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Dorfin, a RING-IBR type ubiquitin ligase (E3), can
ubiquitylate mutant superoxide dismutase 1, the causa-
tive gene of familial amyotrophic lateral sclerosis (ALS).
Dorfin is located in ubiquitylated inclusions (UBIs) in
various neurodegenerative disorders, such as ALS and
Parkinson’s disease (PD). Here we report that Valosin-
containing protein (VCP) directly binds to Dorfin and
that VCP ATPase activity profoundly contributes to the
E3 activity of Dorfin. High through-put analysis using
mass spectrometry identified VCP as a candidate of Dor-
fin-associated protein. Glycerol gradient centrifugation
analysis showed that endogenous Dorfin consisted of a
400-600-kDa complex and was co-immunoprecipitated
with endogenous VCP. In vitro experiments showed that
Dorfin interacted directly with VCP through its C-ter-
minal region. These two proteins were colocalized in
aggresomes in HEK293 cells and UBIs in the affected
neurons of ALS and PD. VCPX%%244, 3 dominant negative
form of VCP, reduced the E3 activity of Dorfin against
mutant superoxide dismutase 1, whereas it had no effect
on the autoubiquitylation of Parkin. Our results indi-
cate that VCPs functionally regulate Dorfin through di-
rect interaction and that their functional interplay may
be related to the process of UBI formation in neurode-
generative disorders, such as ALS or PD.

Amyotrophic lateral sclerosis (ALS)! is one of the most com-
mon neurodegenerative disorders, characterized by selective
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motor neuron degeneration in the spinal cord, brain stem, and
cortex. Two genes, CuZn-superoxide dismutase (SOD1) and
amyotrophic lateral sclerosis 2 have been identified as respon-
sible genes for familial forms of ALS. Using mutant SOD1
transgenic mice, the pathogenesis of ALS has been partially
uncovered. The proposed mechanisms of the motor neuron de-
generation in ALS include oxidative toxicity, glutamate recep-
tor abnormality, ubiquitin proteasome dysfunction, inflamma-
tory and cytokine activation, dysfunction of neurotrophic
factors, damage to mitochondria, cytoskeletal abnormalities,
and activation of the apoptosis pathway (1, 2).

In a previous study (3), we identified several ALS-associated
genes using molecular indexing. Dorfin was identified as one of
the up-regulated genes in ALS, which contains a RING-IBR (in
between ring finger) domain at its N terminus and mediated
ubiquitin ligase (E3) activity (3, 4). Dorfin colocalized with
Vimentin at the centrosome after treatment with a proteasome
inhibitor in cultured cells (4). Dorfin physically bound and
ubiquitylated various SOD1 mutants derived from familial
ALS patients and enhanced their degradation, but it had no
effect on the stability of wild-type SOD1 (5). Overexpression of
Dorfin protected neural cells against the toxic effects of mutant
SOD1 and reduced SOD1 inclusions (5).

Recent findings indicate that the ubiquitin-proteasome sys-
tem is widely involved in the pathogenesis of Parkinson’s dis-
ease (PD), Alzheimer’s disease, polyglutamine disease, and
Prion diseases as well as ALS (6). From this point of view, we
previously analyzed the pathological features of Dorfin in var-
ious neurodegenerative diseases and found that Dorfin was
predominantly localized not only in Lewy body (1.B)-like inclu-
sions in ALS but also in LBs in PD, dementia with Lewy bodies,
and glial cell inclusions in multiple system atrophy (7). These
characteristic intracellular inclusions composed of aggregated,
ubiquitylated proteins surrounded by disorganized filaments
are the histopathological hallmark of aging-related neurode-
generative diseases (8).

A structure called aggresome by Johnston et al. (9) is formed
when the cell capacity to degrade misfolded proteins is ex-
ceeded. The aggresome has been defined as a pericentriolar,
membrane-free, cytoplasmic inclusion containing misfolded
ubiquitylated protein ensheathed in a cage of intermediate
filaments, such as Vimentin (9). The formation of the aggre-
some mimics that of ubiquitylated inclusions (UBIs) in the
affected neurons of various neurodegenerative diseases (10).
Combined with the fact that Dorfin was localized in aggre-
somes in cultured cells and UBIs in ALS and other neurode-
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generative diseases, these observations suggest that Dorfin
may have a significant role in the quality control system in the
cell. The present study was designed to obtain further clues for
the pathophysiological roles of Dorfin. For this purpose, we
screened Dorfin-associated proteins using high performance
liquid chromatography coupled to electrospray tandem mass
spectrometry (LC-MS/MS). The results showed that Valosin-
containing protein (VCP), also called p97 or Cdc48 homologue,
obtained from the screening, physically and functionally inter-
acted with Dorfin. Furthermore, both Dorfin and VCP proteins
colocalized in aggresomes of the cultured cells and in UBIs in
various neurodegenerative diseases.

MATERIALS AND METHODS

Plasmids and Antibodies—pCMV2/FLAG-Dorfin vector (FLAG-Dor-
fin"") was prepared by PCR using the appropriate design of PCR
primers with restriction sites (Clal and Kpnl). The PCR product was
digested and inserted into the ClaI-Kpnl site in pCMV2 vector (Sigma).
pEGFP-Dorfin (GFP-Dorfin), pCMX-VCP¥* (VCPY¥"), and pCMX-
VCPK524A (VOPK5244) vectors were described previously (5, 11). pcDNA/
HA-VCPWt (HA-VCPY) and pcDNA/HA-VCP¥5244 (HA-VCP¥5244) were
subcloned from pCMX-VCPY* and pCMX-VCP¥524#4 respectively, into
pcDNA3.1 vectors (Invitrogen). The HA tag was introduced at the N
terminus of VCP. pcDNA3.1/FLAG-Parkin (FLAG-Parkin) was gener-
ated by PCR using the appropriate design of PCR primers with restric-
tion sites (EcoRI and NotI) from pcDNA3.1/Myc-Parkin (12). The FLAG
tag was introduced at the N terminus of Parkin. To establish the RING
mutant plasmid of Dorfin (FLAG-Dorfin®!32%/C1358) point mutations for
Cys at positions 132 and 135 to Ser were generated by PCR-based
site-directed mutagenesis using a QuikChange™ site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA). pcDNA3.1/HA-Ub (HA-Ub),
pcDNAS.1/Myc-SOD1¥T (SOD1%T-Myc), pcDNA3.1/Myc-SOD159%4
(SOD1%%34_Myc), and pcDNA3.1/Myc-SOD1%%5% (SOD1°%°F-Myc) were
described previously (13, 14). Polyclonal anti-Dorfin (Derfin-30 and
Dorfin-41) and monoclonal anti-VCP antibodies were used as in previ-
ous reports (5, 15). The following antibodies were used in this study:
monoclonal anti-FLAG antibody (M2; Sigma), monoclonal anti-Myc an-
tibody (9E10; Santa Cruz Biotechnology, Santa Cruz, CA), monoclonal
anti-HA antibody (12CA5; Roche Applied Science), polyclonal anti-
maltose-binding protein (MBP) antibody (New England BioLabs,
Beverly, MA), polyclonal anti-Parkin (Cell Signaling, Beverly, MA), and
polyclonal anti-SOD1 (SOD-100; Stressgen, San Diego, CA).

Cell Culture and Transfection—All media and reagents for cell cul-
ture were purchased from Invitrogen. HEK293 cells were grown in
Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum, 5
units/ml penicillin, and 50 pg/ml streptomycin. HEK293 cells at sub-
confluence were transfected with the indicated plasmids using Fu-
GENESG reagent (Roche Applied Science). To inhibit cellular proteasome
activity, cells were treated with 1 uM MG132 (benzyloxycarbonyl-Leu-
Leu-Leu-al; Sigma) for 16 h after overnight post-transfection. Cells
were analyzed at 24—48 h after transfection.

Protein Identification by LC-MS/MS Analysis—FLAG-Dorfin™" was
expressed in HEK293 cells (semiconfluent in a 10-cm dish) and then
immunoprecipitated by anti-FLAG antibody. The immunoprecipitates
were eluted with a FLAG peptide and then digested with Lys-C en-
dopeptidase (Achromobacter protease I). The resulting peptides were
analyzed using a nanoscale LC-MS/MS system as described previously
(16). The peptide mixture was applied to a Mightysil-PR-18 (1-um
particle, Kanto Chemical Corp., Tokyo) column (45 X 0.150 mm ID) and
separated using a 0—40% gradient of acetonitrile containing 0.1% for-
mic acid over 30 min at a flow rate of 50 n/min. Eluted peptides were
sprayed directly into a quadrupole time-of-flight hybrid mass spectrom-
eter (Q-Tof Ultima; Micromass, Manchester, UK). MS and MS/MS
spectra were obtained in data-dependent mode. Up to four precursor
ions above an intensity threshold of 10 cps were selected for MS/MS
analysis from each survey scan. All MS/MS spectra were searched
against protein sequences of Swiss Prot and RefSeq (NCBI) using batch
processes of the Mascot software package (Matrix Science, London, UK).
The criteria for match acceptance were the following: 1) when the match
score was 10 over each threshold, identification was accepted without
further consideration; 2) when the difference of score and threshold was
lower than 10 or when proteins were identified based on a single matched
MS/MS spectrum, we manually confirmed the raw data prior to accept-
ance; 3) peptides assigned by less than three y series ions and peptides
with +4 charge state were all eliminated regardless of their scores.
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Recombinant Proteins and Pull-down Assay—We used pMALp2
(New England BioLabs) and pMALp2T (Factor Xa cleavage site of
PMALD2 was replaced with a thrombin recognition site) to express
fusion proteins with MBP. To produce the full-length (residues 1-838)
Dorfin (MBP-Dorfin™"), N-terminal (residues 1-367) Dorfin (MBP-Dor-
fin%), and C-terminal (residues 368-838) Dorfin (MBP-Dorfin®), the
PCR fragments were amplified from pcDNA4/HisMax-Dorfin (4) by
using the appropriate PCR primers with restriction sites (Fbal and
HindIIl) and then ligated into pMAL-p2 vectors. To produce the MBP-
Parkin protein, full-length PARKIN ¢cDNA was inserted into the EcoRI-
Notl sites of pMALp2T. All of the MBP-tagged recombinant proteins
were purified from Escherichia coli BL21-codon-plus. The detail of the
purification method of MBP-tagged proteins was described previously
(17). Recombinant GST fusion VCPWT and VCP¥5244 proteins were also
generated from E. coli lysate and purified with glutathione-Sepharose.
Recombinant His-VCPYT and His-VCP¥®244 proteins were purified
from insect cells using baculovirus. The detail of purification of these
recombinant VCP proteins was described previously (15). Binding ex-
periments were performed with proteins carrying different tags. His- or
GST-VCP were mixed with MBP fusion proteins: MBP-Dorfin™", -Dor-
fin™, -Dorfin®, -Parkin, and -mock. His-VCP and GST-VCP proteins
were precipitated by Ni**-nitrilotriacetic acid-agarose (Qiagen, Valen-
cia, CA), and glutathione-Sepharose (Amersham Biosciences), respec-
tively. Binding was performed with 1-3 ug of each protein in 300 pl of
binding buffer (50 mum Tris-HCl, pH 7.5, 100 mm NaCl, 5 mm MgCl,,
10% glycerol, 0.5 mg/ml bovine serum albumin, 1 mM dithiothreitol) for
1 h at 4 °C. Then 15 ul of beads were added and incubated for 30 min.
The beads were washed by binding buffer three times and eluted with
sample buffer and analyzed by SDS-PAGE followed by Western blotting
using specific antibodies.

Glycerol Gradient Centrifugation—Cultured cells or mouse tissues
were homogenized in 1 ml of PBS with protease inhibitor (Complete
Mini; Roche Applied Science). Supernatants (1 mg of protein for cul-
tured cells, 5 mg of protein for mouse tissues, and 0.1 mg of recombinant
His-VCP protein) were used as the samples after 10,000 X g centrifu-
gation for 20 min. The samples (1.0 ml) were loaded on top of a 34-ml
linear gradient of glycerol (10—40%) prepared in 25 mM Tris-HCl buffer,
pH 7.5, containing 1 mMm dithiothreitol in 40 PA centrifuge tubes
(Hitachi, Tokyo), and centrifuged at 4 °C and 80,000 X g for 22 h using
a Himac CP100« centrifuge system (Hitachi). Thirty fractions were
coliected from the top of the tubes. Two hundred ul of each fraction was
precipitated with acetone, and the remaining pellet was lysed with 50
! of sample buffer and then used for SDS-PAGE foliowed by Western
blotting.

Immunological Analysis—Cells (4 X 10° in a 6-cm dish) were lysed
with 500 ul of lysis buffer (50 mM Tris-HC], 150 mM NaCl, 1% Nonidet
P-40, and 1 mM EDTA) with protease inhibitor mixture (Complete Mini)
2448 h after transfection. The lysate was then centrifuged at 10,000 X
g for 10 min at 4 °C to remove debris. A 10% volume of the supernatants
was used as the “lysate” for SDS-PAGE. When immunoprecipitated, the
supernatants were precleared with protein A-Sepharose (Amersham
Biosciences), and specific antibodies, anti-FLAG (M2), anti-Myc (9E10),
or anti-Dorfin (Dorfin-30) were then added and then incubated at 4 °C
with rotation. Immune complexes were then incubated with protein
A-Sepharose for 3 h, collected by centrifugation, and washed four times
with the lysis buffer. For protein analysis, immune complexes were
dissociated by heating in SDS-PAGE sample buffer and loaded onto
SDS-PAGE. The samples were separated by SDS-PAGE (12% gel or
4-12% gradient gel) and transferred onto a polyvinylidene difluoride
membrane. Finally, Western blotting was performed with specific
antibodies.

Immunohistochemistry—HEK293 cells grown on glass coverslips
were fixed in 4% paraformaldehyde in PBS for 15 min. Then the cells
were blocked for 30 min with 5% (v/v) normal goat serum in PBS,
incubated for 1 h at 37 °C with anti-HA antibody (12CA5), washed with
PBS, and incubated for 30 min with Alexa 496-nm anti-mouse antibod-
ies (Molecular Probes, Inc., Eugene, OR). The coverslips were washed
and mounted on slides. Fluorescence images were obtained using a
fluorescence microscope (DMIREZ2; Leica, Bannockburn, IL) equipped
with a cooled charge-coupled device camera (CTR MIC; Leica). Pictures
were taken using Leica Qfluoro software.

Pathological Studies—Pathological studies were carried out on 10%
formalin-fixed, paraffin-embedded spinal cords and brain stems filed in
the Department of Neurology, Nagoya University Graduate School of
Medicine. The specimens were obtained at autopsy from three sporadic
cases of ALS and four sporadic PD patients. The spinal cord and brain
stem specimens of these ALS and PD cases were immunohistochemi-
cally stained with antibodies against Dorfin (Dorfin-41) and VCP. Dou-
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FiG. 1. In vivo interaction between Dorfin and VCP. A, FLAG-Dorfin and HA-VCP are co-expressed in HEK293 cells. FLAG-mock vector
was used as a negative control. The amounts of HA-VCP in 10% of the lysate used are shown (Lysatfe); the rest was subjected to immunoprecipi-
tation (/P) with anti-FLAG (M2) antibody. Following immunoblotting (IB) with anti-HA (12CA5) antibody revealed that HA-VCP was co-
immunoprecipitated with FLAG-Dorfin. B, 5 mg of protein of various mouse tissues (brain, liver, kidney, and muscle) and 1 mg of protein of
cultured cells (HEK293, HeLa, and Neuro2a) were each homogenized in 1 ml of PBS. Supernatants were fractionated by 10—-40% glycerol gradient
centrifugation followed by separation into 30 fractions using a fraction collector. Immunoblotting using anti-Dorfin, anti-VCP, and anti-Parkin
antibodies was performed on the fractions (¥7.), including fractions 2-17. Endogenous Dorfin was co-sedimented with VCP in the fractions with
a molecular mass of around 400—600 kDa. The positions of co-migrated molecular mass markers are indicated above the panels. C, immunopre-
cipitation with polyclonal anti-Dorfin antibody (anti-Dorfin-30) was performed on fractions 11-14 collected by glycerol gradient centrifugation
analysis, where endogenous Dorfin was seen in B. As a negative control, immunoprecipitation with nonimmune rabbit IgG was used on the same

fractions.

ble staining of identical sections was performed as described previously
(7). In immunofluorescence microscopy, Alexa-488- and Alexa-546-con-
jugated secondary antibodies (Molecular Probes) were used. All human
and animal studies described in this report were approved by the
appropriate Ethics Review Committees of the Nagoya University Grad-
uate School of Medicine.

RESULTS

Identification of Dorfin-associated Protein in the Cells—In an
effort to identify protein(s) that physically interacts with Dor-

fin in the cells, FLAG-Dorfin was expressed in HEK293 cells
and then immunoprecipitated by anti-FLAG antibody. The im-
munoprecipitates were eluted with a FLAG peptide and then
digested with Lys-C endopeptidase (Achromobacter protease I),
and the cleaved fragments were directly analyzed using a
highly sensitive “direct nanoflow LC-MS/MS” system as de-
scribed under “Materials and Methods.” Following data base
search, a total of 13 peptides were assigned to MS/MS spectra
obtained from the LC-MS/MS analyses for the FLAG-Dorfin-
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migrated in fractions of smaller M, (around fraction 7). Ten

percent of the fractionated samples were shown as “lysate.” B, Dorfin"™ can interact with VCP, but Dorfin®'#2/¢1358 cannot. FLAG-Dorfin™" or
FLAG-Dorfin®1328/61358 and HA-VCP were co-expressed in HEK293 cells. FLAG-mock vector was used as a negative control. The amounts of
HA-VCP in 10% of the lysate used are shown (Lysate); the rest was subjected to immunoprecipitation with anti-FLAG (M2) antibody. Following
immunoblotting with anti-HA (12CA5) antibody revealed that HA-VCP was co-immunoprecipitated with FLAG-Dorfin%¥" but not with

FL.AG-DOI‘ﬁIlClaZS/Clsss.

associated complexes. These peptide data identified nine pro-
teins as candidates for Dorfin-associated proteins. One of these
identified proteins was VCP that has been proposed to have
multiple functions, such as membrane fusion or endoplasmic
reticulum-associated degradation (ERAD) (18-22). In the next
step, we examined the relationship between Dorfin and VCP,
because the latter has been reported to be linked to various
aspects of neurodegeneration (15).

Dorfin Interacts with VCP in Vivo—To verify the interaction
between Dorfin and VCP, FLAG-Dorfin and HA-VCP were
transiently overexpressed in HEK 293 cells. Immunological
analyses revealed that HA-VCP was co-immunoprecipitated
with FLAG-Dorfin but not with FLAG-mock (Fig. 14), confirm-
ing their physical interactions in the cells. To determine
whether endogenous Dorfin forms a complex, the lysate from
mouse brain homogenate was fractioned by glycerol density
gradient centrifugation. Each fraction was immunoblotted with
anti-Dorfin antibody. The majority of endogenous Dorfin was
co-sedimented with VCP around a size of 400-600 kDa, al-
though endogenous Parkin, which is another RING-IBR type
E3 ligase (12), existed in the fractions of much lighter molecu-
lar weight (M) (Fig. 1B, top panels). Moreover, Dorfin was
sedimented in the fractions of 400—600 kDa in other tissues,
such as the liver, kidney, and muscle of mouse, and various

cultured cells including Neuro2a, HelLa, and HEK293 cells
(Fig. 1B, bottom panels). To determine whether endogenous
Dorfin interacts with VCP, immunoprecipitation using poly-
clonal anti-Dorfin antibody (Dorfin-30) was performed on the
fractions shown in Fig. 1B, top panels. Endogenous VCP was
co-immunoprecipitated with endogenous Dorfin in the fractions
of high M, (fractions (Fr.) 13 and 14). No apparent band was
observed when precipitated with rabbit 1gG (Fig. 1C).
Mutations of RING Finger Domain of Dorfin Results in Loss
of Dorfin-VCP Interactions—Next, we examined whether
transfected Dorfin (FLAG-Dorfin%¥?) and its RING mutant
(FLAG-Dorfin®182%/C1358) " in which the two Cys residues at
positions 132 and 135 within the RING finger domain were
substituted for Ser residues, form a complex. The results
showed overexpression of FLAG-Dorfin®T in high molecular
fractions (Fr. in Fig. 2), whose peak was between fractions 10
and 12, whereas overexpressed FLAG-Dorfin®1328/C1358 did not
consist of high molecular weight complex. Overexpression of
FLAG-DorfinV" or FLAG-Dorfin®*32%/C1358 {iq not change the
sedimentation pattern of VCP (Fig. 24). Furthermore, immu-
noprecipitation analysis showed that FLAG-Dorfin™7, but not
FLAG-Dorfin®182%/C1358  cquld interact with HA-VCP in
HEK293 cells (Fig. 2B). :
Dorfin Interacts with VCP in Vitro—To confirm the direct
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Fic. 3. In vitro interaction between Dorfin and VCP. A, recombinant His- or GST-VCP protein was incubated with MBP-mock, MBP-
Dorfin™, MBP-Dorfin¥, MBP-Dorfin®, and MBP-Parkin proteins in vitro. Two pg of His- or GST-VCP proteins and MBP fusion proteins atsimilar
molar concentrations to VCP proteins were used for the assays. The amounts of MBP fusion and GST fusion Dorfin derivatives and His-VCP in
10% of the samples used are shown (10% input). NTA, nitrilotriacetic acid. IB, immunoblot. B, 2 ug of His-VCP was incubated with MBP-mock,
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binding between Dorfin and VCP and to determine the exact
portion of Dorfin that interacts with VCP in vitro, we per-
formed pull-down assays using recombinant proteins. Recom-
binant MBP-Dorfin or its deletion mutants (i.e. MBP-Dorfin™
and MBP-Dorfin®) and the same molar of recombinant His-
VCP or GST-VCP were mixed and incubated for 1 h at 4 °C.
MBP-mock protein was used as a negative control in these
experiments. A small portion of MBP-Dorfin®™" or Dorfin® (C-
terminal substrate-recognizing domain) bound to both His-
VCP and GST-VCP, whereas MBP-mock, MBP-Dorfin™ (N-
terminal RING-IBR domain), and MBP-Parkin did not bind to
His-VCP or GST-VCP (Fig. 34). We next determined the num-
ber of Dorfins that bind one hexamer of VCP. To investigate
this issue, we incubated His-VCP with increasing amounts of
MBP-Dorfin®!!, MBP-Dorfin™, MBP-Dorfin®, MBP-mock, or
MBP-Parkin. As shown in Fig. 3B, the amount of binding
portion of MBP-Dorfin™ and -Dorfin® pulled down with His-
VCP was not saturated below the even molar ratio. The pull-
down experiments using excess amounts of MBP-Dorfinf! re-
vealed that MBP-Dorfin™! was saturated at the even molar
ratio (Fig. 3C). As reported previously (15), recombinant His-
VCP sedimented in high molecular weight fractions, indicating
that it formed a hexamer in vitro (Fig. 3D). These findings
indicated that six Dorfin molecules were likely bind to a VCP
complex in vitro.

Subcellular Localization of Dorfin and VCP in HEK293
Cells—In previous studies, we showed that exogenous and en-
dogenous Dorfin resided perinuclearly and was colocalized with
Vimentin in cultured cells treated with a proteasome inhibitor
(4). The staining patterns of Dorfin were indistinguishable
from those of the aggresome, namely a pericentriolar, mem-
brane-free, cytoplasmic inclusion containing misfolded ubiqui-
tylated proteins packed in a cage of intermediate filaments (4).
VCP immunostaining was also observed throughout aggre-
somes in cultured neuronal cells when induced by treatment
with a proteasome inhibitor (15). In order to examine the sub-
cellular localization of Dorfin and VCP, GFP-Dorfin and HA-
VCP were co-expressed in HEK293 cells. Without proteasome
treatment, GFP-Dorfin-expressing cells showed granular fluo-
rescence in the cytosol, and the HA-VCP-expressing cells
showed diffuse and uniform cytoplasmic staining (Fig. 44).
Treatment with MG132 (1 uM, 16 h) resulted in accumulation
of both GFP-Dorfin and HA-VCP and perinuclear colocalization
as a clear large protein aggregate that mimics aggresomes
(Fig. 4B).

Colocalization of Dorfin and VCP in the Affected Neurons of
ALS and PD—In previous studies, immunostaining of Dorfin
and VCP was independently noted in LBs of PD, and the
peripheral staining pattern of both proteins in LBs was similar
(7, 23). To confirm the immunoreactivities of Dorfin and VCP in
the affected neurons in ALS and PD, we performed a double-
labeling immunofluorescence study using a rabbit polyclonal
anti-Dorfin antibody (Dorfin-41) and a mouse monoclonal VCP
antibody on the postmortem samples of ALS and PD. In the
ALS spinal cords, both proteins were colocalized in the LB-like
inclusions (Fig. 5, A-F). The margin of LBs in PD was intensely
immunostained for Dorfin and VCP, and merged images con-
firmed their strong colocalization (Fig. 5, G-L). Dorfin and VCP
were also positive in Lewy neurites in the affected neurons of
PD (Fig. 5, M-0).
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FIG. 4. Subcellular localization of GFP-Dorfin and HA-VCP in
HEK293 cells treated or untreated with a proteasome inhibitor.
GFP-Dorfin and HA-VCP were co-expressed transiently in HEK 293
cells. Cells were treated with (B) or without (A) 1 pM MG132 for 16 h.
HA-VCP was stained with anti-monoclonal HA antibody (12CAS5). Nu-
clei were stained with 4’,6-diamidino-2-phenylindole (DAPI). Without
the treatment of MG132, GFP-Dorfin was spread through the cytosol,
and it appeared like small aggregations. HA-VCP was also seen mainly
in the cytosol and partly colocalized with GFP-Dorfin (A). After treat-
ment with 1 uM MG132 for 16 h, both GFP-Dorfin and HA-VCP showed
perinuclear accumulation and colocalization and appeared as clear
large protein aggregates (B; arrows).

Dorfin Ubiquitylates Mutant SOD1 in Vivo—Unlike the
wild-type form, mutant SOD1 proteins are rapidly degraded by
the ubiquitin-proteasome system. Consistent with our previous
results (5), SOD1%9%4 and SOD1Y8R were polyubiquitylated,
and co-expression with FLAG-Dorfin"'T enhanced polyubiqui-
tylation of these mutant SOD1s compared with co-expression
with FLAG-BAP, a negative control construct (Fig. 6A). Boiling
with 1% SDS-containing buffer did not change the level of
ubiquitylated mutant SOD1, indicating that mutant SOD1 it-
self was ubiquitylated by Dorfin (Fig. 6B). We also performed
the same in vivo ubiquitylation assay using Neuro2a cells to
examine for E3 activity of Dorfin in neurcnal cells. The en-
hanced polyubiquitylation of these mutant SOD1s by Dorfin
was observed in Neuro2a cells as well as in HEK293 cells (Fig.
6C). FLAG-Dorfin®1325/G1358 did not enhance polyubiquityla-
tion of mutant SOD1s, indicating that this RING finger mutant
form was functionally inactive (Fig. 6D).

- VCPX524A Qunpresses the E3 Activity of Dorfin—VCP has two
ATPase binding domains (D1 and D2). A D2 domain mutant,
VCP¥524A induces cytoplasmic vacuoles, which mimies vacuole
formation seen in the affected neurons in various neurodegen-
erative diseases (11, 15). The D2 domain represents the major
ATPase activity and is essential for VCP function (11). The
ATPase activity of VCP¥524A js much lower than that of
VCPYT, and VCP¥5244 caused accumulation of polyubiquity-
lated proteins in the nuclear and membrane fractions together
with elevation of ER stress marker proteins due to ERAD

MBP-Dorfin®!, MBP-Dorfin¥, MBP-Dorfin®, and MBP-Parkin with increasing amounts (molar ratio to VCP: 0.25, 0.5, and 1.0). The amounts of
MBP fusion Dorfin derivatives and His-VCP in 10% of the samples used are shown (10% input). C, 2 pg of His-VCP was incubated with
MBP-Dorfin™" with increasing amounts (molar ratio to VCP: 0.25, 0.5, 1, 2, and 4). The amounts of MBP-Dorfin™" and His-VCP in 10% of the
samples used are shown (10% input). D, His-VCP protein (0.5 pg) was fractionated by 10—-40% glycerol gradient centrifugation followed by
separation into 30 fractions using a fraction collector. Immunoblotting using anti-VCP antibody was performed on the selected fractions (fractions
2-17). *, The molar ratio was calculated by the amount of VCP monomers, not VCP complexes.
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Fic. 5. Colocalization of Dorfin-41 immunoreactivity with
VCP in neuronal inclusions in ALS and PD. Sections were doubly
labeled with anti-Dorfin-41 antiserum and monoclonal VCP antibody
and analyzed with a laser-scanning confocal microscope. The left panels
(green) correspond to Dorfin, middle panels (red) correspond to VCP,
and right panels correspond to merged images; structures in yellow
indicate colocalization. Colocalization of Dorfin and VCP is seen in
LB-like inclusions in motor neurons of the spinal cord of ALS (A-F).
Dorfin is also colocalized with VCP in the margin of LBs (G-I), prema-
ture LBs (J-L), and Lewy neurites (-0) in the nigral neurons of PD.
Seale bars, 20 pm (A~L) and 10 um (M-0).

inhibition, whereas its expression level, localization, and com-
plex formation were indistinguishable from those of VCPWT
(11). In order to examine the functional effect of VCP on Dorfin,
VCPWT, VCP¥5244  or LacZ was co-expressed with SOD1%85F,
FLAG-Dorfin, and HA-Ub in HEK293 cells. Co-expression with
VCP¥524A showed a marked decline of polyubiquitylation of
SOD1%85% compared with co-expression with VCPWT or LacZ
(Fig. 7A, top and middle). Since Dorfin physically interacts
with mutant SOD1s (5), we next investigated whether this
decline of polyubiquitylation of SOD1%%F was mediated by
reduced affinity between SOD1%%F and Dorfin. Immunopre-
cipitation by anti-FLAG antibody showed that VCPX5244 did
not change affinity between SOD1%8® and Dorfin (Fig. 74,
bottom). Neither VCPWT nor VCP¥52%A changed the level of
polyubiquitylation protein in the total lysate (Fig. 7B). To clar-
ify whether this negative effect of VCP%%%44 i specific for
Dorfin, we assessed the autoubiquitylation of FLAG-Parkin in
the presence of VCPWT VCP¥524A, or LacZ. Co-expression of
VCPX524A {id not decrease autoubiquitylation of FLAG-Parkin
compared with co-expression of LacZ or VCPYT (Fig. 7C). We
performed the same experiments using Neuro2a cells to see
whether VCPX5244 guppress the ES3 activity of Dorfin in neu-

Physical and Functional Interaction between Dorfin and VCP

ronal cells. The marked decline of polyubiquitylation of
SOD1%85R by VCPK524A expression was also seen in Neuro2a
cells (Fig. 7D).

DISCUSSION

UBIs in the affected neurons are histopathological hallmarks
in various neurodegenerative disorders (8). Dorfin is an E3
ligase, which can ubiquitylate mutant SOD1s and synphilin-1
(5, 24). These substrates and Dorfin were identified in UBIs in
various neurodegenerative diseases, such as LB-like inclusions
in ALS and LBs in PD and dementia with Lewy bodies (7). This
finding suggests that Dorfin may play a crucial role in the
process of generating inclusions in the affected neurons. In the
present study, we identified VCP as one of the Dorfin-associ-
ated proteins using mass spectrometry, and VCP-Dorfin phys-
ical interaction was confirmed by an immunoprecipitation ex-
periment using FLAG-Dorfin and HA-VCP overexpressed in
HEK293 cells (Fig. 1A). VCP is an essential and highly con-
served protein of the AAA-ATPase family, which is considered
to have diverse cellular functions, such as membrane fusion
(25-27), nuclear trafficking (28), cell proliferation (29, 30), and
the ERAD pathway (18—-22). Many reports have implied that
VCP is involved in the pathogenesis of various neuromuscular
diseases. VCP has been implicated as a factor that modifies the
progress of polyglutamine-induced neuronal cell death (15). In
addition, histopathologiecal studies revealed positive staining
for VCP in UBIs in PD and ALS with dementia (23). VCP is also
associated with MJD protein/atxin-3, in which abnormal ex-
pansion of polyglutamine tracts causes Machado-Joseph dis-
ease/spinocerebellar ataxia type 3 (31). VCP is also required for
the degradation of ataxin-3 in collaboration with E4B/Ufd2a, a
ubiquitin chain assembly factor (E4) (32). Recent studies have
indicated that missense mutations in the VCP gene cause in-
clusion body myopathy associated with Paget’s disease of bone
and frontotemporal dementia, which is characterized by the
presence of vacuoles in the cytoplasm in muscle fibers (33).

Our results showed that endogenous Dorfin formed a 400-
600-kDa complex in various tissues and various cultured cells
(Fig. 1B). Dorfin is a ~91-kDa protein; therefore, this high M,
complex should include Dorfin-associated proteins, although
the possibility that Dorfin itself oligomerizes in the cell cannot
be excluded. Glycerol gradient centrifugation analysis and im-
munoprecipitation experiments in the present study showed
that endogenous Dorfin interacted with endogenous VCP in a
complex of approximately 600 kDa, possibly including a Dorfin
molecule and a hexametric form of VCP (Fig. 1C).

The first RING mutant of Dorfin, in which Cys at positions
132 and 135 changed to Ser, was prepared. This mutant Dorfin,
Dorfin®1828/C1858  0ould not ubiquitylate mutant SOD1s (Fig.
6D). Glycerol gradient centrifugation analysis revealed that
Dorfin®1328/C1358 4id not form a high M, complex, whereas
exogenous wild type Dorfin (Dorfin™V*) formed a high M, com-
plex similar to endogenous Dorfin (Fig. 2A). Furthermore, an
immunoprecipitation experiment using Dorfin¥' and
Dorfin©1328/C1358 reyealed that Dorfin™7T could interact with
VCP, whereas DorfinC®1328/C1358 ¢ould not (Fig. 2B).

Qur in vitro study using recombinant proteins showed that
full-length (MBP-Dorfin™") and the C terminus of Dorfin
(MBP-Dorfin®) directly interacted with VCP, whereas the
MBP-Dorfin™ mutant, containing the entire RING finger domain
(amino acid residues 1-367), did not bind to VCP (Fig. 3A). This
finding was unexpected, since in vivo binding analysis suggested
that Dorfin could interact with VCP at the RING finger do-
main. It is plausible that certain structural changes in
Dorfin®1325/€1358 might render the C-terminal VCP-binding por-
tion incapable of accessing VCP molecules. This may explain the
result that DorfinC1325/C1358 gid not form a high M, complex.
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Fic. 6. Dorfin ubiquitylates mutant SOD1s ir vive. A, increased ubiquitylation of mutant SOD1 proteins by overexpression of Dorfin.
HEK293 cells were co-transfected with SOD1%T-Mye, SOD1%°%A-Mye, or SOD1%%*F.Myc and HA-Ub with or without FLAG-Dorfin. FLAG-bovine
alkaline phosphatase (BAP) was used as a negative control. Immunoprecipitation (IP) was performed with Myc antibody (9E10). IB, immunoblot-
ting. B, SDS boiling was performed prior to immunoprecipitation, To examine covalently ubiquitylated molecules, the cell lysate was boiled with
the buffer containing 1% SDS for 5 min. Immunoprecipitation with Myc antibody (3E10) showed that the SDS-boiling procedure did not change
polyubiquitylation level of SOD1%#58.Myc by Dorfin. C, increased ubiquitylation of mutant SOD1 proteins by overexpression of Dorfin in NeuroZa
celis. The same in vivo ubiquitylation assay as in A was performed using Neuro2a cells. D, Dorfin®!$2/C135S (Dorfin©192/419%%) did not have E3
activity on mutant SOD1. HEK293 cells were co-transfected with SOD1%T-Myc, SOD1%%3A.Myc, or SOD1%%F.Myc and HA-Ub with FLAG-
Dorfin™" or FLAG-DorfinC182%/C1358 The gsterisks indicate IgG light and heavy chains.
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Fic. 7. A dominant negative mutant of VCP, VCP¥2*A jnhibits the E3 ubiquitin ligase activity of Dorfin. A, inhibition of dominant
negative form mutant VCP¥***A on the E3 ubiquitin ligase activity of Dorfin. HEK293 cells were co-transfected with SOD1%85% Mye, HA-Ub,
FLAG-Dorfin, and VCP™T, VCP¥%24A, or LacZ. Immunoprecipitation (IP) was performed with Myc antibody (9E10) and FLAG antibody (M2). IB,
immunoblotting. B, neither VCPYT nor VCP¥5244 changed the level of total polyubiquitylated protein in the cell lysate. Ten percent of the volume
of HEK293 cells used in A was subjected to immunoblotting using anti-HA (12CA5) antibody. C, autoubiquitylation of FLAG-Parkin was not
influenced by the dominant negative form VCP¥5244, HEK293 cells were co-transfected with FLAG-Parkin, HA-Ub, and VCPWT, VCPX5244 or LacZ.
Immunoprecipitation with FLAG antibody (M2) was performed. D, inhibition of VCP¥52¢4 on E3 ubiquitin ligase activity of Dorfin in Neuro2a cells.
Neuro2a cells were co-transfected with SOD1%%5F-Myc, HA-Ub, FLAG-Dorfin, and VCPWT, VCP¥5244 or LacZ. Immunoprecipitation was performed
using Myc antibody (9E10) and FLAG antibody (M2). The asterisks indicate IgG light and heavy chains.
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The amount of Dorfin bound with VCP was saturated at even
molar ratio in vitro (Fig. 3, B and (). Since VCP exists as a
homohexamer (Fig. 3D), the in vivo observed size of ~600 kDa
appears to be too small for the Dorfin-VCP complex if one VCP
molecule binds to more than one Dorfin as shown in in vitro
experiments. However, it is noteworthy that the size of mole-
cules estimated by glycerol density gradient centrifugation
analysis used in this study is not accurate and sufficient to
discuss the molecular interaction of Dorfin and VCP in the
cells. To date, various adaptor proteins, with which VCP forms
multiprotein complexes, have been identified, such as Npl4,
Ufd1l (18, 20), Ufd2 (34), Ufd3 (35), p47 (36), or SVIP (37).
Although our in vitro study showed direct physical interaction
between Dorfin and VCP, the environment with those adaptor
proteins might reflect in vivo conditions. This also may explain
the apparent discrepancy of the Dorfin-VCP binding fashions
between in vivo and in vitro analyses.

Treatment with a proteasomal inhibitor causes the translo-
cation of endogenous VCP and Dorfin to the aggresome in
cultured cells (4, 15). Our results showed that these two pro-
teins indeed colocalized perinuclearly in the aggresome follow-
ing treatment with a proteasomal inhibitor (Fig. 4). Further-
more, we were able to demonstrate both Dorfin and VCP
immunoreactivities in LB-like inclusions in ALS and LBs in PD
(Fig. 5). In the majority of LBs, indistinguishable peripheral
staining patterns were observed with both anti-Dorfin and
anti-VCP antibodies. These results confirmed that both Dorfin
and VCP are associated with the formation processes of aggre-
somes and inclusion bodies through physical interaction.

We showed here that co-expression of VCPX5244 resulted in a
marked decrease of ubiquitylation activity of Dorfin compared
with co-expression of VCPYT or control. On the other hand,
VCPE524A failed to decrease autoubiquitylation activity of Par-
kin. VCP¥5244 4id not change the level of polyubiquitylated
protein accumulation in the cell lysate in this study (Fig. 7).
Knockdown experiments using the RNA interference technique
showed accumulation of polyubiquitylated proteins (38). Com-
bined with the observation that inhibition of VCP did not
decrease the general accumulation of polyubiquitylated pro-
teins, our results indicated that the E3 regulation function of
VCP may be specific to certain E3 ubiquitin ligases such as
Dorfin. VCP is an abundant protein that accounts for more
than 1% of protein in the cell cytosol and is known to have
various chaperone-like activities (39); therefore, it may func-
tion as a scaffold protein on the E3 activity of Dorfin. The
localization of Dorfin and VCP in UBIs in various neurodegen-
erative disorders indicates the involvement of these proteins in
the quality control system for abnormal proteins accumulated
in the affected neurons in neurodegenerative disorders.

Since the unfolded protein response and ERAD are dynamic
responses required for the coordinated disposal of misfolded
proteins (40), the ERAD pathway can be critical for the etiology
of neuronal cell death caused by various unfolded proteins.
VCP is required for multiple aspects of the ERAD system by
recognition of polyubiquitylated proteins and translocations to
the 26 S proteasome for processive degradation through the
VCP-Npl4-Ufdl complex (18, 41). Our results suggest the in-
volvement of Dorfin in the ERAD system, which is related to
the pathogenesis of neurodegenerative disorders, such as PD or
Alzheimer’s disease. Further study including Dorfin knockout
and/or knockdown models should examine the pathophysiology
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of Dorfin in association with the ERAD pathway or other cel-
lular functions. Such studies should enhance our understand-
ing of the pathogenetic role of Dorfin in neurodegenerative
disorders.
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Parkin binds the Rpn10 subunit of 26S proteasomes

through its ubiquitin-like domain
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Parkin, a product of the causative gene of autosomal-recessive juve.
nile parkinsonism (AR-JP), is a RING-type E3 ubiquitin ligase and has
an amino-terminal ubiquitin-like (Ubl) domain. Although a single
mutation that causes an Arg to Pro substitution at position 42 of the
Ubl domain (the Arg 42 mutation) has been identified in AR-JP
patients, the function of this domain is not clear. In this study, we
determined the three-dimensional structure of the Ubl domain of
parkin by NMR, in particular by extensive use of backbone *N-'H
residual dipolar-coupling data. Inspection of chemical-shift-perturba-
tion data showed that the parkin Ubl domain binds the Rpn10 subunit
of 265 proteasomes via the region of parkin that includes position 42,
Our findings suggest that the Arg 42 mutation induces a conforma-
tional change in the Rpn10-binding site of Ubl, resulting in impaired
proteasomal binding of parkin, which could be the cause of AR-JP.
EMBO reports 4, 301-306 {2003)

doi:10.1038/sj.embor.embor764

INTRODUCTION

Autosomal-recessive juvenile parkinsonism (AR-JP), one of the most
common forms of familial Parkinson’s disease, is characterized by
selective and massive loss of dopaminergic neurons in the substantia
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nigra of the midbrain and by the absence of Lewy bodies (cytoplasmic
inclusion bodies), which consist of aggregates of abnormally accu-
mulated proteins (Yamamura et al., 1973). The causative gene of
AR-JP, parkin, encodes a 52-kDa protein composed of three parts:
the amino-terminal ubiquitin (Ub)-like domain (Ub), the carboxy-
terminal RING-finger box and the linker region, which connects the
two domains (Kitada et al., 1998). Recently, parkin was shown to be
a RING-type ubiquitin ligase (or E3 protein) that catalyses protein
ubiquitylation, leading to proteasome-mediated protein degradation
(Imai et al., 2000; Shimura et al., 2000; Zhang et al., 2000). Analysis
of parkin mutations in AR-JP patients has revealed that the molecular
basis of this disease is the loss of parkin E3-enzyme function in the
ubiquitin-proteasome pathway, which may result in the accumula-
tion of parkin substrates in neurons (Chung et al., 2001; Imai et al.,
2001; Shimura et al., 2001).

The C-terminal RING box serves as a recruiting motif for ubiquitin-
conjugating enzymes (E2 enzymes), such as Ubc4, Ubc7, UbcH? and
UbcH8, whereas the functional role of the N-terminal Ubl domain is
poorly characterized. The number of identified mutations in the parkin
gene in patients with early-onset parkinsonism has recently increased
(Liicking et al., 2000), and a single mutation that causes an Arg to Pro
substitution at amino-acid position 42 of the Ubl domain has been
identified in one family of AR-JP patients (Terreni et al., 2001). This
mutated parkin protein retains the ability to bind UbcH?, but fails to
co-immunoprecipitate ubiquitylated proteins such as O-glycosylated
a-synuclein (Shimura et al,, 2001). These data suggest that the Ubl
domain contributes to the recognition of target proteins.

However, accumulating evidence indicates that various proteins
with Ubl domains, such as Rad23, Dsk2 and their human homo-
logues (HR23a/b and PLIC1/2, respectively), provide links between
26S proteasomes and the ubiquitylation machinery (Hiyama et al.,
1999; Kieijnen et al., 2000; Wilkinson et al., 2001). All of these pro-
teins have Ubl domains at their N termini, and ubiquitin-associated
(UBA) domains at their C termini; the Ubl domains are able to interact
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with 26S proteasomes, whereas the UBA domains can bind to poly-
ubiquitin chains (Buchberger, 2002). Howevey, it has been reported
that a 50-kDa subunit of human 26S proteasomes, originally called
S5a, can bind to polyubiquitin conjugates in vitro, and could there-
fore possibly function as a polyubiquitin-binding subunit (Deveraux
et al., 1994). Several S5a homologues (such as Mbp1, Mcb1, Sun1,
Pus1, p-54 and Rpn1) have been identified in various eukaryotes
(Kawahara et al., 2000). Here, we call S5a and its homologues
‘Rpn10’ on the basis of a recent proposal (Finley et al., 1998).
Intriguingly, Rpn10 also binds the Ubl domains of HR23a/b and
PLIC2 (Hiyama et al., 1999; Walters et al., 2002). Mutagenesis studies
have shown that Rpn10 has two highly conserved polyubiquitin-
binding sites, PUbS1 and PUbS2, each of which contains five
hydrophobic residues forming an alternating pattern of large and
small side-chains (Young et al., 1998). In addition, a homologous
motif with a similar structure, known as a ubiquitin-interacting motif
(UIM), which physically interacts with ubiquitin and/or polyubiquity-
fated chains, was recently identified in various proteins (Hofmann &
Falquet, 2001). NMR studies have shown that the Ubl domains of
HR23a and PLIC2 share a highly conserved hydrophobic surface for
binding Rpn10 (Walters et al., 2002). in the Ubl domain of parkin,
some of the residues corresponding to those in the hydrophobic
Rpn10-binding surface are substituted with polar residues. Therefore,
one cannot predict whether parkin can bind 26S proteasomes
through interaction with the Rpn10 subunit.

In this study, we have determined the three-dimensional (3D)
structure of the Ubl domain of parkin by NMR spectroscopy. Based
on chemical-shift-perturbation data, we provide evidence that Ubl
interacts with Rpn10 using a surface almost identical to the Rpn10-
binding surfaces of the Ubl domains of HR23a and PLIC2. The
Rpn10-binding site determined in this study includes position 42 of
the parkin Ubl domain. We also discuss how these results relate to
the molecular cause of AR-JP.

Table 1 | Statistics for NMR structure calculations

Overhauser-effect distance restraints

Total number 489
Inter-residue 159
Medium range 71
Long range 66
Intra-residue 193
Number of hydrogen bonds 20
Number of residual dipolar-coupling restraints 129
Dihedral-angle restraints
9 41
v 41
Mean r.m.s. deviation of backbone atoms 0.371 £0.117
from the average structure (&)
Mean r.m.s. deviation of all heavy atoms 1.025 + 0.086
from the average structure (A)
Deviation from idealized covalent geometry
Bonds (A) 0.005 % 0.000
Angles (°) 0.684 £ 0.012
Impropers () 0.697 +0.012
Ramachandran plot (%)
Residues in most favourable region 69.1
Residues in additionally allowed region 26.5
Residues in generously aliowed region 4.4
Residues in disallowed region 0
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RESULTS AND DISCUSSION

The solution structure of the parkin Ubl domain

The Ubl domain of parkin, comprising residues 1-76 of the full-length
protein, was produced as a recombinant protein in Escherichia coli.
Preliminary NMR studies revealed that the Ubl domain forms a disul-
phide-linked dimer, causing a large amount of aggregation during
spectral measurement. Therefore, the solution conditions were opti-
mized by adding 10 mM [2H ] dithiothreitol (DTT). However, the
concentration of Ubl never exceeded 0.1 mM, even under these
reducing conditions. Therefore, we carried out all spectral measure-
ments using the parkin Ubl domain at a concentration of 0.1 mM.
Gel-filtration analysis showed that the Ubl domain was monomeric in
the solution conditions used (data not shown). Because extensive col-
lection of the inter-proton restraints based on the nuclear Overhauser
enhancement spectroscopy (NOESY) spectra was difficult to carry
out, due to dilution of the sample solution (approximately 5-10% of
the concentration typically used), the structure determination relied
heavily on orientational restraints with respect to the NMR magnetic
field. We chose two orientational media: bicelle and cetyltriammo
nium bromide (CTAB)-doped bicelle (see Methods) for measuring the
backbone ""N-'H residual dipolar couplings (RDCs). The NMR data
used for structure calculations are summarized in Table 1. A final set
of ten structures was selected for 50 restrained molecular dynamics
calculations for the Ubl domain, based on agreement with the experi-
mental data and overall structural quality according to the following
prerequisites: no nuclear Overhauser effect (NOE) violations >0.5 A
no torsion angle violation >5° and no RDC violations >2 Hz {(over a
0.6 Hz range) (Fig. 1A). The secondary structure of the parkin Ubi
domain consists of two o-helices (ot1: residues fle 23-Arg 33; o2:
Gln 57-Asp 60} and five p-sheets (B1: lle 2-Phe 7; B2: His 11-Val 15;
B3: Arg 42-Phe 45; B4: Lys 48-Glu 49; B5: Gln 64-Val 70). These are
arranged in a typical ubiquitin fold (Fig. 1B and C). The average r.m.s.
deviations from the average structure within the secondary structural
elements for backbone atoms and for all heavy atoms are 0.371 A and
1.025 A, respectively.

Interaction of the parkin Ubl domain with Rpn10

To analyse the interaction of Rpn10 with the Ubl domain of parkin, we
used the Rpn10 fragment comprising residues 196-306 (Rpn10,,, ...},
which retains both PUbS1 and PUDbS2. Figure 2A shows a comparison
of the 'H-"*N heteronuclear single-quantum coherence (HSQC) spec-
tra of the uniformly-['*N]-labelled Ubl domain in the presence and
absence of Rpn10,, 44 Twenty-one significantly perturbed amide
resonances were observed, whereas the rest of the spectrum remained
unchanged, indicating the formation of a specific complex between
Ubl and Rpn10,, ,,, (Fig. 2B). The perturbed residues were mapped
onto the Ubl domain structure (Fig. 2C). The identified contact-surface
comprised the B3 and P4 strands of the parkin Ubl domain and the
residues in their spatial proximity, which corresponds with the
Rpn10-binding surfaces of the Ubl domains of PLIC2 and HR23a
(Walters et al., 2002).

The Rpn10-binding sites of PLIC2 and HR23a have been character-
ized by the surface clusters of the hydrophobic residues that are bound
by basic residues on the molecular surface, whereas the ubiquitin-
binding site of Rpn10 seems to be a hydrophobic area bound by acidic
residues (Walters et al, 2002). In PLIC2, the hydrophobic cluster
comprises residues lle 75, Ala 77, lle 80, Val 101 and ile 102, which
correspond to lle 44, Ala 46, Glu 49, Val 70 and Gin 71, respectively,
in parkin. Mutagenesis studies have shown that hydrophobicity at
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Fig. 11 The solution structure of the ubiquitin-like (Ub!) domain of parkin. (A) Stereo view of ten converged structures of the parkin Ubl domain. (B) Ribbon
representation of the average structure. 8-strands and a-helices are coloured yellow and pink, respectively, in (A) and (B). Numbers in (A) and (B) indicate amino-
acid positions in the Ubl domain sequence. (C) Sequence alignment and secondary-structure elements of the parkin Ubl domain and ubiquitin.

amino-acid position 8 in tetraubiquitin is required for its binding to
Rpn10 (Beal et al., 1998). Position 8 is occupied by Leu, Pro and Asn
in ubiquitin, PLIC2 and parkin, respectively. It should be noted that
parkin also has the ability to bind Rpn10, using the surface area corre-
sponding to the hydrophobic cluster of PLIC2 and HR23a, notwith-
standing the fact that half of the positions in this cluster are occupied
by polar residues in parkin. On the basis of the NMR data from this
study, we suggest that interactions between the Rpn10 and Ubl
domains are not soley due to the hydrophobic properties of the
Ubl domains. 1t is possible that the relative contributions of the two
ubiquitin-binding sites, PUbS1 and PUbS2, are different when binding
to different Ubl domains. indeed, little or no chemical-shift-perturba-
tion was observed for the Ubl domain of parkin after addition of
PUbBST or PUbSZ alone (data not shown). This is in contrast with the
finding that the PUbS2 region can interact with the Ubl domain of
PLIC2 and HR23a (Walters et a/., 2002), suggesting that the modes of
the interactions between the Rpn10 and Ubl domains are different,
depending on the particular Ubl-domain-containing protein.

Several lines of evidence suggest that E3 proteins associate with
265 proteasomes, thereby recruiting the ubiquitylation machinery (Xie
& Varshavsky, 2000; Jager et al., 2001). The NMR data presented here
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show the structural basis for the proteasomal binding of E3. Recent
studies suggest that the ATPase subunit of 265 proteasomes, not the
Rpn10 subunit, is responsible for binding to the polyubiquitin chain
(Lam et al., 2002). Taking the data in the present study into considera-
tion, we suggest that parkin and a polyubiquitin-tagged substrate
come together on 265 proteasomes to form an efficient assembly line
for protein degradation.

Our preliminary experiments revealed that a region of endogenous
parkin was co-immunoprecipitated with 26S proteasomes in extracts
from Nero2a cells and from mouse brain extracts (data not shown),
suggesting that parkin interacts with 26S proteasomes, presumably
through the Rpn10 subunit. However, detection of a physical interac-
tion between a glutathione-S-transferease (GST)-fused Ubl domain of
parkin and FLAG-tagged Rpn10 by co-immunoprecipitation/western
blot analysis was unsuccessful, although a clear interaction between
HR23a and Rpn10 was seen under the same conditions (see supple-
mentary information online), indicating that the parkin-Rpn10 inter-
action is weak. Alternatively, it is possible that tagging of parkin and
Rpn10 may prevent any interaction between them under in vitro con-
ditions. However, in yeast, other proteasome subunits—Rpn1 and/or
Rpn2—also bind the ubiquitin-like domain of Rad23 (the yeast
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Fig. 2 | Identification of the binding site for Rpr10 in the parkin ubiquitin-like (Ubl) domain. (A} 'H-"*N heteronuclear single-quantum coherence (HSQC)

196-306
spectrum of the parkin Ubl domain in the presence (red) and absence (black) of equimolar quantities of Rpn10,,. . . The peaks labelled with L-2,G-1 and S0

originate from the amino-terminal tag. (B) NMR chemical-shift-perturbation data for the parkin Ubl domain. The data are displayed for each residue according to
the equation (0.2 3,2 + 8,7, where 8 and §,, represent the change in nitrogen and proton chemical shifts on addition of Rpn10,, . Asterisks indicate residues
the peaks of which became undetectable due to broadening. Secondary structure elements for the parkin Ubl are shown below the graph. (C) Mapping of the
perturbed residues of the Ubl domains of parkin and PLIC2 (Walters et al., 2002) on binding to Rpn10. Residues showing a chemical-shift-perturbation are
coloured in red, with the colour gradient indicating the strength of the perturbation. Residues the peaks of which became undetectable on binding to RpniGare

shown in purple.
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homologue of HR23a), when only Rpn1 and/or Rpn2 are assembled
into the 265 proteasome complex (Elsasser et al., 2002; Saeki et al.,
2002). Therefore, the possibility of an interaction of parkin with Rpn1
and/or Rpn2, as well as with Rpn10, cannot be excluded. It is of note
that yeast Rpn10 lacks the PUbS2 sequence (Kawahara et al., 2000)
and that the human PUbS2 region, but not the PUbS1 region, can only
interact with HR23a (Hiyama et al, 1999). However, it is unclear
whether the 265 proteasome subunit(s) that functions as a Ubl-domain
acceptor has changed during evolution. The determination of whether
both Rpn1/Rpn2 and Rpn10 function redundantly as Ubl-domain
acceptors, or whether they have distinct functions, awaits further
studies.

SPECULATION

The NMR data presented here indicate that the Arg 42 residue of
parkin is located in the Rpn10-binding site. One family of AR-JP
patients have a point mutation at position 42 (Terreni et al., 2001), in
which Arg is substituted with Pro. It is possible that this mutation
induces a significant conformational change in the Rpn10-binding
site of the parkin Ubl domain, resulting in impaired proteasomal
binding by parkin. Indeed, mutant parkin carrying the Arg-42-Pro
mutation was extremely difficult to dissolve at a submillimolar con-
centration for NMR analysis (data not shown); this insolubility might
be associated with loss of the correct functional conformation in the
mutant form of parkin. We suggest that this defect hampers the for-
mation of an efficient assembly line for protein degradation, and
thereby causes the accumulation of parkin substrates in neurons,
leading to Parkinson’s disease.

METHODS

Protein expression. The DNA fragment encoding the Ubl domain
(amino acids 1-76) of human parkin was cloned into the pGEX-6P-3
vector (Amersham Biosciences) with an N-terminal GST moiety. For
expression, the plasmid was cotransformed with the plysS plasmid
(Novagen) into the BL21(DE3)CodonPlus E. coli strain (Stratagene). For
the production of isotopically labelled protein, cells were grown in
M9 minimal media containing ['*NJNH,CI (1 g I"') and {u-"*Clglucose
(2 g I'. The GST-fusion protein was purified from cell lysates using a
glutathione-sepharose column. The fusion protein was cleaved by
incubation with 3 units of PreScission protease {(Amersham
Biosciences) for each milligram of GST-fusion protein for 16 h at 4 °C.
GST was removed by the application of the digested products onto a
second glutathione-sepharose column. Further purification of the pro-
tein was carried out using a Superosel2 gel-filtration column
(Amersham Biosciences). DNA encoding mouse Rpn10,,, ., was
cloned into the pGEX-6P-1 vector. For expression of Rpn10,, .., the
plasmid was transformed into the £. coli BL21(DE3)CodonPlus strain,
and cells were grown in Luria-Bertani media. The expression and
purification protocols for Rpn10,,, .., were generally the same as
those used for the parkin Ubl domain.

NMR spectroscopy. NMR samples were prepared at a concentration
of 0.1 mM in 90% H,0/10% 2H,O (v/v), 50 mM potassium phosphate
buffer, 10 mM PH, JDTT, pH 6.0. All NMR spectra were recorded at
303 K using Bruker DRX800 or DMX500 spectrometers equipped
with 5-mm inverse triple-resonance probes with three-axis gradient
coils. Backbone and CB resonances were assigned sequentially using
the following techniques: two-dimensional (2D) 'H-'*N HSQC, con-
stant-time-'H-"*C HSQC, and 3D HNCA, HN(CO)CA, HNCO,
CBCA(CONH and CBCANH spectra. Side-chain and Ho assign-
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ments were obtained from HBHA(CO)NH, HBHANH, 'SN-edited
total-correlation spectroscopy (TOCSY), '*N-edited NOESY, "C-
edited NOESY, HCACO, HCCH-COSY and HCCH-TOCSY spectra.
Distance restraints for the parkin Ubl domain were obtained by using
¥*N-edited NOESY and "*C-edited NOESY spectra. For measurements
of residual dipolar couplings, the anisotropic medium used was a
nematic-phase liquid-crystalline state, induced by bicelle and cetyltri-
ammonium bromide (CTAB)-doped bicelle (Ottiger & Bax, 1998). The
final optimized bicelle concentration for both media was 5% (w/w)
for 0.1 mM of the parkin Ubl domain. The 2D 'H-coupled 'H-"N
HSQC experiments were used to measure the one-bond "*N-H scalar
coupling (/) values in the isotropic state (in the absence of the lig-
uid-crystalline media) and in the anisotropic media (in the presence of
the bicelle or CTAB-doped bicelle). Initial estimates for the axial com-
ponent of the molecular alignment tensor (Da) and the rhombicity (R)
were obtained from the powder-pattern distribution of the overall
PN-'THRDC ('D,,)) values (Clore et al., 1998). These values were then
optimized in a stepwise manner, using the calculated solution-struc-
ture of the parkin Ubl domain as described previously (Kikuchi et al.,
2002). The final values of Da and R for the parkin Ubl domain were 12
Hz and 0.21, respectively, for the bicelle media, and 18 Hz and 0.42,
respectively, for the CTAB-doped bicelle media. Data processing and
analysis was carried out using a Silicon Graphics O2 workstation with
XWINNMR. The 'H chemical shifts were referenced to external
4,4-dimethyl-4-silapentane-1-sulphonic acid.

Structural determination. Initial calculations were carried out
with the NOE-derived inter-proton distance restraints, and with
the backbone ¢ and  torsion angles restrained by the program
TALOS (Cornilescu et al., 1999), and hydrogen-bond restraints in
the secondary-structure region. The inter-proton restraints were
classified into three categories: 1.8-2.7 A, 1.8-3.5 A and 1.8-
5.0 A, corresponding to strong, medium and weak NOE intensi-
ties, respectively. The hydrogen-bond restraints (two per hydro-
gen bond) were set to rtNH-O = 1.7-2.3 Aand rN-O =2.7-3.3 A,
according to the 'H-?H exchange rate for the amide protons,
TALOS-based secondary structure identification and the back-
bone NOE. The RDC-derived restraints were used in the SANI
modules (Clore et al., 1998) for performing a direct refinement
against the measured dipolar-couplings with the program CNS
version 1.1 (Briinger et al., 1998). The calculations were started
with extended structures (Niiges et al., 1988), and consisted of a
torsion angle space dynamics (TAD) measurement, followed by a
Cartesian minimization (Stein et al., 1997). The TAD consisted of
2,000 molecular dynamics steps of 15 picoseconds, carried out
at 50,000 K, and a cooling phase (50,000 steps of 5 femtosec-
onds each) with annealing temperatures from 50,000 K to 0 K.
A second TAD cooling-phase, consisting of 10,000 steps of
2 femtoseconds each, was applied, with annealing temperatures
from 500 K to 0 K.

The final energy minimization was performed with the follow-
ing force constants: 1,000 kcal mol' A2 for bond lengths,
500 kcal mol™ rad- for angles and improper torsions (which
served to maintain planarity and chirality), 4 kcal mol- A-* for
the quartic van der Waals repulsion term, 10 kcal mol” A2
for the experimental distance restraints, and 0.2 kcal mol-' Hz?
for the 'D,,, RDC restraints. The stereochemical quality of the
structures of the parkin Ubl domain were assessed using the pro-
gram PROCHECK-NMR (Laskowski et al., 1996). Graphic figures
were generated by the program MOLMOL (Koradi et al., 1996).
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Supplementary information is available at EMBO reports online
(http://www.emboreports.org)
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The 26 S proteasome is an evolutionarily conserved
ATP-dependent protease complex that degrades poly-
ubiquitinated proteins and plays essential roles in a
critical part of cellular regulation. In vertebrates, the
roles of the proteasome have been widely studied by use
of specific inhibitors, but not genetically. Here, we gen-
erated a cell line Z~/~/~/Z-HA, in which the expression of
the catalytic subunit of the proteasome, Z (82) could be
manipulated. This cell line expresses exogenous Z pro-
tein under the control of a tetracycline-repressible pro-
moter in a Z-nullizygous genetic background. Treatment
of these cells with doxyeycline inhibited Z expression
and, hence, the function of the proteasome. The latter
resulted in accumulation of poly-ubiquitinated proteins
and concomitant induction of molecular chaperones
Hsp70 and Hsp40. These results suggest a synergistic
role for the proteasome with these molecular chaper-
ones to eliminate misfolded or damaged proteins in vivo.
Furthermore, knockdown of the proteasome induced
apoptotic cell death following cell-cycle arrest at G,/M
phase. Our Z~/~/=/Z.HA cell line would be useful for eval-
uating proteolytic processes catalyzed by the protea-
some in many biological events in vertebrate cells.

The 26 S proteasome with a molecular mass of ~2500 kDa
consists of the central 20 S protease (catalytic core) and two
outer 19 S regulatory particles (alias PA700), functioning as a
protein-destroying machine responsible for energy-dependent
proteolysis (1, 2). The 20 S proteasome is composed of two
copies of 14 different subunits: 7 distinct « and 7 distinct 8 type
subunits. It is a barrel-like particle formed by the axial stack-
ing of four rings made up of two outer c-rings and inner
B-rings, being associated in the order of ofBa. Three out of
seven B-type subunits of each inner ring have catalytically
active threonine residues at their N termini, and these active
sites reside in a chamber formed by the centers of the abutting
B-rings. The eukaryotic 20 S proteasome has at least three
different catalytic activities against synthetic peptide sub-
strates; i.e. a trypsin-like, chymotrypsin-like, and caspase-like

(or peptidylglutamyl-hydrolyzing) activities, that contribute to
the hydrolysis of multiple peptide bonds in a single polypeptide
by a coordinated mechanism (1, 3, 4).

To date, yeast proteasomal mutants and membrane-perme-
able inhibitors have been used to determine in vivo functions of
proteasomes, which have created diverse arrays of evidence on
the biological importance of proteasomes such as the cell cycle,
immune response, signaling cascades, and protein quality con-
trol in various eukaryotes (5, 6). Indeed, budding yeast mu-
tants that lack some peptidase activities have contributed
greatly to our understanding of the involvement of proteasomes
in the degradation of many unstable key proteins (7), but their
application to higher organisms has not been tested. Various
substrate-related peptidyl compounds such as MG-132 and
Z-LgVS have been devised as potent inhibitors of proteasomes
(8, 9), but caution must be exercised in their use for interpret-
ing proteasome functions, because they inhibit not only protea-
somes but also other proteases. In contrast to these compounds,
new microbial metabolites, such as lactacystin and eponemy-
cin, were found to induce selective inhibition of proteasomes
that do not affect other proteases examined so far (10, 11).
However, although these metabolites bind to active threonine
residues of proteasomes, the possibility that they inhibit other
as-yet-unidentified threonine protease(s) cannot be ruled out
completely. Therefore, genetic approaches capable of manipu-
lating proteasomal activities are still required to determine the
in vivo functions of proteasomes in higher organisms such as
vertebrate cells.

For this purpose, we disrupted proteasome subunit Z (for-
mally designated B2) gene (cpsmb7) in chicken B cell line DT40
then established Z~/~/~/Z-HA cells that express a tetracycline-
repressible HA'-tagged Z protein (Z-HA). This construct could
manipulate proteasome levels in vertebrate cells by repressing
the Z-HA by doxycycline (Dox) treatment. Using these cells, we
found that reduction of proteasomes caused not only Gy/M
arrest during cell-cycle progression but also induction of apop-
tosis. Moreover, our results surprisingly showed that reduced
proteasomes functions induced the expression of major molec-
ular chaperones Hsp70 and Hsp40, suggesting a potential link
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FiG. 1. Conditional knockdown of proteasome Z subunit in DT40 cells. A, schematic representation of part of Z locus and targeting
vectors. Wild-type (WT) and targeted alleles (Z/Bsd, Z/Puro, and Z/ Bleo) are shown. B, genomic Southern blot analysis of wild-type (+/+/+), two
heterozygous mutants (+/+/~ and -+/—-/—), and homozygous mutant (—/~/—). Genomic DNAs were digested with EcoRI and hybridized with the
probe indicated in A. C, expression of Z-HA mRNA upon Dox treatment. Z~'~/~/Z-HA cells were Dox-treated for the indicated times, and total RNAs
were subjected to Northern blot analysis. Expression of Z-HA (top) and ethidium bromide staining of the total RNAs (bottom) are shown. D,
expression of Z-HA protein upon Dox treatment. Cell extracts (2 ug of protein), obtained from celis treated as in C, were Western blotted with
anti-chicken Z antibody. The lower signal is the mature form (solid arrowhead), whereas the upper signal corresponds to the precursor form (open

arrowhead).

between proteasome-mediated proteolysis and stress response
for protein homeostasis in the cell.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—Partial chicken Z ¢cDNA was obtained from
DT40 cells-derived mRNAs by reverse transcription-PCR method. The
primers (6'-GACACGAGGGCGACCGAAGGGATG-3' and 5'-GCGGCT-
GCTCAGGAAGTATCCATG-3') were synthesized based on expressed
sequence tag sequence (AJ397675). The full-length cDNA and genomic
DNA were obtained by screening chicken muscle ¢cDNA and genomic
DNA libraries (Stratagene). The Z targeting vectors were designed by
replacing the DNA segment that encompasses exon 1 to exon 3, with
drug-resistant cassettes for blasticidin (Bsd), puromycin (Puro), and
phleomycin (Bleo). A hemagglutinin (HA) tag was fused to the 3'-end of
chicken Z cDNA coding regions by PCR amplifications. HA-tagged
chicken Z ¢cDNA (Z-HA) was inserted into the pUHD10-3 vector at the
EcoRI site and the Sspl site was replaced with the HindlIII site by a
HindIIl linker. To construct a tetracycline (tet)-regulatable Z expres-
sion vector, tTA-dependent promoter flanked with HA-tagged chicken Z
c¢DNA were recovered from pUHD10-3-Z-HA by digestion with HindIII
and inserted into the HindlIlI site of ptTA2-Neo vector (Clontech) that
encode tet-repressible tTA (tetR-VP16). The resulting plasmid (ptTA2-
Neo-tetZ-HA) expresses Z-HA protein under the control of the tetR-
VP16 (12).

Cell Culture and Transfection—DT40 cells were cultured in
RPMI1640 medium containing 10% (v/v) fetal bovine serum, 5% (v/v)
chicken serum, 10 uM 2-mercaptoethanol, and antibiotics (penicillin
and streptomycin) at 39.5 °C under 5% CO,. Cells were electroporated
at 25 microfarads and 550 V (Bio-Rad) as described previously (13).
Stable transformants were selected with each drug at the following
concentrations: 2.0 mg/ml Geneticin (Sigma), 0.5 pg/ml puromycin (Sig-
ma), 50 pg/ml blasticidin-S (Funakoshi), and 0.3 mg/ml phleomycin
(Sigma). Cell viability was assayed by measuring the metabolic activity
using tetrazolium salt WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt, Cell

Counting Kit-8, Wako). After incubating the cells with WST-8, the
optical density was read as specified by the manufacturer. Dox was
used at a concentration of 2 pg/ml for the indicated times.
Antibodies—Anti-chicken Z polyclonal antibody was raised in rabbits
using a purified recombinant His-tagged Z protein expressed in Esch-
erichia coli BL21. Anti-Hsp70 (MBL), anti-Hsp40 (Stress Gen), anti-
actin (Chemicon), anti-Weel (Santa Cruz Biotechnology), anti-poly-
ubiquitin (MBL), horseradish peroxidase-conjugated anti-rabbit and
anti-mouse IgG antibodies (Amersham Biosciences) were purchased.
Western Blot Analysis—Cells were lysed in 50 mm Tris-HCI (pH 8.0)
containing 0.1% TritonX-100 and protease inhibitor mixture (Roche
Molecular Biochemicals). Following a brief sonication, the extracts were
cleared by centrifugation and subjected to 10-20% SDS-PAGE (14).
After transfer onto polyvinylidene difluoride membranes (Millipore),
proteins were detected by specific antibodies with the ECL method
(Amersham Biosciences). Protein concentration was measured by the
method of Bradford with bovine serum albumin as a standard (15).
Southern Blot Analysis—Genomic DNAs were isolated by using a
DNeasy tissue kit (Qiagen). Genomic DNA (15 ug) was digested with
EcoRI, separated in a 0.7% (w/v) agarose gel, and transferred onto a
Hybond N* nylon membrane (Amersham Biosciences). The membrane
was hybridized with 32P-labeled probe (Clal-EcoRI fragment indicated
in Fig. 1A), washed at high stringency, and then autoradiographed.
Northern Blot Analysis—Total RNAs were isolated by using an
RNeasy Mini kit (Qiagen). Approximately 15 ug of total RNAs was
separated and transferred onto a Hybond N* nylon membrane. The
membrane was hybridized with 32P-labeled full-length chicken Z ¢cDNA
probe, washed at high stringency, and then autoradiographed.
Glycerol Gradient Fraction—Cells were lysed in 25 mm Tris-HCI (pH
7.5) containing 1 mM dithiothreitol with 2 mM ATP by sonication, and
the lysates were centrifuged at 15,000 X g for 30 min. The supernatants
were subjected to glycerol gradient centrifugation with 10-40% glyc-
erol in the above buffer. After centrifugation at 83,000 X g for 22 h
using a Beckman SW28 rotor, the gradient was separated into 30
fractions of 1 ml each (16).
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Assay of Peptidase Activity—Hydrolysis of the synthetic peptides,
succinyl-Leu-Leu-Val-Tyr-7-amino-4-methycoumarine (Suc-LLVY-
AMC), t-butyloxycarbonyl-Leu-Arg-Arg-AMC (Boc-LRR-AMC), and car-
bobenzoxy-Leu-Leu-Glu-AMC (Z-LLE-AMC) was measured under the
presence or absence of 0.05% SDS as described previously (17). One unit
of peptidase activity was defined as the amount that degraded 1 nmol of
a given fluorogenic peptide per minute.

Assay of [*5S]ODC Degradation Activity—3°S-Labeled ornithine de-
carboxylase (ODC) was produced in vitro by translating rat ODC mRNA
in rabbit reticulocyte lysates with 35S.labeled Met and Cys
(PerkinElmer Life Sciences) and then immunopurified. The degrada-
tion of ODC was assayed as described previously (17). In brief, 2°S-
labeled ODC (3000-4000 cpm) was incubated with antizyme, ATP, and
enzyme solution in buffer containing the ATP regeneration system at
37 °C for 1 h. The reaction mixtures were then precipitated with tri-
chloroacetic acid, the radioactivity of the trichloroacetic acid-soluble
fraction was measured, and the activity was expressed as a percentage
of total ODC radioactivity added.

Flow Cytometric Analysis—Cells were fixed in 70% ethanol in phos-
phate-buffered saline at 4 °C. Fixed cells were washed in phosphate-
buffered saline, incubated with 0.25 mg/ml RNase A at 37 °C, and
stained with 10 pg/ml propidium iodide at 4 °C. DNA contents were
measured by a flow cytometry and cell cycle profiles were analyzed by
the Expo ADC analysis program (Beckman Coulter).

Immunofluorescence and TUNEL Assay—Cells were fixed in 1%
paraformaldehyde. For immunofluorescence analysis, anti-HA mono-
clonal antibody (BAbCO) and Alexa Fluor 594 goat anti-mouse IgG
antibody (Molecular Probes) were used. Nuclei were counterstained
with TOTO3 (Molecular Probes). Apoptotic cells were detected by TdT-
mediated dUTP-biotin nick end-labeling (TUNEL) assay using an
Apoptag kit (Intergen). The assay was performed according to instruc-
tions provided by the manufacturer. Fluorescence images were obtained
using a confocal laser microscope (Zeiss and Bio-Rad).

RESULTS

Genetic Manipulation of Proteasome Function—To examine
the cellular roles of proteasomes in vertebrates, we generated a
cell line that could genetically manipulate the level of the
proteasome subunit that confers a peptidase activity. Chicken
B cell line DT40 is advantageous for this purpose, because of its
efficient rate of homologous recombination (13). Full-length
chicken Z ¢DNA was obtained by screening a chicken muscle
cDNA library using the partial cDNA fragment obtained by
reverse transcription-PCR. The full-length chicken Z ¢DNA
deduced a protein of 277 amino acids (accession number
AB098728), displaying 57.4% and 83.8% identities with Sac-
charomyces cerevisiae and human, respectively, at the amino
acid level. To disrupt the proteasome Z gene (cpsmb7), chicken
Z genomic DNA was isolated from chicken genomic DNA li-
brary, and the targeting vectors were constructed as shown in
Fig. 1A. The vectors were designed to create a null allele by
replacing the DNA segment that encompasses exon 1 to exon 3,
which encodes the first 85 amino acids, including the essential
catalytic site (threonine 44 in the exon 2), with drug-resistant
cassettes. DT40 cells that contain three functional Z genes
(cpsmb7) were successively transfected with each targeting
vector, and the homologously recombined clones were identi-
fied by genomic Southern blot (Fig. 1B). Because the null mu-
tant was expected to be lethal, we transfected the tet-regulat-
able Z-HA expression vector (ptTA2-Neo-tetZ-HA vector), in
which the expression of Z protein could be shut off by Dox
treatment, and isolated their stable transformants after the
first allele was disrupted by Bsd construct. The second and
third loci were disrupted by Puro and Bleo constructs, respec-
tively. Finally, we obtained the Z~/~/=/Z-HA clone that ex-
pressed Z-HA in a Z-nullizygous genetic background. The

genomic Southern blots of representative clones are shown in -

Fig. 1B. Homologous recombination was identified as appear-
ance of new 5.2-, 12-, and 11.5-kb bands corresponding to the
targeted alleles generated by the Bsd, Puro, and Bleo con-
structs, respectively.

We then tested the effect of Dox treatment on Z-HA expres-
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F1G. 2. Proteasome activities in Dox-treated Z—'~/~/Z-HA cells.
Cell extracts (20 ug of protein) were obtained from Dox-treated or
untreated cells for indicated times, and peptidase activities were meas-
ured against ODC (A) and synthetic peptides; i.e. a chymotrypsin-like
(B, Suc-LLVY-AMC), a trypsin-like (C, Boc-LRR-AMC), and a caspase-
like (D, Z-LLE-AMC) activities. Open circles, Dox-untreated 2~~~/
Z-HA cells; solid circles, Dox-treated Z~'~/~/Z-HA cells; open triangles,
Dox-untreated wild-type cells; solid triangles, Dox-treated wild-type
cells. Note that a caspase-like activity was assayed in the presence of
0.05% SDS, whereas the chymotrypsin-like and trypsin-like activities
were without SDS (for the reason, see Fig. 3, upper panels, and text).
Data represent the mean * S.D. values of four independent analyses.

sion in Z7/~/7/Z-HA cells. Dox treatment of Z~/~/~/Z-HA cells
reduced the mRNA and protein expression of Z-HA to unde-
tectable levels at 24 h after Dox treatment (Fig. 1, C and D).
Western blot with anti-Z antibody detected both precursor and
mature forms of Z-HA. The latter form migrated below the size
of the former (Fig. 1D). It is known that the catalytic subunits
are synthesized as precursor forms and processed into the
mature form during the assembly of the 20 S proteasome com-
plex (18). The mature form co-sedimented with the 20 S pro-
teasome, whereas the precursor form was detected in the
lighter fraction when the cell extracts were fractionated by
glycerol density gradient centrifugation (see Fig. 3, lower pan-
els), suggesting that Z-HA is processed and incorporated into
the 20 S proteasome.

Depletion of Z Subunit Resulted in Loss of Proteasome Ac-
tivity—Based on yeast studies, Puplp, which corresponds to
Z/B2, is known to confer trypsin-like activity (19, 20). In the
next step, we tested whether loss of Z results in specific loss of
trypsin-like activity. After Dox treatment, cells were serially
collected at the indicated times and cell fractions were pre-
pared. The cell fractions were first tested for their ability to
degrade ODC, a proteasome-specific substrate independent of
ubiquitination. As shown in Fig. 24, ODC-degrading activities
gradually decreased upon Dox treatment. These effects were
not seen in Dox-untreated cells or Dox-treated wild-type DT40
cells. Testing for the specificity of peptidase activities showed
that not only trypsin-like activity, but also other peptidase
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chymotrypsin-like and caspase-like activities were reduced
(Fig. 2, B-D).

To further confirm that these peptidase activities represent
proteasome-specific activities, Z7/~/"/Z-HA cells were treated
with or without Dox for 30 h, and the cell extracts were further
fractionated by glycerol density gradient centrifugation and
subjected to peptidase assay and Western blot analysis. As
shown in Fig. 3 (upper panels), in wild-type cells, active enzyme
with chymotrypsin-like and trypsin-like activities was sedi-
mented with a sedimentation coefficient of ~26 S, but low
activity was found in slowly sedimenting fractions correspond-
ing to the sedimentation position of the purified 20 S protea-
some. Addition of 0.05% SDS, which is a potent artificial acti-
vator of the latent 20 S proteasome, caused marked
enhancement of chymotrypsin-like activity in fractions sedi-
menting like the 20 S proteasome, as reported previously (16).
Note that no obvious caspase-like activity was observed with-
out SDS, but its strong activity could be measured in the

19 2123 25 2719

presence of 0.05% SDS. ODC-degrading activity as well as
these three types of peptidase activities were high and compa-
rable in the Dox-untreated Z™'~/~/Z-HA cells at wild-type lev-
els, whereas they were greatly decreased in the Dox-treated
Z~/~/=/Z-HA cells (Fig. 3, upper panels).

Western blot analysis revealed that the mature form of Z
protein migrated in the fractions 11-19 with 20-26 S protea-
somes (Fig. 3, lower panels). The precursor form of Z in wild-
type cell extracts migrated at lighter fractions 7-11. These
fractions corresponded to 16 S pre-proteasomal particles as
reported previously (18). On the other hand, the precursor
Z-HA in Dox-untreated Z~/~/~/Z-HA cell extracts was recovered
in fractions 1-11. The precursor Z-HA observed in fractions 1-5
might be the free form based on its exogenous overexpression.
Nonetheless, most mature Z-HA was recovered in the fractions
containing sediments of 20—26 S proteasomes, indicating that
Z-HA is assembled into these proteasomes. Of note, in the
Z~/=/=/Z-HA cells with Dox, the mature Z-HA was reduced, and
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