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Dopamine receptors belong to the superfamily of G-protein-
coupled receptors and are subdivided into D1-type (D1 and D5)
and D2-type (D2, D3, and D4) receptors. The D4 receptor has a
remarkable polymorphism in its third intracellular loop, which
is under intensive investigation and which has been associated
with, among other conditions, attention deficit hyperactivity
disorder. Here, we demonstrate that KLHL12, a BTB-Kelch pro-
tein, specifically binds to this polymorphic region of the D4
receptor through its Kelch domain. Moreover, we show that
KLHL12 also interacts with Cullin3 and thereby functions as an
adaptor to target the D4 receptor to an E3 ubiquitin ligase com-
plex. By ubiquitination assays in eukaryotic cells, we further
demonstrate that overexpression of KLHL12 strongly promotes
ubiquitination of the D4 receptor. In addition, we show that also
other dopamine receptor subtypes undergo basal ubiquitina-
tion, but this is not affected by KLHL12. These data are the first
to show ubiquitination of dopamine receptors and the first to
identify a protein specifically interacting with the D4 polymor-
phism, thereby building up an E3 ligase complex with substrate
specificity toward the D4 receptor.

Dopamine is an important neurotransmitter in mammalian
brain that controls many basic functions, such as movement,
cognition, emotion, reward, sexual behavior, and endocrine
regulation. Malfunction of dopamine signaling has been impli-
cated in many neurological disorders, such as Parkinson dis-
ease, attention deficit hyperactivity disorder, and schizophrenia
(1, 2). By binding to dopamine receptors, dopamine can give
rise to several possible signaling cascades. Dopamine receptors
belong to the superfamily of G-protein-coupled receptors
(GPCRs)® or seven-transmembrane receptors and are divided
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in two subfamilies: the D1-like subfamily (D1 and D5 receptors)
that signal through G, to activate adenylyl cyclase and the
D2-like subfamily (D2, D3, and D4 receptors) that signal
through G;,, to inhibit adenylyl cyclase. The D4 receptor has an
important polymorphism in its third intracellular loop (IC3),
consisting of a 2—11-fold repeat of 16 amino acids, denoted as
D4.2 to D4.11 receptors (3, 4). Possible associations between
this polymorphism and attention deficit hyperactivity disorder
or personality traits, such as sexual behavior, have been sug-
gested, but so far no real functional effects of the repeats have
been documented (5-8). Despite intensive research during the
last decade, many characteristics and signaling pathways still
remain to be elucidated for the D4 receptor and dopamine
receptors in general.

Ubiquitin is a 76-amino acid polypeptide that can be
covalently attached to lysine residues of target proteins.
Recently, it is becoming more and more clear that several sig-
naling pathways are influenced by ubiquitination (9). Ubiquiti-
nation of membrane proteins has been shown to mark these for
degradation by the proteasome in the ER-associated degrada-
tion pathway or for lysosomal degradation after endocytosis,
but it can also have much broader functions, varying from inter-
nalization, trafficking, and signaling to even providing a frame-
work for many ubiquitin-dependent interactions. Nevertheless,
of thousands of known GPCRs, only few of them, namely the
32-adrenergic receptor (10), the chemokine receptor CXCR4
(11, 12), the V2 vasopressin receptor (13), the follitropin recep-
tor (14), 8- and p-opioid receptors (15, 16), PAR-1 (17), PAR-2
(18), and the thyrotropin-releasing hormone receptor (19),
have been described to undergo ubiquitination. Generally, the
actual ubiquitination process is performed by the coordinated
action of three different classes of enzymes; ubiquitin is first
activated by the ubiquitin-activating enzyme E1, followed by
transfer to the ubiquitin-conjugating enzyme E2. Ubiquitin
ligases (E3) are multiprotein complexes that catalyze the final
reaction by ligating the ubiquitin to the substrate protein and
also provide specificity toward the substrate. Two major classes
of E3 ligases have been characterized: HECT (homologous to
E6-associated protein carboxyl terminus)-type E3s that display
catalytic activity and RING (really interesting new gene)-type
E3s that bring the E2 and the substrate in close proximity to
each other (20, 21). For many RING-type E3s, selectivity can be
achieved by Cullin proteins, which recruit substrates to a core
ubiquitination machinery via different adaptor proteins that
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show substrate specificity (22). Typical models are the SCF
(Skp1-Cullinl-F-box) complexes consisting of a small RING
finger factor Rocl (RING of Cullins; also known as Rbx1 or
Hrt1) that brings the associated E2 to the complex by binding
with the Cull protein and whereby F-box proteins serve as
adaptors. Another well defined E3 ligase is the ECS (elongin
C-Cullin2-SOCS) complex, based on a Cul2 type of protein that
binds Rocl and the Skpl-related protein elongin C, using BC-
box-containing proteins as adaptors. Recently, it was discov-
ered that members of the large family of BTB (broad complex,
Tramtrack, and Bric a Brac) domain-containing proteins define
a new class of adaptors in E3 ligases that are based on the Cul3
type of Cullin proteins (21, 23—-26). These BT B proteins provide
substrate specificity through other protein-protein interaction
domains, such as MATH domains (Meprin and TRAF Homol-
ogy) or Kelch domains (originally identified in the Drosophila
melanogaster Kelch protein). However, these BTB protein
adaptors bind directly to Cul3, whereas F-box and BC-box pro-
teins interact with their Cullin partners via Skp1 and elongin C,
respectively. Although more than 200 BTB proteins have been
identified in humans, only a few BCR3 (BTB-Cul3-Rocl) E3
complexes have been identified so far (21-23). The first
described example of a mammalian Cul3-based E3 ligase sys-
tem with known substrate is the Keap1-Cul3 complex. Keap1 is
a BTB-Kelch protein that binds to Cul3 and Nrf2 via its BTB
and Kelch domains, respectively. Recent work from several
groups has demonstrated a role for Keapl as an adaptor that
targets the Nrf2 protein to the Cul3-based E3 ligase for subse-
quent ubiquitination of Nrf2 (27-30).

We performed a yeast two-hybrid screening and identified a
BTB-Kelch protein, KLHL12, as a novel interaction partner of
the D4 receptor. KLHL12, also known as C3IP1 or hDKIR, has
an N-terminal BTB domain and a C-terminal Kelch domain,
linked by a central BACK domain (for “BTB and C-terminal
Kelch”) (31). KLHL12 was originally identified to be important
in forming ringlike structures in mammalian cells, comparable
with the function of the Kelch protein in D. melanogaster (32).
We provide evidence that KLHL12 specifically interacts with
the polymorphic repeats present in the IC3 of the D4 receptor.
We further demonstrate that KLHL12 promotes ubiquitination
of the D4 receptor by targeting this receptor to the Cul3-based
E3 ligase complex. Moreover, we also provide evidence for the
first time that ubiquitination seems to be a common modifica-
tion for all types of dopamine receptors.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—The coding sequence of KLHL12
was amplified from the pOTB7-KLHL12 Vector (I.M.A.G.E.
Clone ID: IRAL p962K062) by PCR using primers anchored
with Notl and Xhol recognition sequences. The NotI-Xhol
fragment was cloned into the Notl-Xhol sites of the Etag
pCAGGS/A20 vector (33) to generate Etag KLHL12. A similar
PCR-based approach was used to generate the deletion mutants
Etag KLHL12AKelch (aa 1-280) and Etag KLHL12ABTB (aa
118-568). Details concerning primers used and cloning strat-
egy are available upon request. The integrity of all constructed
KLHL12 vectors was confirmed by sequence analysis. The plas-
mids HA D4.2, HA D4.2A(249 —280), corresponding to a hypo-
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thetical D4.0 receptor, HA D4.2A(233-253)A(283-307), HA
D4.4, HA D4.7, and FLAG D4.4, were kindly provided by Dr.
Van Tol (University of Toronto, Canada). Expression con-
structs for the HA D1, HA D2L, and HA D5 were purchased
from UMR cDNA Resource Center (available on the World
Wide Web). The c-Myc Cul3 vector was a kind gift from Dr.
Rivero Crespo (Universitit zu Koln, Cologne, Germany). The
HA-tagged Cul2, Cul3, and dominant-negative Cul3 (C-termi-
nal deletion containing the Rocl-binding domain) constructs
were kindly provided by Dr. Hannink (University of Missouri,
Colombia, MO). The vector for expression of HA-tagged Rocl
was provided by Dr. Furukawa (University of North Carolina,
Chapel Hill, NC). The FLAG-tagged ubiquitin expression con-
struct was a kind gift from Dr. Dikic (Goethe Universitit,
Frankfurt, Germany). Yeast two-hybrid constructs encoding
the IC3 domains of D4.2, D4.4, and D4.7 and of D1, D5,
M1-muscarinic, and $2-adrenergic receptor were kindly pro-
vided by Dr. Van Tol (University of Toronto, Canada) and Dr.
Levenson (Pennsylvania State College of Medicine, Hershey,
PA), respectively. Antibodies used were mouse monoclonal
anti-HA (clone 16B12; Covance Research Products, Berkeley,
CA), mouse monoclonal anti-c-Myc (clone 4A6; Upstate Bio-
technology, Inc., Lake Placid, NY), mouse monoclonal anti-
Etag (Amersham Biosciences), horseradish peroxidase-conju-
gated mouse monoclonal anti-Etag (Amersham Biosciences),
mouse monoclonal anti-ubiquitin clone P4D1 (Cell Signaling,
Danvers, MA), rabbit polyclonal anti-D4 receptor (Chemicon,
Temecula, CA), rabbit polyclonal anti-D4 receptor (kind gift
from Dr. Rivera, University of Malaga (Malaga, Spain) (34)),
goat polyclonal anti-Cul3 clone C18 (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA), rabbit polyclonal anti-Cul3 clone
H293 (Santa Cruz Biotechnology), and mouse monoclonal anti-
FLAG M2 (Sigma). Horseradish peroxidase-conjugated sheep
anti-mouse antibodies were purchased from Amersham Bio-
sciences. For detection of the ubiquitination signal, horseradish
peroxidase-conjugated anti-FLAG M2 mouse monoclonal
antibody (Sigma) was used.

Yeast Two-hybrid Screening—For the yeast two-hybrid
screening, we used the Matchmaker GAL4 Two-hybrid System
3 (BD Biosciences) according to the manufacturer’s instruc-
tions. The pAS-1 vector, encoding the fusion between the
DNA-binding domain of GAL4 and the third intracellular loop,
corresponding to amino acids 219-336 of the D4.4 receptor,
was used as bait (35). The bait plasmid, transformed into the
yeast strain YRG2, was screened against a human fetal brain
MATCHMAKER c¢DNA Library (BD Biosciences). Positive
clones were selected on medium lacking leucine, tryptophan,
and histidine and further tested for expression of the reporter
gene 3-galactosidase by the nitrocellulose filter lift assay (36).

Cell Culture and Transfection—HEK293T cells were cul-
tured in Dulbecco’s modified Eagle’s medium (Invitrogen), sup-
plemented with 10% fetal calf serum, penicillin (100 units/ml),
and streptomycin (100 pug/ml) in a controlled environment
(37 °C, 98% humidity, 5% CO,). HEK293T cells were trans-
fected in 10-cm dishes, using the calcium phosphate method.
The amount of plasmid DNA used for transfection is indi-
cated for each experiment. 48 h post-transfection, cells were
washed twice with ice-cold phosphate-buffered saline and
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harvested, and the cell pellet was frozen at —70 °C for at least
1 h before lysis.

Preparation of Mouse Brain Lysates—Mice were killed, and
brains were immediately frozen at —70 °C upon dissection.
Brain tissue was homogenized by mixing in a buffer containing
150 mm NaCl, 50 mm Tris-HCI, pH 7.5, and freshly added pro-
tease inhibitors (2.5 wg/ml aprotinin, 1 mm PEFA-block, 10
pg/ml leupeptin, 10 mm B-glycerolphosphate). Subsequently,
the homogenized tissue was lysed by the addition of a lysis
buffer containing 150 mm NaCl, 10 mg/ml sodium deoxy-
cholate, 50 mm Tris-HCI, pH 7.5, 2% Nonidet P-40, 0.2% SDS,
supplemented with freshly added protease inhibitors (2.5
png/mlaprotinin, 1 mm PEFA-block, 10 wg/mlleupeptin, 10 mm
B-glycerolphosphate) to a final volume ratio of homogenization
buffer/lysis buffer of 1:1. Upon rotation at 4 °C for 1 h, the lysate
was cleared by centrifugation at 8000 X g for 10 min at 4 °C and
treated further as described below.

Co-immunoprecipitation Assays and Immunoblot Analysis—
For detection of protein expression or co-immunoprecipita-
tion assays, cells were lysed in 500 ul of radioimmune precipi-
tation buffer without EDTA or EGTA (150 mm NaCl, 5 mg/ml
sodium deoxycholate, 50 mm Tris-HCI, pH 7.5, 1% Nonidet
P-40, 0.1% SDS) supplemented with freshly added protease
inhibitors (2.5 ug/ml aprotinin, 1 mm PEFA-block, 10 ug/ml
leupeptin, 10 mm B-glycerolphosphate, 10 mm NaF). After
rotating for 1 h at 4 °C, cell lysates were cleared by centrifuga-
tion at 8000 X gfor 10 min at4 °C. To detect protein expression,
5X Laemmli buffer (5% SDS, 50% glycerol, 65 mm Tris-HCI, pH
6.8, 0.2% bromophenol blue) supplemented with freshly added
dithiothreitol (final concentration 25 mm) was added. The sam-
ples were denatured at 37 °C for 10 min, loaded onto a 10%
acrylamide gel and subjected to SDS-PAGE. Resolved proteins
were subsequently blotted onto a nitrocellulose membrane
(Protran, Whatman; Schleicher & Schuell). Finally, the mem-
branes were subjected to immunoblot analysis to detect
proteins.

For immunoprecipitation (IP), 2 ug of antibody was added to
the cleared lysate, followed by incubation at 4 °C for 4 h under
continuous rotation. 20 ul of washed immobilized protein A
(A-beads; Pierce) was added to the samples, followed by over-
nightincubation at 4 °C under continuous rotation. After wash-
ing the immunoprecipitates three times with lysis buffer (sup-
plemented with freshly added protease inhibitors), bound
proteins were eluted from the beads by heating the samples for
10 min at 37 °C under continuous shaking in elution buffer
(radioimmune precipitation buffer, 2X Laemmli buffer (4%
SDS, 20% glycerol, 26 mm Tris-HCI, pH 6.8, 0.08% bromophe-
nol blue) and 1 M dithiothreitol in the respective ratio of 8:10:1).
The eluates were then subjected to SDS-PAGE, followed by
immunoblotting as described above. For immunoprecipitation
of the FLAG-tagged D4.4 receptor, 25 ul of pre-equilibrated
EZview Red anti-FLAG M2 affinity gel (FLAG-beads; Sigma)
was added to the cleared lysate. Upon rotation at 4 °C for at least
1 h, the immunoprecipitates were washed three times with lysis
buffer. Finally, bound proteins were eluted from the beads and
subjected to SDS-PAGE and immunoblotting, as described
above.
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Ubiquitination Assays in Eukaryotic Cells—Immunoprecipi-
tation was performed as described above, but N-ethylmaleim-
ide (final concentration of 10 mm) was additionally added to the
radioimmune precipitation lysis buffer. To perform double
(sequential) immunoprecipitation assays, the washed beads
were heated three times in 50 ul of elution buffer. A quarter of
the first eluate was subjected to SDS-PAGE and immunoblot-
ting to confirm IP and to check for ubiquitination. The com-
bined three eluate fractions were further diluted with radioim-
mune precipitation lysis buffer (850 wl; again supplemented
with protease inhibitors and N-ethylmaleimide), and a second
immunoprecipitation round was performed. The immunopre-
cipitates were washed three times with lysis buffer, heated in
elution buffer for 10 min at 37 °C, and analyzed as described
above.

siRNA—For knockdown of Cul3 or KLHL12 protein expres-
sion levels, siGENOME SMARTpools (Dharmacon) were pur-
chased, each consisting of a mixture of four different RNA
duplexes. In each experiment, siCONTROL nontargeting
siRNA pool 1 (Dharmacon) was used in parallel as a negative
control. Transfection of siRNA in HEK293T cells was per-
formed with the calcium phosphate method to a final concen-
tration of 100 nM for each siRNA.

RESULTS

Yeast Two-hybrid Screening with the IC3 of the Human D4
Receptor—To identify proteins that interact with the D4 recep-
tor, the IC3 domain of the D4.4 receptor (aa 219 —336) was used
as a bait to screen a (fetal) human brain cDNA library. Of the
1.2 X 10° clones screened, several positive clones were isolated.
The library plasmids were isolated from these clones and ana-
lyzed by restriction digestion. Sequencing of a 2.7-kb ¢cDNA
insert and data base searches at NCBI revealed a perfect match
to the protein sequence and 3'-untranslated region of KLHL12.
Sequence analysis of the 2.7-kb cDNA revealed that it contains
the BACK domain and the six Kelch repeats of KLHL12. The
entire KLHL12 ORF encodes a protein of 568 amino acids with
a calculated molecular mass of 62.5 kDa.

The specificity of the interaction between the IC3 of the D4..2,
D4.4, and D4.7 receptor and KLHL12 (aa 118 -568) was con-
firmed in yeast. Therefore, YRG2 was retransformed with pAS-
D4.2 (aa 219-304), pAS-D4.4 (aa 219-336), or pAS-D4.7 (aa
219-384) vector as bait and pACT-KLHL12 (aa 118 -568) as
prey, including the respective empty vectors as negative con-
trols. Detection of histidine- and [3-galactosidase-expressing
colonies confirmed the specific interaction of the IC3s of D4.2,
D4.4, and D4.7 receptor with KLHL12 (aa 118 -568) (data not
shown).

To test whether the interaction was restricted to the D4
receptor, several other GPCRs were used as bait. No interaction
was found between KLHL12 and the IC3 of D1, D5, M1-mus-
carinic, or 32-adrenergic receptors (data not shown). These
data at least suggest that KLHL12 is not a common GPCR-
interacting protein.

KLHLI2 Interacts Specifically with the D4 Receptor in Mam-
malian Cells—To confirm the interaction between the D4
receptor and KLHL12 in mammalian cells, we performed co-
immunoprecipitation studies. HEK293T cells were transiently
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FIGURE 1. KLHL12 interacts with the D4 receptor in eukaryotic cells.
HEK293T cells were transiently transfected with plasmids expressing HA D4.2
receptor (5.5 ug) and/or Etag KLHL12 (5.5 ug), as indicated. 48 h post-trans-
fection, cells were lysed. 5% of the lysates were subjected to SDS-PAGE and
subsequentimmunoblotting (/B) with anti-HA and anti-Etag to detect expres-
sion of HA D4.2 receptor and Etag KLHL12, respectively (bottom). The rest of
the lysates were subjected to immunoprecipitation (IP) with anti-HA. The
D4-KLHL12 association was examined through subsequent immunoblotting
with anti-Etag. Immunoprecipitation of the HA D4.2 was confirmed by subse-
quent immunoblotting with anti-HA. *, this signal represents a combination
of immunoglobulin G, a nonspecific binding signal from the anti-HA anti-
body, and a D4-specific signal in lanes 2 and 4. **, a combined nonspecific
signal from anti-HA and a D4-specific signal in lanes 2 and 4.

transfected with expression constructs for both the D4 receptor
and KLHL12 (Fig. 1). In the lysates, several bands for the HA
D4.2 receptor were detected, of which the band with a
molecular mass of ~52-54 kDa represents mature, fully pro-
cessed receptor, whereas the lower band with a molecular
mass of ~46-48 kDa represents immature, ER-retained
receptor (37). The D4-specific but smeary pattern visible at
the top of the gel could represent oligomeric receptor forms
and receptor forms with different post-translational modifi-
cation patterns (see also further). Immunoprecipitation of
HA D4.2 receptor resulted in clear co-purification of Etag
KLHL12 (Fig. 1, lane 4), indicating that KLHL12 also specif-
ically interacts with the D4 receptor in mammalian cells.
This interaction was also confirmed for the HA D4.4 and HA
D4.7 receptor variants (data not shown).

To test the specificity of this interaction in human cells, we
performed co-immunoprecipitation studies in HEK293T cells,
coexpressing Etag KLHL12 together with HA D1, D2L, and D5
receptors. We could again specifically detect co-immunopre-
cipitation of Etag KLHL12 with HA D4.2 receptor (Fig. 2, lane
3), whereas no interaction was found with the HA D1 (lane 5),
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FIGURE 2. KLHL12 specifically interacts with the D4 type of dopamine
receptors. HEK293T cells were transiently transfected with plasmids express-
ing Etag KLHL12 (4 ng), HA D4.2 receptor (4 ng), HA D1 receptor (4 ng), HA
D2L receptor (4 ng), and/or HA D5 receptor (4 ug), as indicated. 48 h post-
transfection, cells were lysed, and 5% of the lysates were subjected to SDS-
PAGE followed by immunoblotting (/B) with anti-HA and anti-Etag to detect
HA-tagged dopamine receptors or Etag KLHL12, respectively. The rest of the
lysates were subjected to immunoprecipitation (/P) with anti-HA. Receptor-
KLHL12 associations were examined through subsequent immunoblotting
(/B) with anti-Etag. Immunoprecipitation of the receptors was confirmed by
immunoblotting with anti-HA.

HA D2L (lane 7), or HA D5 (lane 9) receptor. These results
suggest that KLHL12 specifically interacts with the D4 type of
dopamine receptors.

Domain Mapping of the Interaction Reveals a Role for the
Polymorphism in the Third Intracellular Loop of the D4 Recep-
tor and the Kelch Domain of KLHL12—To further characterize
this novel interaction between the D4 receptor and KLHL12,
we investigated which regions of the D4 receptor are involved.
As described above, the yeast two-hybrid screening was per-
formed using the IC3 of the D4 receptor as a bait. Therefore, we
used mutants of the D4.2 receptor with deletions in this IC3
region (Fig. 3A); these mutants are still functional, as confirmed
by GTPS binding assays, and show plasma membrane local-
ization, as visible through immunofluorescence microscopy.®
Co-immunoprecipitation studies in HEK293T cells showed
that KLHL12 could still interact with the mutant D4.2 A1A2
receptor (Fig. 3B, lane 8). These data suggest that the regions
flanking both sides of the polymorphism in the IC3 are not
required for interaction of the D4 receptor with KLHL12. In
contrast, we could not co-immunoprecipitate KLHL12 with the
mutant D4.0 receptor, in which amino acids 249-280 are
deleted (Fig. 3B, lane 6). Together, these results suggest that the
repeats in the IC3 are important for interaction of the D4 recep-
tor with KLHL12.

¢ R.Bader and H. H. M. Van Tol, unpublished data.
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Similarly, we wanted to pinpoint the region in KLHL12
important for interaction with the D4 receptor. Co-immuno-
precipitation studies in HEK293T cells using deletion mutants
of KLHL12 (Fig. 3C) showed that deletion of the BTB region
does not disrupt the interaction with the receptor, since co-
immunoprecipitation of the KLHL12ABTB mutant with the
D4.2 receptor could be clearly detected (Fig. 3D, lane 6). We
note although that the interaction of the receptor with
KLHL12ABTB might be weaker than with wild type KLHL12,
given the higher expression level but lower co-purification of
the ABTB mutant (Fig. 3D, compare lane 6 with lane 4). In
contrast, by deleting the Kelch domain from KLHL12, interac-
tion with the receptor is completely abolished (Fig. 3D, lane 8).
These results suggest that the Kelch domain of KLHL12, but
not the BTB domain, is required for interaction with the D4
receptor.

To summarize, these data show that the polymorphism in the
IC3 of the D4 receptor and the Kelch domain of KLHL12 are
important for interaction of these proteins with each other.

KLHLI12 Does Not Interact with the Mouse D4 Receptor,
Suggesting That the D4-KLHL12 Interaction Is Human
(Primate)-specific—We have demonstrated that the polymor-
phism in the IC3 of the human D4 receptor is essential for
interaction with KLHL12. Interestingly, this polymorphism is
primate-specific (3) and thus not present in rodent (mouse or
rat) D4 receptors. Therefore, we investigated whether KLHL12
would interact with the mouse D4 receptor via co-immunopre-
cipitation studies in HEK293T cells. We could not detect co-
immunoprecipitation of KLHL12 with the mouse D4 receptor
(Fig. 4, lane 5), in contrast to a clear co-purification with the
human D4 receptor (lane 3; also see Fig. 1). These results are in
accordance with our previous data, showing that the polymor-
phic repeats in the IC3 of the D4 receptor are important for
interaction with KLHL12 (Fig. 3B). Although KLHL12 of
human origin was used in these interaction studies, we note
that the human and mouse variants of KLHL12 are very similar
(amino acid similarity of 99.39%), suggesting that, most proba-
bly, no interaction occurs between the mouse D4 receptor and
mouse KLHL12.

The D4 Receptor Is Recruited to a Cul3-based E3 Ubiquitin
Ligase Complex via KLHL12 as an Adaptor—It is now well doc-
umented that BT B proteins can function as adaptors in E3 ubiq-
uitin ligase complexes (21, 23-26). Furthermore, it has recently
been shown that KLHL12 interacts with Cul3 (38). Therefore,
we investigated the possibility that KLHL12 could function as
an adaptor to target the D4 receptor to a Cul3-based E3 ubiq-
uitin ligase complex. We could clearly demonstrate co-immu-
noprecipitation of c-Myc Cul3 and Etag KLHL12 in HEK293T
cells (Fig. 5A), thereby confirming the results of Angers and
co-workers (38). Although many BTB domain-containing pro-
teins interact with Cul3 through their BTB domain, we were
still able to find functional interaction of Cul3 with the
KLHL12ABTB mutant protein (Fig. 54, lane 6). These results
suggest that the BTB domain of KLHL12 is not absolutely nec-
essary for interaction with Cul3.

Although it is commonly accepted that BTB proteins, func-
tioning as adaptors in E3 ubiquitin ligase complexes, typically
interact with the Cul3 type of Cullin proteins, there are differ-
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ent types of E3 ubiquitin ligase complexes, in which different
types of Cullin proteins are used. Therefore, we tested the spec-
ificity of KLHL12 for interaction with Cul3. Co-immunopre-
cipitation studies in HEK293T cells did not reveal association of
Cul2 and KLHL12 with each other (Fig. 5B, lane 4). Although in
this experiment, the lack of a KLHL12-Cul2 interaction could
be due to a lower level of Cul2 expression compared with Cul3
expression, we were not able to detect KLHL12-Cul2 interac-
tion in three independent experiments (data not shown). These
results confirm that KLHL12 indeed specifically interacts with
the Cul3 type of Cullin proteins.

To further characterize the E3 ubiquitin ligase complex, we
studied the involvement of Rocl (equivalent to Rbx1 or Hrt1)
(Fig. 5C). Rocl interacts with Cul3 and is also carrier of the E2
ubiquitin-conjugating enzyme, in this way bringing this
enzyme to the E3 ligase complex. After co-expressing Etag
KLHL12 in HEK293T cells together with an HA-tagged Rocl
protein, we were able to show co-immunoprecipitation of Rocl
and KLHL12 with each other (Fig. 5C, lane 3). These results
suggest that KLHL12 and Roc1 could be part of the same com-
plex, using Cul3 as an intermediate interaction partner. As our
results show, there was no need for overexpression of exoge-
nous Cul3 to detect interaction between KLHL12 and Rocl.
Moreover, the observed interaction did not increase upon co-
expression of c-Myc-tagged or HA-tagged wild type Cul3 (see
supplemental Fig. 1, lanes 4 and 8, respectively). Possibly,
endogenous Cul3 levels are sufficiently high in HEK293T cells
to support the interaction. However, the interaction could not
be blocked upon co-expression of an HA-tagged dominant neg-
ative form of Cul3, in which the Roc1-binding domain is deleted
(see supplemental Fig. 1, lane 6). Together, our current data do
not fully exclude the possibility that Roc1 interacts directly with
KLHL12.

Since we have shown that KLHL12 can interact both with the
D4 receptor and with Cul3, we suggest that KLHL12 functions
as an adaptor between the D4 receptor and Cul3. In this way,
the D4 receptor could be targeted to a Cul3-based E3 ubiquitin
ligase complex and become a substrate for subsequent ubiquiti-
nation (Fig. 6A4). Upon co-expression of the D4 receptor and
Cul3 in HEK293T cells, we could clearly demonstrate co-im-
munoprecipitation of the D4 receptor and Cul3 with each other
under endogenous KLHLI12 levels (Fig. 5D, lane 3). Both our
reverse transcription-PCR data (results not shown) and the
data of Angers et al. (38) suggest that endogenous KLHL12
levels are sufficiently high to explain the observed interaction.
However, the interaction becomes significantly stronger upon
co-expression of exogenous Etag KLHL12 (Fig. 5D, lane 4). To
verify the role of KLHL12 as an adaptor and to exclude a possi-
ble direct interaction between the D4 receptor and Cul3, we
knocked down KLHL12 protein expression levels via siRNA
against KLHL12. Although we could not detect silencing of
endogenous KLHL12, due to the lack of a high affinity antibody,
we observed complete silencing of overexpressed Etag KLHL12
(Fig. 5E, compare lane 7 with lane 5). The increased interaction
of the D4 receptor and Cul3 upon KLHL12 overexpression
(lanes 4 and 5 compared with lane 3) is nearly completely abol-
ished upon knockdown of KLHL12 (compare lane 6 with lane 3
and lane 7 with lane 5). Altogether, these data strongly indicate
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FIGURE 4. KLHL12 does not interact with the mouse D4 receptor. HEK293T
cells were transiently transfected with plasmids expressing human HA D4.2
receptor (5.5 ug), mouse D4 receptor (not tagged; 5.5 ng), or Etag KLHL12 (5.5
1g), as indicated. 48 h post-transfection, cells were lysed, and 5% of the lysate
was subjected to SDS-PAGE followed by immunoblotting (/B) with anti-D4DR
(Chemicon) and anti-Etag to detect dopamine receptors or Etag KLHL12,
respectively. The rest of the lysates were subjected to immunoprecipitation
(IP) with anti-D4DR (Chemicon). Receptor-KLHL12 associations were exam-
ined through subsequentimmunoblotting with anti-Etag. Immunoprecipita-
tion of the receptors was confirmed by immunoblotting with anti-D4DR.

that the D4 receptor can form a complex with Cul3, whereby
KLHL12 serves as an adaptor protein.

KLHLI12 Promotes Ubiquitination of the D4 Receptor—Since
our results clearly indicate that the D4 receptor can form a
complex with KLHL12 and Cul3, we propose a model in which
KLHL12 targets the D4 receptor to a Cul3-based E3 ubiquitin
ligase complex (Fig. 64). According to this model, the D4 recep-
tor and the E2 ubiquitin-conjugating enzyme are brought in
close proximity to each other through KLHL12 and Cul3 so that
the D4 receptor can be targeted for ubiquitination. To test
whether the D4 receptor gets ubiquitinated in living cells, we
performed a ubiquitination assay in HEK293T cells, tran-
siently transfected with HA D4.2 receptor and FLAG ubiq-
uitin. After cell lysis, the HA D4.2 receptor was immunopre-
cipitated with anti-HA. The smeary pattern, observed after
immunoblotting with anti-FLAG, is typical for ubiquitinated
proteins (Fig. 6B, lane 3). This result suggests that the D4
receptor can undergo ubiquitination. To exclude the possi-
bility that the smeary pattern represents ubiquitinated pro-
teins that are associated with the D4.2 receptor, rather than
the receptor itself, a sequential immunoprecipitation was
performed. After a first immunoprecipitation, the diluted
samples were subjected to a second immunoprecipitation
round with anti-HA. At this stage, all protein-protein inter-
actions are destroyed due to the denaturing conditions dur-
ing elution from the beads after the first IP. Since ubiquitin is

KLHL12 Targets the D4 Receptor for Ubiquitination

covalently attached to target proteins, this modification
remains unaffected under these conditions. Using this pro-
cedure, we could still clearly detect FLAG ubiquitin signal
(Fig. 6B, bottom, lane 3), thereby confirming that the D4
receptor can be ubiquitinated in eukaryotic cells.

For some BTB-Kelch proteins, such as Keapl, GAN1, and
ENCI, it has been demonstrated that they can undergo Cul3-
dependent ubiquitination themselves (39). Ubiquitination of
KLHL12 was tested in HEK293T cells overexpressing Etag
KLHL12 and FLAG ubiquitin. The IP of KLHL12 was con-
firmed by immunoblotting with anti-Etag (Fig. 6C, top, lanes 1
and 3), and a strong ubiquitin signal was detected by subse-
quent immunoblotting with anti-FLAG (lane 3). Using the
sequential immunoprecipitation assay described above, we
could demonstrate that the ubiquitin signal is specific for
KLHL12 (Fig. 6C, bottom, lane 3), indicating that KLHL12 can
indeed undergo ubiquitination. To demonstrate the role of
Cul3 in this process, we investigated the effect of Cul3 overex-
pression on the ubiquitination level of KLHL12. Upon co-ex-
pression of Cul3, the ubiquitination level of KLHL12 increased
significantly, both after the first (Fig. 6C, top, compare lane 5
with lane 3) and the second immunoprecipitation round (bot-
tom, compare lane 5 with lane 3). These results suggest that
KLHL12 ubiquitination is indeed Cul3-mediated.

Next, we examined the effect of KLHL12 overexpression on
the ubiquitination level of the D4 receptor. We could clearly
detect an increased ubiquitin signal upon co-expression of Etag
KLHL12, both after the first (Fig. 6B, top, compare lane 5 with
lane 3) and after the second immunoprecipitation round of
the D4 receptor (Fig. 6B, bottom, compare lane 5 with lane
3). The significant positive effect of KLHL12 overexpression
on the ubiquitination level of the D4 receptor is in agreement
with our hypothesis that KLHL12 serves as an adaptor to
target the D4 receptor for ubiquitination.

To substantiate this, we next tested the effect of the different
KLHL12 mutants on the ubiquitination level of the D4 recep-
tor. We expect that both interaction with the D4 receptor and
Cul3 is required for KLHL12 to target the receptor for ubiquiti-
nation. Both full-length KLHL12 and KLHL12ABTB caused a
significant increase of D4.2 receptor ubiquitination (Fig. 74,
left, compare lanes 6 and 9 with lane 3). This indicates that this
ABTB mutant, which still interacts with the receptor and Cul3,
remains capable of serving as an adaptor to target the D4.2
receptor to the E3 ligase complex for ubiquitination. Co-ex-
pression of KLHL12AKelch, which does not interact with the
D4 receptor, did not result in increased ubiquitination of the
D4.2 receptor (Fig. 7A, left, compare lane 12 with lane 3),
thereby confirming that interaction with the receptor is essen-

FIGURE 3. Domain mapping of the D4 receptor-KLHL12 interaction. A, schematic illustration of the HA D4.2 receptor protein and deletion mutants used in
this study. B, HEK293T cells were transiently transfected with the plasmids expressing Etag KLHL12 (5.5 ug) together with the HA D4.2 receptors (5.5 ug)
depicted in A, in the indicated combinations. 48 h post-transfection, cells were lysed, and 5% of the lysates were subjected to SDS-PAGE. The presence of all
three HA D4 receptors and Etag KLHL12 was revealed by immunoblotting (/B) with anti-HA and anti-Etag, respectively. The rest of the lysates was subjected to
immunoprecipitation (IP) with anti-HA. The KLHL12-D4 receptor association was examined by immunoblotting with anti-Etag, whereas the immunoprecipi-
tation was confirmed by subsequentimmunoblotting with anti-HA. C, schematic illustration of the wild type KLHL12 protein and deletion mutants used in this
study. The depicted sequences were fused to an N-terminal Etag. D, HEK293T cells were transiently transfected with plasmids expressing the HA D4.2 receptor
(5.5 ng), Etag KLHL12 (5.5 g), and the deletion mutants Etag KLHL12ABTB (5.5 ng) and Etag KLHL12AKelch (5.5 ng). Co-immunoprecipitation was examined
by subsequent immunoprecipitation-immunoblot, as described in B. The expression of the HA D4.2 receptor and the Etag KLHL12 full-length and deletion
mutant proteins in lysates was confirmed by immunoblotting with anti-HA and anti-Etag, respectively (bottom).
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FIGURE 5. Complex forming of D4 receptor-KLHL12-Cul3 in a E3 ubiquitin ligase complex. A, HEK293T cells were transiently transfected with plasmids expressing
c-Myc Cul3 (5.5 ug), Etag KLHL12 (5.5 g), or the deletion mutant Etag KLHL12ABTB (5.5 g), as indicated. 48 h post-transfection, cells were lysed. Half of the lysate was
used for immunoprecipitation (/P) of KLHL12 with anti-Etag (top), whereas the other half was used for immunoprecipitation of Cul3 with anti-c-Myc (bottom).
Immunoprecipitation in both directions was confirmed by immunoblotting (/B) with anti-Etag or anti-c-Myc, respectively. Co-immunoprecipitation of c-Myc Cul3 was
detected by immunoblotting with anti-c-Myc (top), whereas co-immunoprecipitation of Etag KLHL12 or Etag KLHL12ABTB was detected by subsequent immuno-
blotting with anti-Etag (bottom). Cul3-Nedd is the neddylated form of the Cul3 protein. A representative blot of different independent experiments is shown. B,
HEK293T cells were transiently transfected with plasmids expressing Etag KLHL12 (5.5 ug), HA Cul2 (5.5 ng), and HA Cul3 (5.5 ng), as indicated. 48 h after transfection,
cells were lysed. Half of the lysate was used for IP with anti-HA (bottom), whereas the other half was used forimmunoprecipitation with anti-Etag (top). Confirmation
of the respective immunoprecipitations and detection of KLHL12-Cullin associations were visualized by subsequent immunoblotting with anti-Etag to detect Etag
KLHL12 and anti-HA to detect HA Cul2 or HA Cul3. All depicted lanes originate from the same gel. C, HEK293T cells were transiently transfected with plasmids
expressing Etag KLHL12 (4 ng) and HA Roc1 (4 ). Cell lysis and subsequent immunoprecipitation in both directions were performed as described in B. Detection of
HA Roc1 or Etag KLHL12 was performed via immunoblotting with anti-HA or anti-Etag, respectively. D, HEK293T cells were transiently transfected with plasmids
expressing FLAG D4.4 receptor (4 ug), Etag KLHL12 (4 g), and HA Cul3 (4 g), as indicated. 48 h post-transfection, cells were lysed, and the lysate was divided into two
halves. One half was subjected to immunoprecipitation of the FLAG D4.4 receptor via FLAG-beads, whereas the other half was subjected to immunoprecipitation of
HA Cul3 with anti-HA. Co-immunoprecipitation of Cul3 was detected by subsequent immunoblotting with anti-HA, whereas co-immunoprecipitation of the D4.4
receptor was detected by immunoblotting with anti-FLAG. Association of KLHL12 in the immunoprecipitates was confirmed by immunoblotting with anti-Etag. £,
HEK293T cells were transiently transfected with plasmids expressing FLAG D4.4 receptor (4 ug), Etag KLHL12 (1 or 4 ug), and HA Cul3 (4 ng), in combination with
siCONTROL or siKLHL12 (final concentration 100 nm), as indicated. 48 h post-transfection, cells were lysed, and 5% of the lysates were subjected to SDS-PAGE, followed
by immunoblotting with anti-HA, anti-FLAG, and anti-Etag to detect HA Cul3, FLAG D4.4, and Etag KLHL12, respectively. The rest of the lysates were subjected to
immunoprecipitation with anti-HA. Co-immunoprecipitation of the D4.4 receptor was detected by immunoblotting with anti-FLAG. Association of KLHL12 in the
immunoprecipitates was confirmed by immunoblotting with anti-Etag.

Lysate

tial for the observed effect. The same results were obtained hypothesis that KLHL12 exerts its positive effect on the ubiq-
upon sequential double immunoprecipitation of the D4.2 uitination level of the D4 receptor by direct interaction with the
receptor (data not shown). Altogether, these data confirm our D4 receptor.
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FIGURE 6. Ubiquitination of the D4 receptor and KLHL12 in eukaryotic cells. A, schematic illustration of the D4
receptor-KLHL12-Cul3 E3 ubiquitin ligase complex. E2 represents the ubiquitin-conjugating enzyme; Roc1 (Rbx1
and Hrt1) is the RING finger factor; Cul3 serves as the scaffold protein for both Roc1 and KLHL12. The D4 receptor is
targeted to the E3 ligase by the adaptor protein KLHL12 and functions as a substrate for subsequent ubiquitination
by E2. B, HEK293T cells were transiently transfected with plasmids encoding the HA D4.2 receptor (4 ug), FLAG-
tagged ubiquitin (FLAG Ub; 4 ug) and Etag KLHL12 (4 ng) as indicated. 48 h post-transfection, cells were lysed. The
lysates were subjected to a first immunoprecipitation (/P 7) with anti-HA. Bound proteins were eluted from the
washed immunoprecipitates; a quarter of the eluate was subjected to SDS-PAGE and subsequent immunoblotting
(/B) with anti-HA to confirm immunoprecipitation of the HA D4.2 receptor and anti-FLAG antibody to detect ubig-
uitination (top; (FLAG Ub),,-D4.2). Detection of Etag KLHL12 in the immunoprecipitates was confirmed by immuno-
blotting with anti-Etag. The rest of the eluate was diluted with lysis buffer and subjected to a second immunopre-
cipitation round (/P 2) with anti-HA. Bound receptor was eluted from the washed immunoprecipitates. The eluate
was again subjected to SDS-PAGE and subsequent immunoblotting with anti-HA to confirm the second immuno-
precipitation of D4.2 receptor and anti-FLAG to detect specific ubiquitination of the D4.2 receptor (bottom). The
exclusion of KLHL12 from the second immunoprecipitates was confirmed by immunoblotting with anti-Etag. *, the
signal is a combination of IgG, a nonspecific signal from the anti-HA antibody, and a D4-specific signal in lanes 1, 3,4,
and 5. G, HEK293T cells were transiently transfected with plasmids expressing Etag KLHL12 (4 ng), FLAG Ub (4 ),
and HA Cul3 (4 png). 48 h post-transfection, cells were lysed. A small fraction of each lysate was subjected to SDS-
PAGE to confirm the expression of FLAG Ub and HA Cul3 by immunodetection with anti-FLAG and anti-HA, respec-
tively. The rest of the lysates were subjected to a first immunoprecipitation using anti-Etag. Bound proteins were
eluted from the beads; 20% of the eluate was subjected to SDS-PAGE and subsequent immunoblotting with anti-
Etag to confirm immunoprecipitation of Etag KLHL12 and with anti-FLAG to detect ubiquitinated Etag KLHL12 (top;
(FLAG Ub),-KLHL12). The rest of the eluate was diluted with lysis buffer and subjected to a second immunoprecipi-
tation round with anti-Etag. Bound Etag KLHL12 was eluted from the washed immunoprecipitates and again sub-
jected to SDS-PAGE. The second immunoprecipitation of Etag KLHL12 was confirmed by subsequent immunoblot-
ting with anti-Etag, whereas specific ubiquitination of Etag KLHL12 was detected by immunoblotting with
anti-FLAG.

As demonstrated, KLHL12 functions as an adaptor to form a
complex with the D4 receptor and Cul3 (Fig. 5, D and E). How-
ever, we were not able to rule out a possible direct interaction
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between KLHL12 and Rocl1 (Fig. 5C
and supplemental Fig. 1). To vali-
date our model, as proposed in Fig.
6A, we therefore investigated the
role of Cul3 in the ubiquitination of
the D4 receptor. Overexpression of
Cul3 did not promote the ubiquiti-
nation level of the D4 receptor (data
not shown), probably due to suffi-
cient levels of Cul3 in HEK293T
cells (see also Fig. 5C). Therefore,
we investigated the effect of siRNA
against Cul3 on the KLHL12-medi-
ated receptor ubiquitination (Fig.
7B). Upon cotransfection of the D4
receptor, KLHL12, and FLAG ubig-
uitin in HEK293T cells, the D4
receptor was purified via sequential
immunoprecipitation as described
before. Upon cotransfection of
siCul3, a significant decrease in the
ubiquitination level of the D4 recep-
tor was observed (Fig. 7B, lane 3),
compared with the control level
(lane 2). Immunodetection of Cul3
in the cell lysates revealed a visible
reduction of endogenous Cul3
expression levels upon siRNA treat-
ment (compare lanes 2 and 3),
whereas receptor levels remained
unaffected. A slight increase in
KLHL12 expression was observed,
which is in accordance with the fact
that KLHL12 ubiquitination and
subsequent degradation is Cul3-de-
pendent (38) (see also Fig. 6C).
These results clearly demonstrate a
role for Cul3 in KLHL12-mediated
D4 receptor ubiquitination and
support our model as depicted in
Fig. 6A.

Since we have shown that the
repeats in the IC3 of the D4 receptor
are essential for interaction with
KLHL12, we expect that the D4.0
receptor should no longer be sus-
ceptible to increased ubiquitination
upon overexpression of KLHL12.
The results in Fig. 7C clearly indi-
cate that, although the D4.0 recep-
tor shows a basal level of ubiquitina-
tion (lane 3), this signal is not longer
enhanced upon co-expression of
KLHL12 (lane 4). Again, these data
were obtained upon performing a

sequential double immunoprecipitation of the HA D4.0.
To summarize, we showed that KLHL12 targets the D4
receptor to the E3 ligase complex by a direct and simultaneous
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FIGURE 7. KLHL12 promotes D4 receptor ubiquitination via direct interaction with the receptor. A, HEK293T cells were transiently transfected with
plasmids encoding the HA D4.2 receptor (4 ug), FLAG-tagged ubiquitin (FLAG Ub; 4 ng), full-length Etag KLHL12 (Etag KLHL12; 4 ug), or the deletion mutants
Etag KLHL12ABTB (4 ng) and Etag KLHL12AKelch (4 ng) in the indicated combinations. 48 h post-transfection, cells were lysed. Small fractions of the lysates
were subjected to SDS-PAGE and subsequentimmunoblotting (/B) with anti-HA, anti-FLAG, and anti-Etag to confirm expression of HA D4.2 receptor, FLAG Ub,
and Etag KLHL12, respectively (right). The rest of the lysates was subjected to immunoprecipitation (/P) of the receptor with anti-HA. The washed immunopre-
cipitates were boiled, and the eluate was subjected to SDS-PAGE. Subsequent immunoblotting with anti-HA confirmed immunoprecipitation of the HA D4.2
receptor, whereas ubiquitinated HA D4.2 receptor was detected by immunoblotting with anti-FLAG (left; (FLAG Ub),-D4.2). B, HEK293T cells were transiently
transfected with plasmids expressing the HA D4.2 receptor (HA D4.2; 4 ug), FLAG Ub (4 ng), and Etag KLHL12 (4 ng) in combination with siCONTROL or siCul3
asindicated. 48 h post-transfection, cells were lysed. A small fraction of each lysate was subjected to SDS-PAGE to confirm the expression of FLAG Ub and Etag
KLHL12 by immunodetection with anti-FLAG and anti-Etag, respectively. Endogenous levels and silencing of Cul3 expression were detected viaimmunoblot-
ting with anti-Cul3 (clone H293). The rest of the lysates were subjected to two sequential immunoprecipitation rounds, as described under “Experimental
Procedures” and in Fig. 6B. After the second immunoprecipitation round, the eluate was subjected to SDS-PAGE and subsequent immunoblotting with anti-HA
to confirm sequential immunoprecipitation of the D4.2 receptor and anti-FLAG to detect specific ubiquitination of the D4.2 receptor. C, HEK293T cells were
transiently transfected with plasmids expressing the deletion mutant HA D4.0 receptor (HA D4.0; 4 ng), FLAG Ub (4 ng), and Etag KLHL12 (4 ng) in the indicated
combinations. 48 h post-transfection, cells were lysed. Small fractions of the lysates were subjected to SDS-PAGE and subsequent immunoblotting with
anti-HA, anti-FLAG, and anti-Etag to confirm expression of HA D4.0 receptor, FLAG Ub, and Etag KLHL12, respectively. The rest of the lysates were subjected to
two sequential immunoprecipitation rounds, as described under “Experimental Procedures” and in Fig. 6B. After the second immunoprecipitation round, the
eluate was subjected to SDS-PAGE and subsequent immunoblotting with anti-HA to confirm sequential immunoprecipitation of the D4.0 receptor and
anti-FLAG to detect specific ubiquitination of the D4.0 receptor.
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FIGURE 8. The mouse D4 receptor is not constitutively recruited to the E3
ligase complex and does not undergo basal ubiquitination. Mouse brain
lysates were prepared as described under “Experimental Procedures.” Then
nonspecific rabbit IgG antibody (2 ng) was added to half of the lysate,
whereas a mix of anti-D4 antibody from Chemicon (1 ng) and anti-D4 anti-
body from Rivera and co-workers (34) (1 ng) was added to the other half.
Before immunoprecipitation with A-beads, small fractions of the mixtures
were subjected to SDS-PAGE. Endogenously expressed mouse D4 receptor
and Cul3 were detected via immunoblotting with anti-D4 (Chemicon) and
anti-Cul3 (clone C18), respectively (lane 2). The presence of ubiquitinated
proteins in the brain lysates was confirmed via immunoblotting with anti-
ubiquitin (clone P4D1). As a positive control, lysate was prepared from HEK293T
cells, transiently transfected with mouse D4 receptor. Immunoblotting with
anti-D4 (Chemicon), anti-Cul3 (clone C18), and anti-ubiquitin (clone P4D1)
revealed overexpression of mouse D4 receptor and endogenously expressed
Cul3 and ubiquitinated proteins, respectively (lane 7). After immunoprecipita-
tion, immunoblotting with anti-Cul3 (clone C18) did not reveal co-purification of
Cul3. Similarly, immunoblotting with anti-ubiquitin (clone P4D1) did not detect
ubiquitination of the purified mouse D4 receptor. *, rabbit IgG (of nonspecificand
anti-D4 antibodies).

interaction of KLHL12 with the D4 receptor and Cul3, which
gives rise to ubiquitination of the D4 receptor.

Interaction Studies in Mouse Brain Do Not Show Basal
Recruitment of the D4 Receptor to the E3 Ligase or Basal Ubiq-
uitination of the Receptor—To investigate whether we could
isolate the D4-KLHL12-Cul3 complex from mouse brain
lysates, we performed co-immunoprecipitation studies under
endogenous protein expression levels (Fig. 8). We were able to
detect endogenous levels of the D4 receptor and Cul3 (lane 2) in
the mouse brain lysates, but we could not detect a specific signal
for KLHL12, probably due to the lack of a high affinity antibody
(data not shown). Although the D4 receptor was specifically
immunoprecipitated from these mouse brains (Fig. 8, lane 4),
we could not detect co-purification of Cul3 under these condi-
tions (middle, lane 4).

Next, we investigated whether the mouse D4 receptor under-
goes basal ubiquitination in mouse brains. Although a clear
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signal from ubiquitinated proteins is visible in the brain lysates
(Fig. 8, bottom, lane 2), we were not able to detect ubiquitina-
tion signal in immunoprecipitates of the D4 receptor. Together,
these data suggest that the D4 receptor is not constitutively
recruited to an E3 ligase complex and does not undergo basal
ubiquitination in mouse brain.

Ubiquitination of Dopamine Receptors Other than the D4 Is
Not Mediated by KLHL12—W e have not only shown that the
D4 type of dopamine receptors undergoes ubiquitination, but
we also found KLHL12 to be a corresponding adaptor. Since
ubiquitination of the D4 receptor is a totally new finding and
has not been described so far, we wanted to investigate whether
other members of the dopamine receptor family also undergo
ubiquitination. We therefore performed ubiquitination assays
in HEK293T cells using HA-tagged constructs for D1, D5 (D1-
type receptors), and D2L together with the HA D4.2 receptor.
Besides ubiquitination of the D4.2 receptor (Fig. 9, left, lane 3),
we were also able to detect ubiquitination signal for the D1
(lane 6), the D2L (lane 9), and the D5 receptor (lane 12). We
ensured that we detected ubiquitination of the receptors them-
selves by validating these results in a sequential immunopre-
cipitation assay (data not shown). These data show that ubig-
uitination of dopamine receptors is not restricted to the D4 type
but seems to be a common modification for all types of dopa-
mine receptors. However, upon co-expression of Etag KLHL12
in these ubiquitination experiments in eukaryotic cells, we did
not detect a significant effect on the ubiquitination level of the
D1 (Fig. 9, left, lane 7), the D2L (lane 10), or D5 receptor (lane
13), whereas the effect was again clearly visible for the D4.2
receptor (lane 4). We note that, although a slight increase in
ubiquitination might be detected for the D1 receptor (compare
lane 7 with lane 6), also more D1 receptor was immunoprecipi-
tated in this sample, so that the ratio of ubiquitin signal versus
receptor signal remains virtually unaffected. Together, these
results show that different types of dopamine receptors
undergo ubiquitination, but only for the D4 receptor, KLHL12
serves as an adaptor, thereby giving specificity for the E3 ligase
to the substrate.

DISCUSSION

In this study, we have identified the BTB-Kelch protein
KLHL12 as a novel interaction partner for the third intracellu-
lar loop (IC3) of the human dopamine D4 receptor in a yeast
two-hybrid screening. Further experiments in yeast indicate
that KLHL12 does not interact with the IC3s of other dopamine
receptors (D1 and D5) or with the IC3s of more distantly related
GPCRs, such as the B2-adrenergic receptor or M1-muscarinic
receptor. Interaction data in mammalian cells confirm that the
interaction is restricted to the D4 type of dopamine receptors
(Figs. 1 and 2). Together, these results suggest that KLHL12 is
not a common GPCR-interacting protein. Domain mapping of
KLHL12 indicated that the Kelch domain is necessary for inter-
action with the D4 receptor (Fig. 3, C and D). Furthermore,
domain mapping of the D4 receptor clearly demonstrates an
important role for the polymorphism in its third intracellular
loop, since interaction with KLHL12 is completely abolished
upon deletion of the repeats but not with a receptor mutant
lacking both sides of these repeats (Fig. 3, A and B). These find-
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FIGURE 9. Ubiquitination of dopamine receptor types other than the D4 is not mediated by KLHL12.
HEK293T cells were transiently transfected with plasmids expressing the HA D4.2 receptor (4 ng), HA D1
receptor (4 ng), HA D2L receptor (4 ng), HA D5 receptor (4 ng), FLAG-tagged ubiquitin (FLAG Ub; 4 ng) and
Etag KLHL12 (4 ng), as indicated. 48 h post-transfection, cells were lysed. Small parts of the lysates were
subjected to SDS-PAGE and subsequent immunoblotting with the indicated antibodies. The rest of the lysate
was subjected to immunoprecipitation (/P) with anti-HA. The washed immunoprecipitates were denatured,
and the eluate was subjected to SDS-PAGE. Immunoblotting (/B) with anti-HA confirmed the immunoprecipi-
tation of the various types of HA-tagged dopamine receptors, whereas ubiquitination of these receptors was

detected by immunoblotting with anti-FLAG.

ings provide a first molecular link to unravel the functional
relevance of this D4 receptor polymorphism, which has been
investigated intensively and has been linked to major neurolog-
ical disorders, such as attention deficit hyperactivity disorder
(6—8). Interestingly, this polymorphism is primate-specific (3)
and thus not present in rodent (mouse or rat) D4 receptor or
other species. The fact that we were not able to detect an inter-
action between the mouse D4 receptor and KLHL12 (Fig. 4), is
in accordance with our data indicating that this polymorphism
is necessary for interaction with KLHL12. We note that the
KLHL12 protein, used in these experiments, is of human origin.
Therefore, we cannot rule out a possible interaction of the
mouse KLHL12 variant with the mouse D4 receptor. However,
mouse and human KLHL12 only differ by four amino acids
(NCBI data base: human KLHL12 gi:11056006; mouse KLHL12
gi:81875867); the first two reside in the BTB and BACK domain,
respectively (Ser®* and Asn®'” in humans versus Ala®* and
Asp®'” in mice, respectively), and the other two are in the Kelch
domain (Val**” and Thr®>! in humans versus Ile**” and Ala®>! in
mice, respectively). Assuming that only the Kelch domain is
important for interaction (see Fig. 3D) and considering the
nature of the latter two amino acid differences, we expect no
significant structural differences between the mouse and
human KLHL12 variants, suggesting that there is no interaction
between mouse KLHL12 and the mouse D4 receptor. Together,
these results indicate that the D4-KLHL12 interaction could be
human (primate)-specific.

Recent work has shown that several members of the large
family of BTB proteins can function as adaptors in Cul3-based
E3 ubiquitin ligases (21, 23—26). We therefore investigated the
possibility that KLHL12 also functions as an adaptor in a Cul3-
based E3 ligase complex. Several data confirm this hypothesis.
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1). Although at this moment we
cannot formally exclude a direct
interaction of KLHL12 with Rocl,
we demonstrated that Cul3 is in fact
involved in the ubiquitination of the
D4 receptor (Fig. 7B). This observa-
tion supports the possible forma-
tion of the classic E3 ligase, in which
the adaptor protein recruits the sub-
strate protein to Rocl via Cul3, in accordance with most cases
described in the literature. Third, it has recently been shown
that KLHL12 functions as an adaptor in a Cul3-based E3 ligase
complex (38). Nevertheless, Angers et al. (38) were not able to
show interaction of Cul3 with a mutant KLHL12 protein in
which the BTB domain was deleted, whereas our own data
show that deletion of this BTB domain does not disrupt the
interaction with Cul3 (Fig. 54). The discrepancy between both
findings could be due to differences in experimental approach.
Namely, we performed co-immunoprecipitation studies in cells
(HEK293T) with a ABTB mutant containing amino acids 118 —
568 of KLHL12 (Fig. 3C) instead of co-immunoprecipitation
studies after in vitro translation of the respective proteins in
reticulocyte lysate using a ABTB mutant that only contained
amino acids 131-568 (38). Therefore, it might be possible that
the region between amino acids 118 and 131 of KLHLI12 is
essential for interaction with Cul3. Remarkably, however, inter-
action remains to be detected between Cul3 and the
KLHL12ABTB mutant (aa 118-568), since it is generally
accepted that BTB proteins bind to Cul3 via their BTB domain.
Nevertheless, our subsequent ubiquitination experiments in
HEK293T cells are in accordance with these data, since we
demonstrate that the KLHL12ABTB mutant (aa 118 —568) still
functions as an adaptor in an E3 ligase complex (Fig. 74). Sim-
ilar discrepancies in Cul3 binding were described for the
BTB-Kelch protein Keapl. Whereas Furukawa and Xiong (28)
demonstrated that the BTB domain of Keapl mediated Cul3-
binding, Kobayashi et al. (29) showed that deletion of the BTB
domain did not affect association with Cul3.

Following the observation that KLHL12 interacts both with
the D4 receptor and Cul3, we have validated the hypothesis that
the D4 receptor could be a potential target for a Cul3-based E3
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ubiquitin ligase. Our data show the existence of complex for-
mation of the D4 receptor and Cul3 in HEK293T cells, even
under conditions of endogenous KLHL12 levels (Fig. 5D). The
observed interaction is, however, significantly stronger upon
overexpression of exogenous KLHL12. Moreover, we were able
to show that the interaction was blocked upon down-regulation
of KLHL12 via siRNA (Fig. 5E). Together, these data indicate
that the D4 receptor does not directly interact with Cul3 but is
recruited to the E3 ligase via KLHL12 as an adaptor. We further
demonstrate that this formation specifically targets the D4
receptor for ubiquitination. Several data support this conclu-
sion. First, ubiquitination assays in eukaryotic cells show that
the D4 receptor undergoes ubiquitination, which is strongly
increased upon overexpression of exogenous KLHL12 (Fig. 6B).
By performing sequential immunoprecipitation assays, we con-
vincingly demonstrate that this increase in ubiquitination sig-
nal is specific for the receptor itself and not merely the result of
ubiquitination of other proteins. The latter had to be taken into
account, since we also provide evidence for Cul3-dependent
ubiquitination of KLHL12 itself (Fig. 6C). Second, KLHL12 pro-
motes ubiquitination of the D4 receptor through direct inter-
action with the D4 receptor, since no increase in D4 ubiquiti-
nation is observed when a D4 receptor mutant (D4.0) is used
that no longer interacts with KLHL12 (Fig. 7C). In accordance
with these results is the observation that the KLHL12ABTB
mutant, which is still capable of interacting with both the D4
receptor and Cul3, still promotes ubiquitination of the D4
receptor (Fig. 7A). Third, KLHL12 specifically promoted ubigq-
uitination of the D4 receptor, but not of other dopamine recep-
tor subtypes (Fig. 9). Again, these data are in agreement with
our interaction studies indicating that KLHL12 interacts spe-
cifically with the D4 receptor.

Since we have demonstrated that the D4 receptor is recruited
to the E3 ligase via the adaptor protein KLHL12 in the human
cell system HEK293T, we investigated whether we could isolate
in vivo D4-KLHL12-Cul3 complex from mouse brains.
Although we were able to detect Cul3 expression and specifi-
cally detect and isolate the D4 receptor in these mouse brain
lysates, we could not show complex forming of Cul3 with the
receptor (Fig. 8). Although we cannot exclude interaction of
mouse KLHL12 with mouse D4 receptor in vivo, our previous
observations indicate that the D4-KLHL12 association could be
human (primate)-specific. In this case, KLHL12 could not func-
tion as an adaptor to target the D4 receptor to the E3 ligase in
mouse, thereby explaining why we could not detect the
D4-Cul3 complex. However, it is possible that in mice, as in
humans, proteins other than KLHL12 could function as
adaptors to recruit the D4 receptor. In this case, it is very
likely that the D4 receptor is not constitutively recruited to
the E3 ligase, but only after certain stimuli or under certain
physiological conditions, which remain to be elucidated.
Accordingly, we could not detect basal ubiquitination of the
mouse D4 receptor in brain tissue (Fig. 8). Altogether, these
results suggest that in mouse brain, the D4 receptor is not
constitutively recruited to the E3 ligase and thereby does not
undergo basal ubiquitination.

It is of interest to note that we observed for the first time a
basal level of ubiquitination of all dopamine receptors exam-
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ined (Fig. 9). Although ubiquitination of GPCRs has been
described to have numerous possible effects, from tagging a
protein for degradation to internalization, trafficking, and sig-
naling, the functional relevance toward dopamine receptors
remains to be elucidated. Many questions remain unsolved,
such as how this process is dynamically regulated, what triggers
ubiquitination, and what is the fate of the ubiquitinated recep-
tors. Although we have identified KLHL12 to be a specific adap-
tor for the D4 receptor, the corresponding adaptors for other
types of dopamine receptors remain to be identified. Interest-
ingly, a basal ubiquitination signal was also detected for the
D4.0 receptor mutant, deficient in KLHL12 binding (Fig. 7C).
This suggests that other adaptors besides KLHL12 could also
exist for the D4 receptor or that ubiquitination of this receptor
can be regulated through alternative or redundant systems.

In summary, our data show for the first time ubiquitination
of dopamine receptors, and we identified KLHL12 as an adap-
tor in a Cul3-based E3 ligase complex for specific ubiquitina-
tion of the human D4 type receptor. We also identified for the
first time a protein specifically interacting with the repeat
region in the IC3 of the D4 receptor, which should help to
further unravel the role of this remarkable polymorphism.
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