— _ N m

CK-1

CK-1 PKA PKC

¥16. 6. CK-1, PKA, and PEC phosphorylate parkin. A, GST-parkin, G8T-parN, and GST-parC were incubated with purified CK-1, CK-2,
PKA, PRC, and Akt/PKB1 in the presence of [y-*?PJATP. Reaction mixtures were subjected to 12% SDS-PAGE. Phosphorylated fasion proteins
were detected by autoradiography (upper panels). Phosvitin, histone, or GSK fusion protein was used ag control substrate to confirm activity of
COK-1/CK-2, PKA/PKC, or AKt/PKB1, respectively. Equal fusion protein loadings were shown by Coomassie staining (ower panels). B and C, in vitro
phosphorylation assays were carried out with CK-1 (left panels} PKA (middle panels), and PRC (right panels) using the indicated GST-parN (8)

or GST-parC (C) substrates. Experimental procedures were carried out
Coomassie staining (fower panels).

anti-FLAG immunoprecipitates were added for reconstitu-
tion of an ir vitre ubiguitination assay. The formation of high
molecular weight smears of biotin-ubiquitin in the FLAG
immuneprecipitates revealed autoubiquitination of parkin.
Overall phosphorylation upon OA treatment of wild-type
parkin-transfected cells caused some reduction of parkin
autoubiquitination (Fig. 94).

To provide more quantitative measures of the effect of phos-
pherylation on parkin activity, we conducted autoubiquitina-
tion assays using recombinant GST-parkin phosphorylated in
vitro with CK-1, PKA, and PKC. Parkin phosphorylation by
these kinases reduced parkin activity (Fig. 9B). fn vitro phos-
phorylation of GST-parkin decreased its autoubiquitination ae-
tivity by 24 =+ 8% (n. = 4) in the case of CK-1, by 44 = 5% (n =
3) in the case of PKA, and by 39 = 12% (n = 3) in the case of
PKC (Fig. 9C). Thus, phosphorylation of parkin appears to
down-regulate its ubiquitin ligase activity.

In the attempt to identify individual regulatory phosphoryl-
ation sites within parkin, we investigated FLAG-tagged con-
structs of the phosphorylation site serine-to-alanine and -as-
partate mutants identified above. None of the individual
phosphorylation sites investigated appeared to exert a unigue
regulatory role, as evidenced from densitometric quantification
of the autoubiquitinated parkin bands (results not shown).
Thus, if parkin E3 activity is regulated by phosphorylation, it
must arise from multiple sites.

DISCUSSION

Here we demonstrate that parkin is phosphorylated both in
nonneurorral and neuronal cell lines. Parkin appears to be
dephosphorylated rapidly under steady state conditions, be-
cause the phosphate incorporation was hardly observed with-

as described in A. Equal substrate protein loading was confirmed by

out stabilization with OA. At least 5 serine residues were
identified as phosphorylation sites. The kinases CK-1, PKA,
and PKC were found to phosphorylate parkin. In cells exposed
to the Parkinson’s disease relevant protein folding stress (38),
overall parkin phosphorylation decreased. Unphosphorylated
parkin tended to be more active. These findings suggest that
phosphorylation of parkin contributes to the regulation of its
ubiquitin ligase activity upon unfolded protein stress.

Phosphoamino acid analysis revealed that serine sites are
mainly phosphorylated in OA-treated cells. Threonine residues
may also be phosphorylated in parkin, because a weak signal
was clearly detected. Site-directed mutagenesis combined with
in vive and in vitro phosphorylation assays led to the identifi-
eation of Ser'®, Ser'®’, Ser!®®, Ser?® and Ser®® as phospho-
rylation sites in parkin. The corresponding serine-to-alanine
mutants showed reduced, but not abolished incorporation of
phosphate. Thus, multiple phosphorylation sites exist in
parkin,

CK-1, PKA, and PKC were identified as putative parkin
kinases. Specifically, CK-1 is one kinase to phosphorylate
Ser'®? and Ser®™®, because mutations of these sites to alanine
strongly reduced incorporation of phosphate. However, the pos-
sibility cannot be excluded that other kinases are involved in
phosphorylation at these serine sites. CK-1 is an unexpected
kinase to phosphorylate parkin because there is no CK-1 rec-
ognition consensus sequence ((IVEMX(S/T)) in the amino acid
sequence of parkin, CK-1 is ubiquitously expressed and in-
volved in various important cellular processes, including signal
transduction. We also observed a slightly reduced incorpora-
tion of phosphate by PKA in 81014, 81314, and 8136A, which
means that PKA may contribute to phosphorylation of these
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Fig. 7. Phosphorylation of N termi-
nus and C terminus by the extracts
from HEK293 cells. A and B, celiular
extracts from HEK293 cells were incu-
bated with GST-parN (4), GST-parC (B),
and various serine-te-alanine mutants
plus [v-**PJATP and 4 uM OA in the pres-
enee or absence of CK-1-selective inhibi-
tor hymenialdisine (5 uM), PKA-selective
inhibitor H-89 (5 pM), and PKC-selective
inhibitor GF 109203X (5 uM). In order to
stiraulate PEC, 1 uM PDBu was added.
After the incubation, the precipitation us-
ing glutathione-Sepharose was carried
out and subjected into 12% SDS-PAGE.
Phosphorylated fusion proteins were de-
tected by autoradiography (upper panels).
Coomassie stain was carried out Lo prove
the equal protein loading (fower panels).
C, the arrows indicate phosphorylation
sites in parkin. DMSQ, Me, 80,

60uM H,0,
20pg/ml TUN

no additives

50uM MG132
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F16. 8. Phosphorylation of parkin is
reduced by ER stress, A, HEK293 cells
stably expressing MYC-parkin-V5 were
subjected to in vivo phosphorylation as-
say directly (lunes I-4) or 24 h after tran-
sient transfection with PaelR-FLAG (lane
5). During the 2P0, labeling, 1 um QA
{lanes 1-5) plus no additives Uanes 7 and
5), 60 i H0, (lane 2), 20 pg/m} tunica-
mycin (lane 3), or 50 uM MG132 (ane £
were administered. Anti-V56 immuneo-
precipitates were subjected to 12%
SDS-PAGE. After electroblotting, phos-
phorylated proteins were detected by
antoradiography (upper panel), and
equal expressionfloading was confirmed
by probing with anti-V5 (middie panel).
Overexpression and aggregation of
PaelR-FLAG was confirmed on parallel
immunobiots (J/B) probed with anti-
FLAG (lower panel). B, ER stress was
determined by immunoblotting of Grp78
and Grp94 protein (upper panels) and
RT-PCR of GRP78 mRNA Uower panels)
in HEK293 cells stably transfected with
MYC-parkin-V5 (anes I-8) or in un-
transfected HEK293 cells (lanes 6-10).
All cells were treated for 3.5 h with 1 uM
OA plus no additives (lanes 1, &, 6, and
109, 60 M H,0, (lanes 2 and 7), 20 pg/ml
tunicamyecin anes 3 and 8), or 50 uM
MG132 (lanes 4 and 9).
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A

#1¢, 9. Phosphorylation down-regu-
lates parkin auntoubiquitination ac-
tivity. 4, cellular extracts from trans-
fected HEK293T cells in the presence or
absence of OA and Me,SO were subjected
to immunopreeipitation (IP) using FLAG
M2-agarose. Immunoprecipitates were in-
cubated with E1, E2 (UbcHT), and biotin-
ubiquitin at 30°C for 90 min reaction
{rxn} time (upper panel). Reaction mix-
tures were subjected to 10% SDS-PAGE

IP:
IB:

Flag
SA

FLAG-parkintDMSO

FLAG-parkin
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B

+ PKA
+ PKC

arkin
-parkin

FLAG-parkin+DMSO
P

vector

GST-parkin + CK1
GST

GST

FLAG-parkin+OA
GST

GST-parkin
GST-parkin

and transferred onto PYDF membrane.
Ubiquitinated parkin proteins were ana-
lyzed by immunioblot (B} with streptavi-
din-peroxidase polymer (pper punel). To-
tal lysates were analyzed by immunoblot
with anti-FLAG antibody (lower panel).
B, GST-parkin immobilized on glutathi-
one-Bepharose was phosphorylated by
CK-1, PKA, or PKC. The same experi-
mental procedure was carried out as de-
geribed in 4. C, signal intensities of the
streptavidin-binding biotinylated ubiq-
nitin smears generated in experiments
performed as described in B were quanti-
fied by densitometric scanning and ex-
pressed as a pereentage of unphosphoryl-

148 —
98 =

64—
50—

36—

rxn time 0 60min

ated parkin activity. Errar bars, S.E. of

four (CK-1) and three (PKA and PKC)
experiments, respectively.

rxn time 0

90min

IB: Flag

sites. PKC is able to phosphorylate parkin but is not responsi-
ble for the serine sites investigated here.

Since three identified phosphorylation sites were located in the
linker region, and it has been reported that the ubiquitin-like
domain interacts with Rpnl0, a subunit of 19 8§ in proteasome
(39), we also investigated whether parkin phosphorylation could
affect proteasome activities. Each serine-to-alanine or -aspartate
mutants still had almost the same level of activities as vector
eontrols (data not shown), The RING-IBR-RING motif of parkin
is important to interact with E2 co-enzymes. However, S296A
and 8378A did not consistently show reduced levels of ubiquiti-
nation by in vitre ubigquitination assays (data not shown). Al-
though the RING-IBR-RING muotif is crucial for parkin ubiquitin
ligase function, single site phosphorylation in this domain ap-
pears to have no effect on antoubiquitination, Nevertheless, OA-
mediated overall phosphorylation of parkin slightly reduced its
T3 enzymatic activity. The regulation of parkin E3 activity must
be due to multiple phosphorylation sites.

ER stress (but not oxidative stress) was found to specifically
reduce parkin phosphorylation levels. Specifically, we found
that QA-stabilized phosphorylation of parkin or phosphoryla-
tion by identified parkin kinases caused a small but significant
reduction of parkin autoubiquitination activity. More in vive
work is needed to elucidate if and how parkin phoesphoerylation
affects the activity and recognition of the various substrates of
the E3 ubiguitin ligase parkin. In fact, some of the polyubiq-
uitin signals detected in the in vitro E3 assay (Fig. 8) may arise
from ubiguitination of co-purified, parkin-associated ubiquitin
ligase substrates.

Because CK-1 appeared to be a major parkin kinase (Fig. 7),
further investigations of signal transduction events involving

. . o5 ¢ g 4
i

CK-1 might be particularly revealing for the regulation of par-
kin E3 ubiquitin ligase activity. More generally, the involve-
ment of parkin phosphorylation in the ER unfolded protein
stress response {Fig. 8) might contribute to the understanding
of parkin as dopaminergic neuron survival factor.

Taken together, we suggest that the reduced phosphoryla-
tion of parkin in ER stressed cells contributes to the up-regu-
lation of parkin E3 ubiguitin ligase activity, which is believed
to suppress cytotoxicity due to unfolded protein stress.
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(CHIP) mediates poly-ubiquitylation preferentially on four-repeat
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Abstract

Neurafibrillary tangles (NFTs), which are composed of
hyperphosphorylated and ubliquitylated tau, ate exhibited at
regions where neurcnal loss occurs in neurodegenerative
diseases, however, the mechanisms of NFT formation remain
unknown. Molecular studies of frontotemporal dementia with
parkinsonism-17 demonstrated that increasing the ratio of tau
with axon 10 insertion induced fibrillar tau accurmulation. Here,
we show that carboxyl terminus of Hsc70-interacting protain
{CHIP), a U-box protein, recognizas the microtubule-binding
repeat region of tau and preferentially ubiquitylates four-re-

peat tau compared with three-repeat tau. Qverexpression of
CHIP induced the prompt degradation of tau, reduced the
formation of detergent-insoluble tau and inhibited proteasome
inhibitor-induced celf death. NFT bearing neurons in pro-
gressive supranuclear palsy, in which four-repeat tau is a
component, showed the accumulation of CHIP, Thus, CHIP is
a ubiquitin ligase for four-repeat tau and maintains neuronal
survival by regulating the quality control of tau in heurons.
Keywords: carboxyl terminus of Hsc70-interacting protein,
neurodegeneration, heurofibrillary tangle, tau, ubiquitylation.
J. Neurochem. {2004} 91, 299-307,

Protein aggregation causes the pathological lesions associ-
ated with neurodegenerative disorders (Kopito and Ron
2000). Neurofibrillary tangles (NFTs) emerge when patho-
logical tau protein aggregates accumulate in neurons and
form paired helical filament-tan proteins. These aggregates
are composed of both ubiquitylated and highly phosphoryl-
ated tan and are characteristic of several neurodegenerative
diseases, including Alzheimer’s disease (Selkoe 2000; Lee
et gl. 2001; Hardy and Selkoe 2002), Of the several kinases
that play a role in the hyperphosphorylation of paired helical
filament-tau (Ishiguro et al. 1993; Morishima-Kawashima
et al. 1995; Goedert er gl 1997), GSK-3p and INK
hyperphosphorylation leads to the formation of paired helical
filament-like, detergent-insoluble tau (Sato ef af. 2002). Tau
gene mutations have recently been reported to cause
frontotemporal dementia with parkinsonism-17, which has
been characterized as exhibiting NFTs and neuron loss

without B-amyloid peptide deposition in autopsied human
brains, demonstrating that tau abnormalities alone can cause
NFTs and neuronal death. While exonic mutations, such as
P301L, affect the biochemical nature of tau and promote the
self-assembly of mutant tan into filaments, intronic mutations

. within exon 10 or its 5 splice regulatory region alter the ratio
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of tau isoforms. In general, these mutations affect exon 10
splicing pattems thus altering the relative propertions of four-
and three-repeat tau that are expressed. An increase in four-
repeat tau induces the accumuiation of four-repeat tau and
NFT formation. We assumed that an impaimment in a
mechanism for four-repeat tau degradation would lead to
four-repeat tau accumulation. As tau in NFTs is ubiquityl-
ated, the ubiquitin proteasome may be the mechanism
responsible for tan degradation in neurodegeneration (Meor
et af. 1987) and the deterioration of this system might
contribute to NFT formation. However, the mechanism by
which the ubiquitylation of tau occurs is still unknown.

Protein ubiquitylation is mediated by a multienzyme
cascade involving at least three distinct types of enzymes,
a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating
enzyme (E2) and a ubiquitin-protein ligase (E3) (Hershko
1983). E3 enzymes catalyse the final step for substrate
recognition in the ubiquitylation pathway. Currently there are
two known E3 ligases, the HECT family E3s and adaptor
E3s containing a RING finger or a U-box (Weissman 2001;
Hatakeyama and Nakayama 2003). The carboxyl terminus of
Hsc70-interacting protein (CHIP) has a UF-box domain and
was originally identified as a tetratricopeptide repeat (TPR)-
containing protein that interacts with mammalian heat shock
protein Hsc/Hsp70 (Ballinger er al. 1999). CHIP binds
directly to the molecular chaperones Hsp90 or Hsc70 via
TPR domains; therefore, when unfolded or misfolded
proteins accumulate, CHIP may coniribute to the cellular
response. The combination of CHIP and Hsp90 mediates the
ubiquitylation of the glucocorticoid receptor and CHIP with
Hsc70 targets the jmmature cystic fibrogis transmembrane
conductance regulator for proteasomal degradation (Connell
et al. 2001; Meacham et al. 2001). We recently showed that
the level of Hsp90 is reduced in tau-accumulated neurons of
Tg mice expressing frontotemporal dementia with parkin-
sonism-17 tau mutetions (Tanemura et al. 2001, 2002;
Tatebayashi et al. 2002; Dou et al. 2003). This prompted
us to investigate the possible involvement of CHIP in the
poly-ubiquitylation of tau.

Materials and methods

Cell culture

HEK293T, COS7 or Neuro2A cells were cultured under an
atmosphere of 5% COj at 37°C in Dulbecco’s modified Eagle's
medium (Invitrogen; Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (Invitrogen).

Cloning ¢cDNAs and plasmid construction

The expression plasmids containing FLAG- or Myc-tagged mouse
CHIP, mutants of these ¢cDNAs [UFD2a, UED2b, PRP19, IxBa,
IKX?, haemaglutinin (HA)-tagged ubiquitin and wild type (four-
and three-repeat)] and tau mutants were generated as previously

described {Hatakeyama et al. 2001). To generate the mutant
(P301L) of tau or Hsc70, we performed site-directed mutagenesis
with a Quick Change kit (Stratagene, La Jolla, CA, USA) and with
mutated oligonucleotide primers corresponding to each site.

Production of recombinant proteins in bacteria

Glutathione S-transferase (GST) fusion proteins were expressed in
Escherichia coli strain DS« cuitured in the presence of (.1 mn
isopropyl-p-p-thiogalactopyranoside. Bacterial cells were resus-
pended in phosphate-buffered saline and lysed by sonication,
cellular debris was removed by centrifugation for 20 min at
13 000 g.  Glutathione-Sepharose 4B beads  (Amersham
Biosciences, Piscataway, NJ, USA) were added to the resulting
supernatant fluid and the mixture was rotated at 4°C ovemight.
The beads were washed in phosphate-buffered saline and GST
fusion proteins were eluwted with 50 mm Trs-HCl (pH 8.0)
containing 10 mM reduced glutathione.

Transfection, immunoprecipitation and immunecblot analysis

Cells were transfected using the calcium phosphate method and
Iysed in a lysis buffer containing 50 mm Trs-HC! (pH 7.4),
150 mx NaCl, 1% nonidet P-40, leupeptin (10 pgfml), 1 mm
phenylmethylsulfonyl fluoride, 400 pym NagVO,, 400 pm EDTA,
I mym BGTA, 10 mm NaF and 10 mmv sodium pyrophosphate. The
lysate was centrifuged at 16 000 g for 10 min at 4°C and the

© resulting supematant fluid was incubated with antibodies for 2 h at

4°C. Protein G-Sepharose equilibrated in the same buffer was added
to the mixture, which was then rotated for 1 h at 4°C. The resin was
separated by centrifugation, washed four times with lysis buffer and
then boiled in sodium dodecyl sulfate (SDS) sample buffer.
Immunoblot analysis was performed with the following primary
antibodies: anti-Myc (1 pg/mL; 9E10, Covance Inc., Princeton, NJ,
USA), anti-FLAG (1 pg/ml; MS, Sigma-Aldrich, St. Louis,
MO, USA), anti-HA (1 pg/mL; HA.11/16B12, Babco, Berkeley,
CA, USA), anti-Hsp90 (1 pg/mL; 68, Transduction Laboratories,
San Jose, CA, USA), anti-Hsp70 (1 pg/ml; 7, Transduction
Laboratories), anti-CHIP (1 pg/mL, Hatakeyama and Nakayama
2003), p275P! (1 pg/mL; 57, Transduction Laboratories) and anti-
ubiquitin (1 pg/mL; 1B3, MBL International, Woburn, MA, USA).
Tmmune complexes were detected with horseradish peroxidase-
conjugated antibodies to mouse or rabbit immunoglobulin
G (1:10000 dilution; Promega Corporation, Madison, WI,
USA) and an enhanced chemiluminescence system (ECL;
Amersham Biosciences).

Isolation of insoluble tau from cell lines

Cells were lysed with ristocetin-induced platelet agglutination buffer
containing 1% SDS. Cell Iysate (2 mg) was centrifuged for 20 min
at 100 000 g at 4°C. The resulting pellet was washed four times with
300 uL of ristocetin-induced platelet agglutination buffer using a
sonic homogenizer. The insoluble pellet was solubilized in 70%
formic acid for use in the immunoblot analysis or resuspended in
100 mv Tris-HCL (pH 8.3) for examination using electron micros-
copy. Following centrifugation for 20 min at 100 (00 g at 4°C, the
formic acid fraction was collected, air-dried and subjected to
immunoblot analysis after suspension in SDS gel loading buffer.
The samples were resolved an SDS-polyacrylamide gel electro-
phoresis and immunoblot analysis was performed.
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In vitro ubiquitylation assay

The in vitro ubiquitylation assay was performed as described
previously (Hatakeyama ef al. 2001). In brief, reaction mixtures
(20 uL) containing 1 pg of recombinant GST-CHIP, 0.1 ug of
recombinant rabbit E1 (Boston Biomedica, Boston, MA, USA),
1 uL of recombinant human Ubc4, 0.5 U of phosphocreatine kinase,
1 pg of GST-Ub (MBL), 25 mm Tris-HCI (pH 7.5), 12¢ mm NaCl,
2 mM ATF, 1 mm MgCl,, 0.3 mM dithiothreitol and 1 mM creatine
phosphate were incubated for 2 h at 30°C. The reaction was
terminated by the addition of $DS sample buffer confaining 4%
ZME and heating at 95°C for 5 min. Samples were resolved by
SDS—polyacrylamide gel electrophoresis on a 6% gel and then
subjected to immunoblot analysis with a mouse monoclonal
antibody to tau (clone 15; Transduction Laboratories) and horse-
radish peroxidase-conjugated rabbit polyclonal antibody to mouse
Ig (Promega). Signals were detected with ECL {Amersham
Pharmacia}.

Pulse-chase analysis with cycloheximide

Cells were cultured with cycloheximide at a concentration of 50 pg/
mL and then incubated for various times, Cell lysates were then
subjected to SDS—polyacrylamide gel electrophoresis and immuno-
blot analysis with antibody to Myc, Hsp90, FLAG and p27%%P1,

RNA interference and retroviral infection

The retroviral expression vector, which encodes the double-stranded
RNA cotresponding to nucleotides 864-883 of the mouse CHIP
coding region or to enhanced green fluorescent protein (EGET), was
constructed using pMX-puro, kindly provided by Dr Kitamura
{Osaka University, Graduate Schoeol of Medicine, Osaka, Japan). For
refrovirus-mediated gene expression, Neuro2A cells were infected
with retroviruges produced by Plat-E packaging cells and then
cultured in the presence of 0.2 pg/mL puromycin (Sigma).
pMX-neo vector was used for Myc-tan (P301L).

Induction and detection of cell death

Stable Neuro2A cell lines were cultured with 20 pa MG132
{Peptide Institute, Osaka, Japan) and incubated for 24 h; the cell
number was counted after trypan blue staining.

Immunchistotochemical staining

Brains were immersion fixed with 10% buffered formalin and
paraffin-embedded sections {(2—-10 pm) were prepared for confocal
microscopic analyses. Deparaffinized sections were freated in either
0.1% Triton X-100 in phosphate-buffered saline for 20 min or
Target Retrieval Solution (Dake Cytomation Denmark A/S,
Glostrop, Denmark). AT8 and anti-CHIP were used as primary
anfibodies and then incubated with either Alexa488/563-conjugated
anti-mouse IgG or Alexad88/568-conjugated anti-rabbit IgG. Sec-
tions were then examined with & Radiance 2000 KR3 confocal
microscope (Bio-Rad Laboratories, Hercules, CA, USA).

Results

We first examined the mvolvement of U-box proteins in tau
ubiquitylation, The overexpression of UFD2a, UFD2b or
PRP19 U-box proteins had no effect on tan ubiguitylation
compared with control, which showed only minimal tau

U-box protein CHIF 301

ubiquitylation with endogenous E3 ligases (Fig, 1a). Only
CHIP overexpression exhibited poly-ubiquitylated tau
(Fig. 1a), suggesting that CHIP participates in this ubiqui-
tylation process. To confirm this result, various combinations
of tau, Myc-CHIP and HA-tagged ubiquitin were expressed
in COS7 cells and tau was purified from the heat-stable
materials of each cell lysate by immunoprecipitation using an
anti-tau antibody. Tau from Myc-CHIP- and HA-tagged
ubiquitin-coexpressing cells revealed anti-HA immunoreac-
tivity, suggesting that tau protein is covalently modified by
ubiquitin under the expression of CHIP (Fig. 1b). This result
was verified by purifying ubiquitylated protein from CHIP-
and tau-expressing cells. Using an Ni column, ubiquitylated
proteins were purified from cells expressing tau, histidine-
tagged Ub with or without CHIP. CHIP expression greatly
enhanced the recovery of ubiquitylated tan in elution
fractions 1 and 2 (Fig. 1¢} and the ubiquitylated tan by
CHIP was about 3.4% of tota] tau. Thus, CHIP is an E3-
ubiquitin ligase for tau and the overexpression of CHIP
increases tan ubiquitylation in an in vive system. To further
confirm the ubiquitylation of tau by CHIP, we reconstituted
ubiquitylated tau in an ir vitre ubiquitylation assay with
these recombinants; El, E2 (UbcHS5C), GST-ubiquitin
(GST-Ub), GST-CHIP and His-tau were required for tau
ubiquitylation (Fig. 1d). Unexpectedly, chaperone proteins,
phosphorylated tau or other such factors were not required
for tau ubiquitylation by CHIP. Thus, these results indicated
that CHIP alone can ubiquitylate even non-phosphorylated
tau in vitro.

To test the interaction between tau and CHIP in vivo,
mutants with CHIP and tau deletions (Fig. 2) were prepared
and expressed in HEK293 or COS7 cells. Full-length tau
could bind to full-length CHIP but not to CHIP {AU) lacking a
U-box dornain, CHIP (ATPR) lacking a TPR or CHIP (ACU}
lacking both the charged region and U-box (Fig. 2a).
Conversely, fall-length CHIP could associate with fili-length
tau (four-repeat) and with the region lacking the N-terminus
of tau (R-C) but not with the region lacking the repeat regions
(AR) (Fig. 2b). These findings suggest that CHIP associates
with the microtubule-binding repeat regions of tau. We furtber
investigated the interaction and ubiquitylation of CHIP on
four- and three-repeat tau (Fig. 2c). Three-repeat tau was less
efficiently ubiquitylated by CHIP (Fig, 2d) and the associ-
ation of three-repeat tau and CHIP was much less than for
four-repeat tau (Fig. 2¢). Thus, CHIP might recognize around
the second repeat region of tau, which corresponds to exon
10 and preferentially ubiquitylates four-repeat tau.

We next investigated the effects of CHIP on the stability of
fau in Neuro2 A cells stably expressing Myc-tau (P301L) and
FLAG-CHIP (Fig. 3a). The stability of tau (P301L) was
examined by cyclohexamide-chase analysis. After cyclohex-
imide treatment, endogenous p27**! protein rapidly degra-
ded (Fig. 3a, two blots from botiom) and endogenous HSPS0
protein remained stable for over 30 h (Fig. 3a, third and
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Fig. 1 Carboxyl terminus of Hsc70-interacting protein (CHIP)
expression enhances the ubiquitylation on tau in vivo. {a) Specific
ubiquitin ligase activity of CHIP for tau. The expression vectors
for FLAG-UFDZ2a, -UFD2b, -CHIP, -PRP19, Myc-tagged human four-
repeat tau and HA-tagged ubiquitin (HA-Ub) were transfected into
HEK293T cells, the cefl lysates were immunoprecipitated with anti-Myc
mengclonal antibedy and an anti-HA immunoblot was performed to
detect the ubiquitylation on tau. Ten percent of cell lysates were used
as WCE to detect the expression of each pratein, (b) In vivo ubiqui-
tylation assay for tau with GHIP, The expressian vectors far Myc-CHIP,
tau and HA-Ub were transfected into COS7 cells, the cell lysates ware
then immunoprecipitated with anti-tau monoclonal anthody and an
anti-HA immuncblot was performed to detect the ubiquitylation on tau.

fourth blots from top) when CHIP and tau were overex-
pressed together (Fig. 3a, third and seventh blots) and when
tau alone was overexpressed (Fig. 3a, fourth and eighth blots
from the top). Tau remained stable for over 30 h only in cells
overexpressing tau (Fig. 3a, first blot), whereas the overex-
pression of CHIP enhanced tau degradation (Fig. 3a, second
blot) without changing the exogenous expression level of
CHIP (Fig. 3a, sixth blot from top). Moreover, tau ubiquit-
ylated by CHIP accumulated when treated with the protea-

5Tt T

HeTa

Ten percent of cell lysates were used as WCE 1o detect the exprassian
of each protein. (¢} Fractionation of ubiquitylated tau from a cell
exprossing CHIP. The expression vectors for Myc-CHIP, tau and HA-
Ub were transfected into COS7 cells, the cell lysates were then
fractionated using an Ni column and an anti-tau immunoblot was
parformed fo detect the ubiquitylation on tau. Five percent of cell
lysates were used as WCE to detect the expression of each protein.
{d} In vitro ubiquitylation assay for tau with GHIP. Each component
[ATP, glutathione S-transferase (GST)<Ub, E1, Ubcd, GST-CHIP
and His-tau] was mixed, incubated at 30°C for 2 h, subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis and then
immunoblotted with anti-tau monoclonal antibedy. IB, immunoblat; 1P,
immunopracipitate; WCE, whaole cell lysate.

some inhibitor lactacystin (Fig. 3b) These results suggest that
CHIP induces the ubiquitylation of tau which is followed by
degradation via proteasome. The effects of CHIP on the
stability and ubiquitination of tan were not different between
the P301L mutant and wild tan.

Knowing that CHIP recognizes and ubiquitylates fau
and that this is followed by proteasome degradation, we
investigated the role of CHIP in SDS-insolubie tau
formation, ope of the biochemical features of paired

© 2004 International Society for Neurochemistry, J. Newrochem. (2004) 91, 299-307
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Fig. 2 Interaction between carboxy! terminus of Hsc70-interacting
protein (CHIP} and four-repeat (4R) tau, (a) /n vivo interaction between
CHIP and tau, GHIP (FL} has the fulldength {1-304) of CHIP. CHIP
(AU}, CHIP (ATPR} and CHIP (ACU) cantain daletions of the U-box
domain (222-304), tetratricopseptide repeat (TPR) domain (1-128) and
charged region plus U-box domain {125-304), respactively. Black and
gray boxes show the TPR and U-box domains, respectively. The
expression vectors for full-length and mutants of FLAG-CHIP and Myc-
tau (4R) were transfected into HEK293T cells, the cell lysates were
immunoprecipitated with anti-Myc monoclonal antibody and anti-FLAG
immunoblot was performed to detect the association with FLAG-CHIP
orits mutants. Ten percent of cell lysates were used as WCE to detect
the expression of each protein. Myc-IxBu and FLAG-IKK were ysed for
negative controls. (b) Repeat domain of 4R tau interacts with CHIP.
Tau (4R} is the longest form of 4R tau. Tau (AR} and tau (R-C) are the
deletion of the 4R domain (256-441) and the N-terminal halt (1-255),
respactively. Black box shows repeat domain. The expression vectors
for Myc-CHIP and truncated tau (4R) were transfected into COS7 cells,

helical filament-tau, using Neuro2A coexpressing fronto-
temporal dementia with parkinsonism-17 mutant tan
(P301L) with or without FLAG-CHIP. The expression of

the cell lysates were immunoprecipitated with anti-Myc monocienal
antibody and anti-tau immunoblot was performed to detect the
association with Myc-CHIP, The amount of immunoprecipitated CHIP
was the same in all cell lysates (bottom panel). Ten percent of cell
lysates were used as WCE to detact the expression of each protein, (¢)
Assaciation of CHIP with 4R and three-repeat tau (3R). cDNAs des-
cribed on the top of the blots were transfected into COS7 cells and cell
lysates were immunoprecipitated using anti-myc antibody. Immuno-
precipitants were probed hy the anti-tau antibody TauG or anti-poly-
clonal antibody Myc. The amourit of immunoprecipitated CHIP was the
same in all cell lysates (bottom panel). {d) Ubiquitylation of 4R and 3R
tau by CHIP. Each combination of cDNAs was transfected into COS7
cells, After immunoprecipitation of heat-stable materials using anti-tau
antibody (HT7), immunoprecipitants were probed by anti-HA or tau C.
The amount of inmunoprecipitated tau was the same in all cell lysates
(anti-tau 1B panel in anti-tau IP panels) while the tau expression level
was different.

P301L mutant tau induced the formation of SDS-insoluble
tau and enhanced the recovery of tau in the SDS-insoluble
fraction (formic acid-soluble fraction) by treatment with
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