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Fig. 5. The effect of overexpression of Hsp70 and Hsp40 on the level of altered insoluble mutant SOD1 in intact cells. (A) Western blots of COS-7 cells
co-transfected with H46R SOD1-FLAG pEF-BOS and either pCMV-Hsp70 or pRC-Hsp40 (molar ratio of Hsp versus SOD1 ¢cDNA was 4:1) using
SOD1-100 antibody. Proteins from the SDS-soluble (SDS-sol) and SDS-insoluble (SDS-insol) fractions were loaded to the gel and immunoblotted with
SOD1-100 antibody. (B) Western blot analysis of cells co-transfected with H46R SOD1-FLAG pEF-BOS and various amounts of Hsp70 cDNA. Molar
ratios of pCMV-Hsp70 versus H46R SOD1-FLAG pEF-BOS are indicated in the figure. Forty-eight hours after transfection, cells were harvested and
fractionated. Proteins from each fraction were analyzed by Western blotting using an SOD1-100 antibody. (C) The graphs show the relative intensities of
H46R SOD1 monomers and dimers in each fraction shown in (B). The relative intensities were quantified by densitometry and normalized to bands from
cells transfected with the empty vector (n= 3, bars represent mean &+ SD).
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size than wvisible inclusions, and the presence of visible
inclusions composed of highly insoluble aggregates con-
tributes less to the early pathological event.

Our findings are relevant to the previous reports that
detergent-insoluble dimers and HMW species were found
before onset of motor disability and the appearance of
pathological SOD1-aggregates in mutant SOD1 transgenic
mice [16,19]. However, in these preceding experiments, the
alteration of mutant SOD1 solubility was assessed by frac-
tionation using only one detergent. By the sequential
extraction of mutant transgenic mouse spinal cords with
PBS and TX containing buffer for removing cytosolic
and mitochondrial SOD1 with normal solubility equivalent
to wild-type SOD1, we separated H46R SOD1 into three
different kinds of mutant-specific insoluble species, indicat-
ing that insoluble mutant SOD1 did not consist of a uni-
form species. To see whether SDS-dissociable soluble
monoimers, in addition to SDS-stable soluble dimers, repre-
sented early misfolded intermediates, we have investigated
the alteration of SOD1 solubility using a cell culture model
of TALS. Treatment with proteasome mhibitors caused the
accumulation of SDS-dissociable soluble mutant H46R
SOD1 monomers and SDS-stable soluble dimers earlier
than that of SDS-stable soluble HMW species and SDS-
insoluble species. This finding resembled the age-dependent
alteration of SOD1 solubility in mutant H46R SOD/1 trans-
genic mice. In contrast, overexpression of Hsp70 reduced
the levels of SDS-dissociable soluble mutant H46R SOD1
monomers and SDS-stable soluble dimers. These findings
indicate that SDS-dissociable soluble mutant SOD1 mono-
mers and SDS-stable soluble dimers are degraded by the
proteasome pathway and are modulated by molecular
chaperones as misfolded intermediates. The previous in vi-
tro study showed that a normal homodimer of SOD1 dis-
sociates to an aggregation-prone monomeric intermediate
by oxidation [32]. Further experiments would be necessary
to see how potentially aggregation-promoting modifica-
tions, such as oxidation and nitration, relate to the alter-
ation of SOD1 solubility.

Several reports showed that Hsp70 and its co-chaperone
Hsp40 were involved in the aggregation process or the deg-
radation of SOD1 [11,33], and Hsp70 and Hsp40 suppress
SOD1 aggregate formation and improve neurite outgrowth
[34]. Although in the previous report up-regulation of
Hsp70 was not observed in the spinal cords of mutant
SOD1 transgenic mice in contrast to cultured cells over-
expressing mutant SOD1 [23], we found that the levels of
Hsp70 and Hsp40 in mutant SODI1 transgenic mice
increased in the SDS-soluble fraction before disease onset.
This observation is consistent with the report that Hsp70
interacts with detergent-insoluble SOD1 rather than deter-
gent-soluble SOD1 in cells [33] However, it should be not-
ed that endogenous Hsp70 and Hsp40 in the SDS-soluble
fraction do not suppress accumulation of insoluble mutant
SOD1 in the present H46R SOD1 transgenic mice. Fur-
thermore, Liu et al. [35] showed that elevation of Hsp70
does not affect ALS disease onset and survival in several

types of mutant SOD1 transgenic mice co-overexpressing
Hsp70 at ~10-fold higher levels than control mice, suggest-
ing that there was no benefit from chronically elevated
Hsp70. In cells, overexpression of Hsp70 reduced the levels
of SDS-soluble and SDS-insoluble mutant H46R SOD1,
whereas it did not lead to the elevation of PBS-soluble
and TX-soluble SOD1 levels. This result implies that over-
expression of Hsp70 had an effect on the levels of mutant-
specific insoluble SOD1 species by forwarding them to the
degradation pathway rather than refolding them to a nor-
mal soluble pool of SOD1. Adachi et al. [36] reported that
overexpression of Hsp70 decreased soluble monomeric
androgen receptor (AR) protein in addition to HMW
mutant AR protein in double transgenic mice expressing
mutant AR protein and Hsp70, suggesting that Hsp70
enhanced mutant AR degradation. Since inhibition of the
proteasome activity in cells had a strong effect on the accu-
mulation of insoluble mutant SOD1 with up-regulation of
endogenous Hsp70 and Hsp40, the discrepancy in benefi-
cial effects of Hsp70 between cellular and mouse models
of fALS may be explained by several possibilities. First,
the diminishing of the proteasome activity may generate
abundant misfolded proteins whose concentration exceeds
the capacity of up-regulated endogenous Hsp70/40. Sec-
ond, the main function of Hsp70 is to facilitate the protea-
some pathway-dependent clecarance of misfolded SODI.
Third, the accumulation of insoluble SOD1 species directly
mmpairs the chaperone function of Hsp70 [37]. An
approach for examining the toxicity of SDS-dissociable
soluble mutant SOD1 monomers and SDS-stable soluble
dimers may provide a clue to prevent a further accumula-
tion of potentially toxic misfolded protein complexes in
fALS.
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Calcium-sensing receptors (CaR)
contribute to regulation of systemic
calcium homeostasis by activation of Gq-
and Gi-linked signaling pathways in the
parathyroids, kidney, and intestine.
Little is known about the mechanisms
CaR
Screening of a human
kidney  yeast two-hybrid library
identified the E3 ubiquitin ligase dorfin

as a binding partner for the intracellular

regulating synthesis and

degradation.

carboxyl terminus of CaR. Interaction
between CaR and dorfin was confirmed
by coimmunoprecipitation from HEK293
Ubiquitination of CaR was
the of the

proteasomal inhibitor MG132; mutation

cells.
observed in presence
of all putative intracellular loop and
carboxyl terminal residues
abolished of CaR.

Coexpression with dorfin decreased the

lysine
ubiquitination

amount of total CaR protein and
increased CaR ubiquitination, while a
dominant negative fragment of dorfin
The AAA-ATPase

(VCP)

had opposite effects.
p97/valosin-containing protein

associates with both CaR and dorfin in
HEK293 with
tunicamycin, an inhibitor of N-linked

cells. Treatment
glycosylation, induced the appearance of
the unglycosylated 115 kD CaR form,
which was further increased by exposure
to MG132, or upon transfection with a
dorfin dominant construct,
that dorfin-mediated
proteasomal degradation of immature
the

negative

suggesting

CaR occurs from endoplasmic

reticulum. Since endogenous CaR in
MDCK cells is also subject to
degradation from the endoplasmic
reticulum, dorfin-mediated

ubiquitination may contribute to a

general mechanism for CaR quality
control during biosynthesis.

The calcium sensing receptor (CaR)
contributes to maintenance of systemic
Ca? homeostasis, regulating parathyroid
hormone secretion, absorption/resorption
of Ca* by the intestine and kidney, and
may also have effects in bone (1). CaR

belongs to family C of the GPCR

Copyright 2006 by The American Society for Biochemistry and Mplecular Biology, Inc.
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superfamily, having structural similarities

to metabotropic glutamate receptors,
GABAB receptors, and some putative
pheromone/taste receptors (1,2).

Common to all members of family C is a
large extracellular domain of more than
600 amino acids containing the agonist
binding site,

a heptahelical

transmembrane domain, and a large
intracellular carboxyl terminal tail of more
than 200 amino acids (1,2). Members of
Family C, including CaR, function as
dimers, stabilized either by a disulfide
bond or non-covalent interactions (3,4,5).
The CaR extracellular domain contains

N-linked glycosylation sites (2,6,7), and is

stabilized by multiple intramolecular
disulfide bonds, as well as one
intermolecular disulfide bond between

monomers in the dimer (8,9,10). Upon
agonist stimulation, CaR activates diverse
signaling pathways leading to changes in
hormone secretion, cell proliferation,

(D.

While considerable progress has been

differentiation and/or apoptosis

made in understanding the structure,
activation, and signaling of CaR, the
biosynthesis, trafficking, targeting and
mechanisms

turnover regulating CaR

remain largely unexplored.

To identify novel proteins that might
regulate trafficking and/or targeting of
CaR, the intracellular carboxyl terminus of
CaR was used as bait in a yeast two-hybrid
(Y2H) screen of a human kidney cDNA
library. One of the proteins identified in
the screen was the E3 ubiquitin ligase
dorfin (double-RING finger protein) (11).
Dorfin was originally cloned from human
spinal cord and is expressed in many
organs, including kidney, liver, intestine,
and the central nervous system (11).
Dorfin localizes to a region near the

383
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centrosome in an aggresome-like structure
in cultured cells (11). In the nervous
system, dorfin ubiquitinates superoxide
dismutase-1 (12) and synphilin-1 (13), and
is a component of Lewy bodies observed

other
(12,13,14).
Ubiquitination results in the attachment of

in Parkinson’s and

neurodegenerative  diseases
ubiquitin, a highly conserved 76-amino
acid polypeptide, to the e-amino group of
lysine residues of target proteins, and
requires the sequential actions of three
enzymes.  Final transfer of activated
ubiquitin to target proteins is coordinated
by the E3 which

interacts with both E2-ubiquitin and the

ligase, specifically

target protein (15). Dorfin contains two
RING domains at its amino terminus,
which function as recruiting motifs for
specific E2s (11). The carboxyl terminus
of dorfin has no identifiable motifs, but
has been shown to confer specificity of
(13). Dorfin
with VCP
(valosin-containing protein, also called
Cdc48
AAA-ATPase proposed to have a role in

binding to synphilin-1

interacts directly

p97 or homologue) (14), an
endoplasmic reticulum-associated protein
degradation (ERAD). VCP assists

translocation of ubiquitinated proteins

n

from the ER and acts as a chaperone,
targeting ubiquitinated proteins to the
proteasome for degradation (16,17,18,19).

this characterize the
functional interactions between CaR and
dorfin in HEK293 cells, and demonstrate
that dorfin mediates CaR ubiquitination,

In report, we

leading to degradation by the proteasome.
Both dorfin and CaR interact with VCP in
HEK?293 cells, and a dominant negative
fragment of dorfin protects immature
forms of CaR from degradation. Finally,
endogenous CaR in MDCK cells is also



subject to ER-associated degradation,

suggesting a common mechanism may
of both

exogenously and endogenously expressed

regulate  quality  control
CaR. These results suggest that dorfin
misfolded

non-functional CaR at the endoplasmic

may recognize or
reticulum, leading to ubiquitination and

proteasomal degradation.

EXPERIMENTAL PROCEDURES
Materials. Human kidney cDNA Ilibrary
and all the materials for the Y2H screen
HEK?293
and MDCK cells were from the American
Culture

lab
Restriction enzymes were from

were purchased from Clontech.

used

30.
New
England Biolabs and Promega. The
EGFP-dorfin plasmid (dorfin chimera with
rabbit
polyclonal antibody against dorfin (D-30)
The
HA-ubiquitin plasmid was generously
provided by Dr. Richard JH Wojcikiewicz
(SUNY Upstate Medical
Syracuse, NY). Monoclonal antibodies

Tissue Collection and

through passage number

EGFP at amino terminus) and

were generated as described (11).

University,

were from various sources (anti-Flag M2
and anti-actin antibodies, Sigma; anti-HA
anti-VCP
antibody, Research Diagnostics; anti-GFP
Probes). Rabbit
polyclonal antibody against CaR (LRG)
was generated as described  (20).
Anti-phospho-ERK1/2 (p42/44) polyclonal
from Cell
ECL

antibody, Roche Diagnostics;

antibody, Molecular

antibody  was Signaling

Technology. anti-mouse and

anti-rabbit, horseradish
peroxidase-conjugated secondary

antibodies  were  purchased from

Amersham. MGI132 and tunicamycin

were purchased from Sigma.

Plasmid construction. CaR with an amino

[¥3]

-124 -

terminal Flag epitope (Flag-CaR) was
described (21). CaR
carboxyl terminal (CaR-CT) fragments in
the Y2H bait pGBKT7 were
prepared by PCR using primers containing
Ndel and Sall sites, using Flag-CaR as
template. PCR products were digested
with Ndel/Sall, and subcloned into
Ndel/Sall-digested pGBKT7. Dorfin
carboxyl terminal fragments in the Y2H
prey pACT2 were
similarly, using Ncol and Xhol sites.

generated as

vector

vector prepared
The
dominant negative construct of dorfin was
generated as a chimera with EGFP at the
terminus (DCT-EGFP). The

DCT fragment containing dorfin residues

carboxyl

561-838 was prepared by PCR using
primers containing Bglll and Sall sites.
The PCR product was digested with
Belll/Sall and subcloned
Bglil/Sall-digested = PEGFP-N1
(Clontech). Another version of dominant

into
vector

negative dorfin (DCT-¢-myc) was prepared
similarly by PCR the DCT fragment using
primers containing Xbal and HindlIII sites.
The PCR product was digested with
Xbal/Hindlll and  subcloned into
Xbal/HindlIll-digested pcDNA3.1A(-)
vector (Clontech). Another construct of
dorfin (DNT-EGFP) the
N-terminal RING-finger domains of dorfin

containing

from residue 1-367 was prepared by PCR
using primers containing Sacl and Kpnl

sites. The PCR product was digested

with Sacl/Kpnl and subcloned into
Sacl/Kpnl-digested pEGFP-N1  vector
(Clontech). Point  mutations  were

generated by a modified inverse PCR
method (22). All PCR
reactions used Pfu DNA polymerase

mutagenesis

(Stratagene). All constructs were verified
by dideoxy-DNA (DNA
Sequencing Facility, Cornell University,
NY).

sequencing

Ithaca, Sequences of primers



provided upon request.

Y2H assav Gal4-based Y2H
library screening was performed by yeast

in the
(Clontech).
Yeast Saccharomyces cerevisiae MATa strain

screening.

mating as recommended

manufacturer’s instructions
AH109 was transformed with bait plasmid
containing CaR-CT (aa 866-1078) and
incubated with yeast Saccharomyces

MATa Y187
pretransformed with human kidney cDNA
library (Clontech) in 2xYPDA/Kan at 30°C
for 24 hours. The mixture was plated on
SD/-Ade/-His/-Leu/-Trp plates to screen
for ADE2" and HIS3* clones. Plates were

incubated at 30 °C until colonies appeared.

cerevisiae strain

Colonies were restreaked on
SD/-Ade/-His/-Leu/-Trp + X-a-gal plates to
MEL1+ Clones that
activated three reporter genes, ADE2, HIS3

screen for clones.
and MELI1, were considered positive and
identified by purifying plasmids and
sequencing inserts.

Directed Y2H studies were performed by
cotransformation using the lithium acetate
method (23).
CaR-CT fragments and prey plasmids

Bait plasmids containing

containing dorfin carboxyl terminal
fragments were cotransformed into AH109
and plated on SD/-Ade/-His/-Leu/-Trp +
An
considered positive when three reporter
genes (ADE2, HIS3 and MELI) were

activated.

X-a-gal plates. interaction was

Cell culture and tramsfection. HEK293 and
MDCK cells were grown in high glucose
modified Eagle’s
with

calf serum,

medium
10%

50
units/ml  penicillin, and 50 pg/ml
streptomycin (37 °C, 5% CO2). HEK293

Dulbecco’s
(DMEM),
heat-inactivated fetal

supplemented
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cells were transiently transfected with
Novafector (Venn Nova LLC, Pompano,
FL)
instructions;

according to  manufacturer’s

experiments were done

seventy-two hours after transfection. For
inhibitor studies, cells were treated with
MG132 and/or tunicamycin (solubilized in
DMSO) for twelve hours prior to lysis.
Comparable levels of DMSO had no effect

on measured parameters.

SDS-PAGE and western blotting.
Transfected HEK293 cells or MDCK cells
were washed with PBS-EDTA and lysed on
ice with PBS containing 5 mM EDTA, 0.5%
Triton X-100, 10 mM iodoacetamide, plus
protease inhibitor mixture (Roche Applied
Science). Cell lysates were agitated for 30
min at 4°C and cleared by centrifugation.
Supernatants were mixed with loading
buffer (12 M wurea, 4% SDS, 0.01%
bromophenol blue, 100 mM
p-mercaptoethanol in 200 mM Tris) and
separated on 4-15% SDS-polyacrylamide
(Bio-Rad)
nitrocellulose

transfer  to

(Bio-Rad).
Membranes were incubated with primary
antibodies (GFP, 1:500; LRG, 1:1000; HA,
1:1000; actin, 1:1000; D-30, 1:3000; or VCP,
1:1000) overnight at 4°C.
were incubated with secondary antibody

gels before

membranes

Membranes

coupled to horseradish peroxidase (1:5000)

at room temperature for one hour.
Proteins were visualized by enhanced
(Super West
Substrate,
Assay of ERK1/2 phosphorylation was as
When the

same blot was probed for the presence of

chemiluminescence Pico

Chemiluminescent Pierce).
previously described (21).

coprecipitated proteins, nitrocellulose

membranes were stripped in Restore
Western Blot Stripping Buffer (Pierce) and

probed with a second primary antibody.



Immunoprecipitation. Transfected HEK293
cells were washed with PBS and lysed as
described. After
samples were agitated for 30 min at 4°C

sonication on ice,

and incubated with 10 ul protein
G-agarose (Invitrogen) to minimize
nonspecific binding. Samples were

centrifuged and supernatants incubated
with antibody for 3 hrs at 4°C. 15 ul
protein G-agarose was then added, and
(4°C).
Precipitates were incubated in loading
buffer for 30 min at (25°C), and run on
SDS-polyacrylamide gels as described.

samples rotated overnight

To detect specific ubiquitination, a
two-step immunoprecipitation was
performed. After the first

immunoprecipitation as described, pellets
were washed three times with lysis buffer
and incubated with 1% SDS/PBS for 30
minutes (25°C) to disrupt non-covalent
interactions. Samples were centrifuged
and supernatants were diluted with lysis
buffer, by

immunoprecipitation. The
precipitates were incubated in loading
buffer
SDS-polyacrylamide gels as described.

followed a second

resultant
and

separated on

Densitometry and statistics. Blots were
digitized using an Epson Expression 800
Photo quantified by
densitometry using AlphaEaseFC
StandAlone Software (San Leandro, CA).

Results were mean = S.D. of at least three

scanner and

independent experiments; graphs were
Plot  2000.
Student’s t-test (two comparisons) was

generated using Sigma

performed, p < 0.05 was considered
significant.

RESULTS
Y2H screen identifies the E3 ubiquitin ligase
dorfin The

as a CaR-binding protein.
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cytoplasmic carboxyl terminus of CaR (CT,
residues 866-1078) was used as bait to
screen a human kidney cDNA library
(Figure 1A). Positive clones were selected
by activation of three reporter genes,
ADE2, HIS3, and MEL1.
the NCBI database with positive clones

Blast searches of

identified in the screen yielded a fragment
corresponding to the carboxyl terminus
(residues 561-838) of the E3 ubiquitin
ligase dorfin (double-RING finger protein),
an 838 amino acid protein (Figure 1B) (11).

To localize the dorfin interaction sitc on

the CaR carboxyl terminus, various
truncations of the CaR carboxyl terminus
(in pGBKT?7), illustrated in Figure 1A,
the

terminus of dorfin (residues 561-838) (in

were screened against carboxyl
pACT2) after cotransformation in the
AH109 strain. The full CaR-CT (residues
866-1078) interacted

confirming the results of the initial screen.

with dorfin,
Truncations of the carboxyl end of CaR-CT
were well tolerated, displaying positive
with dorfin. Only
smallest fragment, residues
866-886, did not
Truncations from the amino terminus of
the CaR-CT narrowed
interaction with dorfin to residues 880-900
(Figure 1A).

interactions the
containing

interact with dorfin.

the region for

Complementary directed YZH screens
were performed to localize the CaR-CT
interaction site on the carboxyl terminus of
dorfin 561-838). Any
truncations from the carboxyl terminus of
dorfin inhibited interactions with CaR-CT,

interaction with CaR-CT was

(residues

while
retained upon removal of up to 100
residues from the amino terminus of the
dorfin fragment (residues 561-660). The
minimal fragment of the dorfin carboxyl



terminus required for interaction with
CaR-CT contains residues from 660-838
(Figure 1B).

Coimmunoprecipitation of CaR and dorfin
Sfirom HEK293 cells confirms their interaction.
Human CaR having an amino terminal
Flag epitope (Flag-CaR) was transfected
into HEK293 cells, and Flag-CaR was
with
antibody. The immunoprecipitate was
separated on a 4-15% SDS-PAGE reducing
gel, blotted to nitrocellulose and probed
D-30.
Endogenous dorfin was observed as a
doublet
approximately 100 kD in the presence

immunoprecipitated anti-Flag

with anti-dorfin antibody

with molecular weight
(lane 1) but not in the absence (lane 2) of
transfected Flag-CaR (Figure 2A,

panel). The two lower panels in Figure 2

top

illustrate the expression of endogenous
dorfin (probed with anti-dorfin antibody
D-30) or Flag-CaR (probed with anti-CaR
LRG antibody) in cell lysates.
results confirm the interaction of full
length CaR and dorfin in HEK293 cells.

These

To confirm that the dorfin fragment
identified in the Y2H studies is required
for the interaction of dorfin and CaR in
mamimalian cells, Flag-CaR and full length
dorfin (EGFP-dorfin) or dorfin truncations

(DNT-EGFP or DCT-EGFP) were tested for

coimmunoprecipitation from HEK293 cells.

DNT-EGFP contains the amino terminal
RING-finger domains of dorfin from
residue 1-367; DCT-EGFP contains the
carboxyl terminal domain of dorfin from
residue 561-838. Anti-Flag antibody was
used to immunoprecipitate Flag-CaR, and
blots were probed with anti-GFP antibody
to detect dorfin species. EGFP-dorfin
(130 kDa) and DCT-EGFP (60 kDa)
coprecipitated with Flag-CaR (Figure 2B,
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top panel), but DNT-EGFP (68 kDa) did
not. Middle and bottom panels of Figure
2B illustrate expression of the indicated
constructs in cell lysates when probed
with anti-GFP (middle) or anti-CaR LRG
(bottom)

confirm

antibodies. These results
that

mediating the interaction with CaR in

the domain of dorfin

yeast, i.e., the carboxyl terminus, is also
required for the interaction of dorfin with
CaR in mammalian cells.

CaR is ubiquitinated. Interaction between
CaR and dorfin suggests that CaR may be
ubiquitinated. To test this possibility,
Flag-CaR and amino terminal HA-tagged
ubiquitin (HA-Ub) were cotransfected into
HEK293 cells, and a two-step, denaturing
protocol was used to immunoprecipitate
Flag-CaR. Briefly, anti-Flag antibody was
used to immunoprecipitate CaR, followed

by treatment of the pellet with 1%
SDS/PBS to  disrupt  non-covalent
interactions between CaR and its

associated proteins. The supernatant was
diluted with lysis buffer and subjected to a
second round of immunoprecipitation
with anti-Flag antibody. The western blot
was probed with anti-HA antibody to
detect
Ubiquitination of CaR was observed in the
inhibitor
MG132, appearing in the range from 150
kD than 250 kD, while
ubiquitination was barely detectable in the

ubiquitinated species.

presence of the proteasomal

to more
absence of MG132 (Figure 3A, upper panel,
lanes 1-2). MG132 increased the amount
of CaR protein (Figure 3A, lower panel,
lanes 1-2), suggesting that ubiquitination
followed by proteasomal degradation
contributes to regulation of CaR.

Ubiquitin ligases covalently conjugate
ubiquitin to lysine residues of target



CaR
ubiquitinated, we mutated intracellular

proteins. To confirm that is
There are
the CaR
carboxyl terminus (residues 863, 882, 897,
917, 931, 963, 965, 984 and 1002) and seven
lysine  residues the three
intracellular loops (residues 636, 644, 709,
717, 793, 796 and 805). When each lysine

mutated

lysine residues to arginine.

nine lysine residues within

within

residue  was to arginine
individually, the resulting mutants were
still (data

shown). Since single point mutations did

heavily ubiquitinated not
not abolish ubiquitination, CaR must be
ubiquitinated at more than one lysine
residue. All sixteen lysine-residues were
therefore mutated to arginine
simultaneously, and ubiquitination of the
mutant, termed Flag-CaR(0K), determined
in the absence or presence of MGI32
(Figure 3A, lanes 3-4).

Flag-CaR(0K) was not ubiquitinated to a

upper panel,

significant extent even in the presence of
MG132. In addition,
Flag-CaR(0K) was not significantly
changed upon addition of MG132 (100%in
the absence versus 107.6 + 10.7% in the
presence of MGI32) (Figure 3A, lower
panel, lanes 3-4), while wild type Flag-CaR
was sensitive to MG132 treatment (100% in
the absence versus 1484 = 4.7% in the
presence of MG132) (Figure 3A, lower

Both Flag-CaR and
achieved

the amount of

panel, lanes 1-2).
Flag-CaR(0K)
glycosylation

mature
consistent with plasma
membrane localization (Figure 3A, lower
panel) (6,7), and had a comparable ability
to stimulate ERKI1/2 phosphorylation
upon exposure of cells to 5 mM Ca*
(Figure 3B). The absence of Flag-CaR(0K)
ubiquitination is not the result of an
inability to associate with dorfin, since
with anti-Flag

Flag-CaR

immunoprecipitation

antibody  of  either or
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Flag-CaR(0K) results in coprecipitation of
comparable levels of endogenous dorfin
(Figure 3C, top panel). Also illustrated in
Figure 3C is the presence of endogenous
dorfin (middle panel) or transfected
Flag-CaR (bottom panel) in cell lysates.
These that CaR

ubiquitinated at multiple lysine residues

results confirm is

and degraded by the proteasome.

Dorfin
is an E3 ubiquitin ligase and interacts with
CaR, and therefore likely mediates CaR
ubiquitination. To test this possibility,
Flag-CaR and HA-Ub cDNAs
cotransfected into HEK293 cells, without
or with EGFP-dorfin .<DNA. Anti-Flag
antibody was used to immunoprecipitate

Dorfin mediates CaR ubiquitination.

were

CaR; western blots were probed with
anti-HA antibody to detect ubiquitinated
species. In the absence of dorfin, a low
level of CaR ubiquitination was detected;
cotransfection with dorfin dramatically
increased CaR ubiquitination (Figure 4A).
HEK293 cells express endogenous dorfin
(data not shown, but see cg. Figure 2A or
3C), and thus basal CaR ubiquitination (in
the absence of cotransfected dorfin) might
be catalyzed by endogenous dorfin. To
test this possibility, we used DCT-EGFP as
a dominant negative to interfere with
ubiquitination mediated by endogenous
dorfin.
ubiquitination of substrates, since it does

This construct cannot catalyze

not contain the amino terminal RING
which
interaction with ubiquitin-conjugating
enzymes (11). Cotransfection of HEK293
cells with Flag-CaR, HA-Ub and
DCT-EGFP resulted in a reduction in CaR
with
ubiquitination mediated by endogenous
dorfin (-DCT) (Figure 4B). These results
suggest that the E3 ubiquitin ligase dorfin

domains are essential for

ubiquitination, compared



mediates ubiquitination of CaR.

Dorfin regulates the anount of CaR protein in
HEK293 cells.
ubiquitination,

Since dorfin mediates CaR

it
regulation of total cellular CaR protein.
Flag-CaR c¢DNA was
HEK293 cells with increasing amounts of
EGFP-dorfin ¢cDNA (Figure 5A). Total
¢DNA was kept constant with pcDNA3.1.
The expression of CaR and dorfin were

must contribute to

transfected into

characterized by immunoblotting lysates
from HEK293 cells with either anti-CaR
LRG antibody (Figure 5A, top blot) or
anti-GFP antibody (Figure 5A, bottom
blot). Actin was used as a loading control
(Figure 5A, middle blot). When dorfin
increased, of CaR
decreased in a dose-dependent manner
(Figure 5A).
shows averaged results for 3 independent

was the amount

The graph in Figure 5A

experiments, and demonstrates  a
significant decrease in CaR protein as

dorfin protein is increased.

When CaR cDNA was transfected into
HEK293 cells with increasing amounts of
the dominant negative DCT-EGFP cDNA,
CaR protein in cell lysates increased as a
function of DCT protein (Figure 5B, top
blot).
results from 3 independent experiments
(Figure 5B). To confirm that EGFP made
no contributions to the observed responses

The graph illustrates averaged

»

a DCT construct containing a carboxyl
terminal c-myc epitope was also generated.
DCT-c-myc CaR
dorfin-mediated degradation in a manner
to DCT-EGFP (data not
that the dorfin

competed with

protected against
comparable
shown), indicating
fragment specifically
endogenous dorfin to protect against CaR
degradation. These results suggest that
dorfin CaR

endogenous regulates
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degradation.

To test if dorfin mediates degradation of
CaR in a proteasome-dependent manner,
the effect of the proteasomal inhibitor

MG132 on dorfin-mediated CaR
degradation was examined. When cells
cotransfected  with  Flag-CaR  and

EGFP-dorfin were treated with MGI132,
the dorfin-dependent decrease of CaR
protein level was abrogated (Figure 5C),
suggesting that a proteasome-dependent
dorfin-mediated

mechanism underlies

degradation of CaR.

VCP interacts with both CaR and dorfin.
Dorfin interacts directly with VCP, an
AAA-ATPase proposed to have a role in
endoplasmic reticulum-associated
degradation (ERAD) of proteins (14). In
HEK293 cells transiently transfected with
Flag-CaR,

endogenous

an
VCP
both Flag-CaR and endogenous dorfin

antibody against

immunoprecipitated

(Figure 6, lane 1). In the absence of
Flag-CaR, the anti-VCP antibody pulled
down endogenous dorfin (Figure 6, lane 2)

»

as has previously been shown (14).
blots 6
endogenous expression of VCP and dorfin,
Flag-CaR lysates of
transfected cells. Since both dorfin and
CaR can interact with VCP, it is likely that

dorfin-mediated

Lower of Figure indicate

as well as in

ubiquitination and
degradation of CaR is occurring at the ER

via a VCP-facilitated ERAD pathway.

All forms of CaR are degraded via the
proteasome. If CaR interacts with dorfin
and VCP at the ER, it is possible that
misfolded or unfolded, immature CaR is
targeted for proteasomal degradation by
To
examined the effects of tunicamycin, an

dorfin. test this possibility, we



inhibitor of glucosaminyl-1-phosphate
transferase, on the amounts and molecular
weights of CaR in the absence or presence
of MGI132. Treatment with tunicamycin
induced the appearance of unglycosylated
CaR, with molecular weight of 115 kD
7A). differentially

glycosylated forms of CaR were also

(Figure Two
observed, i.e., bands at molecular weights
of 130 kD and 150 kD (Figure 7A),
respectively. Previous studies have
shown that the 130 kD form of CaR is the
ER-localized  high
receptor, and the 150 kD CaR is the mature

mannose-modified

receptor at the plasma membrane (6,7).
Addition of MG132 dramatically increased
the amount of the 115 kD form of CaR
(185.3 + 29.6 % normalized to the amount
in the absence of MG132), while the two
glycosylated forms of CaR were increased
to a lesser extent (130 kD form, 159.2 =
12.6%; 150 kD form, 131 + 10.3%) (Figure
7B).
sensitive

All forms of CaR are therefore

to ubiquitination and
degradation, although the immature forms
of CaR (115 kD) which localize to the ER
the ubiquitination

represent strongest

targets.
To determine whether dorfin-mediated

ubiquitination is responsible for
proteasomal degradation of the variously
processed forms of CaR observed in the
presence of tunicamyecin, we cotransfected
HEK293 cells with Flag-CaR with or
without the dorfin dominant negative
fragment, DCT, treated cells overnight
the
abundance of CaR forms on western blots
(Figure 7C). As illustrated in the blot and
of 3
independent experiments), the presence of
DCT had an effect on CaR abundance

addition of MGI132

with tunicamycin, and quantified

associated  graph  (average

comparable to

- 130 -

(compare Figure 7B and 7C), suggesting
that ubiquitination leading to proteasomal
degradation of all forms of CaR is

mediated by dorfin.

To determine whether endogenous CaR is

subjected to proteasome-dependent
degradation in the ER, we tested whether
MG132 could alter CaR protein levels in
MDCK cells, which express endogenous
CaR (24, 25) and endogenous dorfin (data
MG132
increased the tunicamycin-induced
immature 115-kD form of CaR in MDCK
(Figure 7D), that

endogenous CaR is regulated by ERAD,

not shown). significantly

cells suggesting

presumably via a  dorfin-mediated

pathway.

DISCUSSION

The molecular mechanisms underlying
the trafficking, targeting and turnover of
CaR remain largely unknown. In this
that E3
ubiquitin ligase dorfin, identified as a

the intracellular
of CaR by Y2H
screening of a human kidney library,
interacts with CaR in HEK293 cells and
regulates CaR abundance.

study we demonstrate the

binding partner to

carboxyl terminus

Dorfin contains two RING-finger domains
and an In-between RING-finger domain at
its amino terminus, through which it
with the
ubiquitin-conjugating enzymes Ubc7 and
Ubc8 (11).
domain E3 ubiquitin ligases, the dorfin

interacts specifically

In common with other RING

carboxyl terminus confers specificity for

substrate including mutant

(12)
synphilin-1 (13). The region identified in

proteins

superoxide  dismutase-1 and

the initial Y2H screen for CaR carboxyl



terminal binding partners corresponds to
the distal carboxyl terminus of dorfin,
from residues 561 to 838, further narrowed
by directed Y2H screens to residues 660 to
838, distal
terminus of dorfin in binding to a range of

implicating the carboxyl

its target proteins. Dorfin also interacts
with VCP through its carboxyl terminus
(14).
specific interaction motifs can be identified

It remains to be determined whether

within the dorfin carboxyl terminus,
which may aid in identifying additional

dorfin targets.

Dorfin has been suggested to have role in
of variety  of

disecases. Dorfin
localizes to Lewy bodies in Parkinson’s
disease and dementia (12,14,26), and in
Lewy body-like inclusions in amyotrophic

the pathology a

neurodegenerative

lateral sclerosis (13,14). CaR is expressed
in tissues that contribute to maintenance of
systemic Ca’ homeostasis, including the
parathyroids, kidney, intestine and bones
(1), as well as other cell types where its
role(s) are less well-defined (27). Our
results therefore suggest that dorfin may
have more general roles as an E3 ligase in a
Our data
support a model in which dorfin mediates

variety of cells and tissues.

ubiquitination and proteasomal
degradation of CaR via the ERAD pathway,
which suggests that dorfin plays a crucial
role in regulating the post-translational

level of CaR. It will be of interest to

determine whether alterations in CaR
protein levels in CaR-related diseases are
mediated by  dorfin, given that

endogenous CaR in MDCK cells is subject
to ERAD.

The interactions between CaR and dorfin
led us to investigate CaR ubiquitination.
Ubiquitinated CaR is not observed in the

-131-

absence of MGI132, suggesting that
ubiquitinated CaR 1S rapidly
deubiquitinated or degraded. MGI132

increased the overall amount of CaR
protein, an effect mimicked by a dominant
negative fragment of dorfin, suggesting
that dorfin-mediated ubiquitination and
proteasomal degradation play a significant
CaR

Ubiquitinated CaR immunoreactivity is

role in  regulating protein.
observed over a wide range of molecular
weights, 150 kD to more than 250 kD,

typical of polyubiquitination, a potent

signal for degradation (28,29). In
addition, single point mutations of
intracellular lysine residues to arginine
did not significantly reduce CaR

ubiquitination, suggesting that CaR is
ubiquitinated at multiple lysine residues.
Overall, our results demonstrate that CaR
is multi/polyubiquitinated, and a target for
proteasomal degradation.

Ubiquitination plays multiple roles in
GPCR signaling. GPCR ubiquitination
can occur in an agonist-induced manner or
during receptor biosynthesis.
Agonist-induced ubiquitination has been
observed for yeast a-factor
(30,31), PB2-adrenergic (32), chemokine
CXCR4 (33), and vasopressin V2 receptors

(34). Agonist-induced ubiquitination of

receptors

GPCRs may regulate endosomal targeting,
trafficking to lysosomes after endocytosis,
or targeting to proteasomes for
degradation (30-34). In addition to GPCRs,
proteins which directly associate with
GPCRs
ubiquitination, including B-arrestins (32,35)

also undergo agonist-induced

and GRK2 (G protein-coupled receptor
kinase 2) (36).

Agonist-independent ubiquitination has

been observed for d-opioid receptors



(37,38), rhodopsin (39,40), TRH receptors
(41), and as described in the current report,
CaR. Agonist-independent ubiquitination
from ERAD, misfolded,
unfolded or abnormal proteins from the
ER the
cytoplasm, deglycosylated and degraded
by the proteasome (42). VCP is an AAA-
ATPase that plays crucial roles in multiple
of ERAD pathway
conjunction with its cofactors, Ufd1l and
Ndi4 (16-19,42). Studies that
retrotranslocation of ERAD substrates
the ER and delivery to
proteasome is catalyzed by the
VCP-Ufd1-Ndl4 complex, - which binds
first to polypeptide backbone and then the

results 1e.

are retrotranslocated into

aspects the in

indicate

from the

polyubiquitin chains on ERAD substrates.
ATP hydrolysis catalyzed by VCP is
required to complete retrotranslocation;
VCP also chaperones polyubiquitinated
proteins to the protcasome for degradation
(42). Dorfin interacts with VCP, and has
been colocalized with VCP in perinuclear
membrane-free,

aggresomes, Le.,

cytoplasmic inclusions containing
misfolded, ubiquitinated proteins (14),
strongly suggesting the involvement of
dorfin ERAD
Immunoprecipitation of VCP with both
CaR and dorfin from HEK293 cells
supports the notion that CaR and dorfin
ER. ERAD-mediated
degradation of CaR is further supported
by that the
tunicamycin-stabilized,  unglycosylated
form of CaR is most sensitive to MG132

The ability of the dominant

in the pathway.

interact at the

the observation

treatment.
negative fragment DCT to increase the

11

abundance of all CaR forms demonstrates
that proteasomal degradation of CaR is
by

initiated dorfin-mediated

ubiquitination.

CaR is a disulfide linked dimer (1,5,8-10).
CaR monomers have a large extracellular
domain (ECD) of more than 600 amino
acids (1). The ECD harbors 11 potential
N-linked glycosylation sites, 8§ of which
are utilized (1,7). The CaR ECD also
contains 19 cysteine residues; mutations at
any of 14 cysteine residues abolish or
surface

(1,9).
N-linked glycosylation and disulfide bond

the ER during
biosynthesis (43).
Given the complexity of the structure of

dramatically reduce cell

expression and/or  function

formation occurs at
membrane protein
CaR, it is likely that some fraction of newly

synthesized receptors are retained
intracellularly for quality control purposes,
as has been observed for both wt and
mutant forms of CaR by western blotting
(5-10); properly

dimerized and folded CaR are transported

only glycosylated,

to Golgi complex and the plasma
membrane (5-10). Dorfin may represent a
the
mechanism, ensuring that only properly

folded CaR exits the ER.

critical step in quality control

dorfin
ubiquitination and degradation of CaR via
a VCP-mediated ERAD pathway. The
molecular underlying
differential sorting of CaR to either the
Golgi complex or the ERAD pathway

In summary, regulates
mechanisms

remain to be explored.
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ABBREVIATIONS

The abbreviations used are: CaR, calcium sensing receptor; CT, carboxyl terminus; DCT,

dorfin carboxyl terminal dominant negative fragment; ER, endoplasmic reticulum; ERAD,

endoplasmic reticulum-associated degradation; GPCR, G protein-coupled receptor; VCP,
valosin-containing protein; HEK293, human embryonic kidney 293; MDCK, Madin-Darby
canine kidney; EGFP, enhanced green fluorescence protein; PBS, phosphate-buffered saline;

RING, really interesting new gene; Y2H assay, yeast two-hybrid assay
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FIGURE LEGENDS

Figure 1. Analysis of interaction sites on calcium-sensing receptor (CaR) and the E3
ubiquitin ligase dorfin by directed Y2H assay. (A). Schematic representation of CaR and
localization of the interaction site for dorfin carboxyl terminal fragment (residues 561-838).
The cytoplasmic carboxyl terminus of CaR (residues 866 to 1078) was truncated from both the
amino and carboxyl termini as indicated, and screened by cotransformation of the AH109
yeast strain with the CaR fragment plus the carboxyl terminal of dorfin (residues 561-838).
TM, transmembrane heptahelical domain; ECD, extracellular domain. (B). Schematic
representation of dorfin and localization of the interaction site for CaR carboxyl terminal
fragment (residues 866-1078). Truncations were generated from both the amino and carboxyl
terminal ends of the dorfin fragment (residues 561-838) and screened by cotransformation of
the AH109 yeast strain with the dorfin fragment plus the carboxyl terminus of CaR (residues
866-1078). RI1, R2, RING finger domains; IBR, in between RING-finger domain. For (A)
and (B), positive interactions, resulting in activation of three reporter genes (HIS3, ADE2 and
MELD1) are indicated as -+

Figure 2. Interaction of full length CaR and dorfin in HEK293 cells. (A). HEK293 cells
were transfected with (lane 1) or without (lane 2) Flag-CaR ¢cDNA. Cells were harvested 72
hours after transfection. Anti-Flag antibody was used to immunoprecipitate samples, and
blots were probed with anti-dorfin antibody D-30 (top panel). Lysates were probed with
anti-dorfin D-30 antibody (middle panel) or anti-CaR LRG antibody (bottom pancl) to assess
protein expression. (B). Flag-CaR ¢DNA transfected HEK293 cells were cotransfected with
EGFP-dorfin (lane 1), DNT-EGFP (lane 2) or DCT-EGFP (lane 3), respectively. Anti-Flag
antibody was used to immunoprecipitate samples, and blots were probed with anti-GFP
antibody (top panel). Lysates were probed with anti-GFP antibody (middle panel) or
anti-CaR LRG antibody (lower panel) to assess protein expression.

Figure 3. Ubiquitination of CaR in HEK293 cells. (A). Flag-CaR or Flag-CaR(0K) cDNA
was transfected into HEK293 cells with HA-Ub ¢cDNA. Cells were incubated without (lanes
1, 3) or with (lanes 2, 4) 10 uM proteasomal inhibitor M(G132 for 12 hrs prior to lysis. Cell
lysates were immunoprecipitated with anti-Flag antibody and the precipitated pellets were
treated with 1% SDS/PBS to disrupt non-covalent interactions. Supernatants were diluted
with lysis buffer, followed by a second immunoprecipitation using anti-Flag antibody. The
blot was probed with anti-HA antibody (upper panel). The same blot was then stripped and
probed with anti-CaR antibody LRG (lower panel). (B). Flag-CaR cDNA or Flag-CaR(0K)
cDNA was transfected into HEK293 cells. Cells were preincubated with 0.5 mM Ca?
overnight prior to exposure to either 0.5 or 5 mM Ca?* for 10 min (37°C), followed by
immunoblotting of lysates with anti-phospho-ERK1/2 antibody. (C). Flag-CaR ¢cDNA or
Flag-CaR(0K) cDNA was transfected into HEK293 cells. Anti-Flag antibody was used to
immunoprecipitate samples, and blots were probed with anti-dorfin D-30 antibody (top blot).
Lysates were probed with anti-dorfin D-30 antibody (middle blot) or anti-CaR LRG antibody
(bottom blot).
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Figure 4. Regulation of CaR ubiquitination by dorfin. (A). Dorfin mediates ubiquitination
of CaR. Flag-CaR (3 ug) and HA-Ub (2 pug) cDNAs were cotransfected into HEK293 cells,
without (-) or with (+) EGFP-dorfin cDNA (6 ug). Cells were incubated with 10 uM MG132
for 12 hrs prior to lysis. Cell lysates were immunoprecipitated with anti-Flag antibody and
blots probed with anti-HA antibody. CaR ubiquitination was quantified and normalized to
basal ubiquitination in the absence of exogenous dorfin; significance at * p < 0.05. (B).
Dominant negative dorfin fragment DCT inhibits ubiquitination of CaR. Flag-CaR ¢cDNA (3
ug) and HA-ubiquitin cDNA (2 ug) were cotransfected into HEK293 cells, without (-) or with
(+) DCT-EGFP cDNA (6 ug). Methods as described in (A).

Figure 5. Regulation of steady-state protein level of CaR by dorfin. (A). Wild-type dorfin
enhances degradation of CaR. Flag-CaR ¢cDNA (1 ug) was transfected into HEK293 cells with
increasing amounts of EGFP-dorfin ¢cDNA (0, 2, 4, or 6 pg). Cell lysates were probed for
Flag-CaR, endogenous actin and EGFP-dorfin by immunoblotting with anti-CaR (LRG),
anti-actin, or anti-GFP antibodies. Graph (average of 3 independent experiments) indicates
normalized CaR protein or EGFP-dorfin as a function of transfected EGFP-dorfin cDNA.
CaR protein was normalized to amount in the absence of exogenous EGFP-dorfin;
EGFP-dorfin normalized to that observed at 6 pug EGFP-dorfin ¢cDNA. Filled circles,
Flag-CaR; open circles, EGFP-dorfin. (B). Dominant negative construct of dorfin
(DCT-EGFP) stabilizes CaR. Flag-CaR cDNA (1 pg) was transfected into HEK293 cells with
increasing amounts of DCT-EGFP ¢cDNA (0, 2, 4, or 6 ug). The remaining procedures were
described in (A). Graph (average of 3 independent experiments) indicates normalized CaR
protein or DCT-EGFP, normalized as described in (A).  Filled circles, Flag-CaR; open circles,
DCT-EGFP. For both (A), (B), significance at * p <0.05. (C). Flag-CaR cDNA (1 pg) was
transfected into HEK293 cells without (lane 1) or with EGFP-dorfin (6 pg) (lanes 2 and 3).
Cells were treated without (lanes 1 and 2) or with (lane 3) MG132 for 12 hours before lysis.
Cell lysates were probed for Flag-CaR by immunoblotting with anti-CaR LRG antibody.

Figure 6. VCP/CaR/Dorfin coimmunoprecipitation in HEK293 cells. HEK293 cells were
transfected without (-) or with (+) Flag-CaR cDNA. Cell lysates were immunoprecipitated
with anti-VCP antibody and western blots probed with anti-CaR antibody LRG (first blot).
The same blot was stripped and reprobed with anti-dorfin antibody D-30 (second blot). The
expression of endogenous VCP, transfected CaR, and endogenous dorfin were confirmed by
immunoblotting cell lysates with anti-VCP antibody (third blot), anti-CaR LRG antibody
(fourth blot), or anti-dorfin D-30 antibody (fifth blot).

Figure 7. Sensitivity of immature forms of CaR to proteasomal degradation. (A).
Tunicamycin stabilizes an immature form of CaR. HEK293 cells transfected with Flag-CaR
cDNA were treated without or with tunicamycin (5 pg/ml) for twelve hours prior to lysis.
Lysates were immunoprecipitated with anti-Flag antibody and probed with anti-CaR LRG
antibody. (B). MG132 increases the amounts of immature forms of CaR. HEK293 cells were
transfected with Flag-CaR and HA-Ub ¢cDNAs, and incubated with tunicamycin (5 pg/ml)
without or with MG132 (10 uM), for 12 hrs prior to lysis. Lysates were immunoprecipitated
with anti-Flag antibody and probed with anti-CaR LRG antibody. Three forms of CaR are
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evident in tunicamyecin, 1, fully glycosylated CaR (150 kD); 2, ER-resident high-mannose CaR
(130 kD); 3, unglycosylated CaR (115 kD). The amount of CaR protein in each form was
quantified in the absence or presence of MG132, and average results for 3 independent
experiments are illustrated (each band normalized to the amount observed in the absence of
MG132), significance at *p <0.05. (C). DCT increases the amounts of immature forms of
CaR. HEK293 cells were transfected with Flag-CaR without or with DCT-EGFP. Cells were
incubated with tunicamycin (5 mg/ml) for 12 hrs prior to lysis. Experiments as in (A).
Graph indicates amounts of 3 forms of CaR protein in the absence or presence of DCT-EGFP,
normalized to the amount in the absence of DCT-EGFP. Significance at * p < 0.05. (D).
MG132 increases the amounts of immature CaR in MDCK cells. MDCK cells were treated
with tunicamycin (5 pg/ml) without or with MG132 (10 uM) for 12 hrs prior to Iysis. Lysates
were immunoblotted with anti-CaR LRG antibody.
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