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Background: KCTD12 regulates agonist potency and kinetics of GABAB receptor signaling.
Results: KCTD12 stably associates with GABAB receptors as early as in the endoplasmic reticulum and reduces constitutive
receptor internalization from the cell surface.
Conclusion: KCTD12 increases GABAB receptor surface expression and the magnitude of receptor signaling.
Significance: KCTD12 not only regulates agonist potency and kinetics but also the magnitude of GABAB receptor signaling.

GABAB receptors are the G-protein coupled receptors
(GPCRs) forGABA, themain inhibitory neurotransmitter in the
central nervous system.NativeGABAB receptors comprise prin-
ciple and auxiliary subunits that regulate receptor properties in
distinct ways. The principle subunits GABAB1a, GABAB1b, and
GABAB2 form fully functional heteromeric GABAB(1a,2) and
GABAB(1b,2) receptors. Principal subunits regulate forward traf-
ficking of the receptors from the endoplasmic reticulum to the
plasma membrane and control receptor distribution to axons
anddendrites. The auxiliary subunitsKCTD8, -12, -12b, and -16
are cytosolic proteins that influence agonist potency andG-pro-
tein signaling of GABAB(1a,2) and GABAB(1b,2) receptors. Here,
we used transfected cells to study assembly, surface trafficking,
and internalization of GABAB receptors in the presence of the
KCTD12 subunit. Using bimolecular fluorescence complemen-
tation and metabolic labeling, we show that GABAB receptors
associate with KCTD12 while they reside in the endoplasmic
reticulum. Glycosylation experiments support that association
with KCTD12 does not influence maturation of the receptor
complex. Immunoprecipitation and bioluminescence reso-
nance energy transfer experiments demonstrate that KCTD12
remains associated with the receptor during receptor activity
and receptor internalization from the cell surface. We further
show that KCTD12 reduces constitutive receptor internaliza-

tion and thereby increases the magnitude of receptor signaling
at the cell surface. Accordingly, knock-out or knockdown of
KCTD12 in cultured hippocampal neurons reduces the magni-
tude of the GABAB receptor-mediated K� current response. In
summary, our experiments support that the up-regulation of
functional GABAB receptors at the neuronal plasmamembrane
is an additional physiological role of the auxiliary subunit
KCTD12.

GABAB receptors play an important role in regulating neu-
ronal excitability in the mammalian central nervous system.
Accordingly, GABAB receptors have been implicated in a vari-
ety of neurological and psychiatric conditions, including epi-
lepsy, anxiety, depression, schizophrenia, addiction, and pain
(1, 2). Native GABAB receptors are reported to comprise prin-
cipal and auxiliary subunits that assemble into molecularly and
functionally distinct receptor subtypes (3–6). The principal
subunits GABAB1a, GABAB1b, and GABAB2 have a typical
seven-transmembrane domain topology and form fully func-
tional heteromeric GABAB(1a,2) andGABAB(1b,2) receptors that
regulate Kir3-type K� channels, voltage-gated Ca2� channels,
and adenylate cyclase. It is well established that newly synthe-
sized principal subunits assemble into heteromeric GABAB(1,2)
receptors in the ER.3 The masking of the ER retention motif
RSRR in GABAB1 by GABAB2 ensures that only GABAB1 sub-
units that have assembled withGABAB2 subunits are efficiently
routed out of the ER to the cell surface (1, 7, 8). The subunit
isoform GABAB1a contains targeting motifs in its primary
sequence that traffic receptors to axonal sites (3). In contrast,
the subunit isoform GABAB1b traffics receptors to the somato-
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dendritic compartment (3). The auxiliary subunits KCTD8,
-12, -12b, and -16 (named after their K� channel tetrameriza-
tion domain) form tetramers that bind to the C-terminal cyto-
plasmic domain of GABAB2, in which mutation of a tyrosine
residue to alanine (GABAB2Y902A) completely abolishes
KCTD binding (5). The KCTDs increase agonist potency at the
receptor and regulate rise time and desensitization of receptor-
mediated K� and Ca2� current responses (5). GABAB recep-
tors are examples of GPCRs that are composed of principal and
auxiliary subunits. Other examples are members of the calci-
tonin receptor family that associate with receptor activity-
modifying proteins (9).
Prototypical protein complexes that are regulated by auxil-

iary subunits are voltage-gated (10) and ligand-gated ion chan-
nels (11, 12). Auxiliary subunits of ion channels directly and
stably interact with a pore-forming subunit and modulate
channel properties and/or surface trafficking of the channel
complex. Auxiliary subunits of ion channels normally assemble
with pore-forming subunits in the ER. Assembly in the ER is
also observed with the receptor activity-modifying proteins,
which promote cell surface expression of the associatedGPCRs
(9). Little is known about the interactions of auxiliary and prin-
cipal subunits during the lifecycle of GABAB receptors. For
example, it is unknown where in the biosynthetic pathway aux-
iliary KCTD subunits assemble with principal subunits and
whether theKCTDs influence surface trafficking or internaliza-
tion of receptors. Likewise, it still has to be addressed whether
the KCTDs stably associate with the receptor, generally consid-
ered a criterion to qualify as an auxiliary receptor subunit (12).
Here, we show that KCTD12 associates with GABAB2 while the
receptor resides in the ER. Moreover, we show that KCTD12
up-regulates receptors at the cell surface, presumably by reduc-
ing constitutive receptor internalization. Finally, we found that
KCTD12 remains associated with the receptor upon receptor
activation and during receptor internalization. In summary,
our data support that KCTD12 is a stably associated auxiliary
GABAB receptor subunit that increases the magnitude of
receptor signaling at the neuronal membrane.

EXPERIMENTAL PROCEDURES

Plasmids, Cell Culture, and Transfection—pCI plasmids
encodingMyc-GABAB1,HA-GABAB2,Myc-GABAB2, HA-GABAB2
Y902A, and FLAG-taggedKCTDswere described previously (5, 13).
Kir3.1/3.2 concatemers were cloned into pcDNA3.1 (14), and
pEGFP-N1 was from Clontech. The yellow fluorescent protein
(YFP) fragments YFP1 and YFP2 (15), were inserted C-termi-
nally into pCI-HA-GABAB2, pCI-HA-GABAB2Y902A, and
pCI-FLAG-KCTD12. The plasmids encoding C-terminally
tagged HA-GABAB1-YFP (16) and Myc-GABAB2 (16) were
described earlier. Renilla luciferase (Rluc) was inserted N-ter-
minally to full-length KCTD12 and KCTD10 together with an
SGGGGSGGG peptide linker. COS-1 cells were maintained in
DMEM (Invitrogen) supplemented with 10% FBS (PAA Labo-
ratories) at 37 °C with 5% CO2. CHO-K1 cells stably expressing
GABAB1 andGABAB2 subunitswere cultured as described (17).
Lipofectamine 2000 (Invitrogen) was used for transient trans-
fection of COS-1 and CHO-K1 cells. In the electrophysiology
experiments, transfected cells were identified using the green

fluorescent protein (GFP). The amount of DNA in the transfec-
tions was kept constant by supplementingwith empty pCI plas-
mid (Promega). Cultured hippocampal neurons were prepared
as described (18).
Cell ELISA—For ELISA quantification of Myc-GABAB1 at

the plasma membrane, cells were fixed with 4% paraformalde-
hyde (Sigma) in PBS. Cells were then blocked with 10% normal
goat serum (Invitrogen) and incubated with mouse anti-Myc
monoclonal antibodies (1:500, 9E10, Roche Applied Science)
for 1 h at 4 °C and horseradish peroxidase-conjugated anti-
mouse antibodies (1:1000, GE Healthcare) for 35 min at room
temperature. Luminescence was quantified with SuperSignal
West Femto substrate (Pierce) in a Wallac VICTOR2TM 1420
counter (PerkinElmer). Total Myc-GABAB1 was quantified
after permeabilization of the cell membrane with 0.25% Triton
X-100 (Sigma). FLAG-tagged KCTDs were quantified in per-
meabilized cells using mouse anti-FLAG antibodies (1:500,
Sigma).
Immunocytochemistry—Cells were grown on glass coverslips

coated with 0.5 mg/ml collagen (Serva), fixed, and blocked as
described above. SurfaceMyc-GABAB1was labeledwithmouse
anti-Myc antibodies (1:100) for 3 h at 4 °C. Total expression of
Myc-GABAB1was determined in permeabilized cells using rab-
bit anti-GABAB1 antibodies (1:500, Clone 25 (19)). Cells were
washed with PBS and stained with secondary antibodies (Alexa
Fluor goat anti-mouse 488 andAlexa Fluor goat anti-rabbit 647,
1:500,Molecular Probes) for 1 h at room temperature. For visu-
alization of HA-GABAB2-YFP1 and HA-GABAB2Y902A-YFP1
in the YFP protein fragment complementation assay, cells
expressing HA-GABAB2-YFP1 or HA-GABAB2Y902A-YFP1
with FLAG-KCTD12-YFP2 were incubated with mouse
anti-HA (1:500, Covance) and Alexa Fluor goat anti-mouse 647
(1:500,Molecular Probes) antibodies. The ERwas stained using
rabbit anti-calnexin (1:500, Sigma) and Alexa Fluor goat anti-
rabbit 568 (1:500, Molecular Probes) antibodies. Coverslips
were mounted with FluorSaveTM Reagent (Calbiochem), and
images were captured with a Leica DMI 4000B confocal micro-
scope using identical laser settings.
Metabolic [35S]Methionine Labeling—For immunoprecipita-

tion of FLAG-KCTD12, COS-1 cells were plated onto collagen-
coated 100-mm dishes and starved in methionine-free DMEM
(Sigma) for 30min at 37 °C. Cells were then incubated in 3ml of
100 �Ci of EXPRESS35S protein labeling mix (PerkinElmer) for
15 min at 37 °C. Cells were rinsed with ice-cold PBS and har-
vested in 0.4 ml of lysis buffer (150 mM NaCl, 10 mM Tris-HCl,
5 mM EDTA, 1.5% Nonidet P-40) supplemented with protease
inhibitors (complete Mini, Roche Applied Science). After the
addition of 30 �l of 50% protein A-agarose (Roche Applied
Science) with 2 �l of mouse anti-FLAG antibodies (Sigma), the
lysate was incubated overnight at 4 °C. Agarose beads were
washed in radioimmune precipitation buffer (150 mMNaCl, 10
mM Tris-HCl, 5 mM EDTA, 1.0% Nonidet P-40, 0.1% SDS, 0.5%
deoxycholate). Immunoprecipitated FLAG-KCTD12 andMyc-
GABAB2 proteins were identified by cross-correlation of auto-
radiography with Western blots using rabbit anti-FLAG and
rabbit anti-Myc antibodies.
Cell Surface Immunoprecipitation—COS-1 cells expressing

GABAB receptors comprising Myc-tagged GABAB1 subunits
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were blocked with PBS containing 1% BSA and incubated with
mouse anti-Myc antibodies (1:200) on ice for 3 h. After several
washes with PBS, receptors were activated with 100 �M

baclofen for 15 min. Cells were lysed, and protein G-agarose
(Roche Applied Science) was added to the lysates. Immunopre-
cipitated proteins were resolved by SDS-PAGE and detected on
Western blots. Detection of actin with mouse antibodies
(1:1000, C4, Millipore) confirmed that surface receptors were
immunoprecipitated.
Deglycosylation Experiments—Total protein lysates of trans-

fected COS-1 were denatured in 0.05% SDS and 50 mM �-mer-
captoethanol for 5min at 37 °C and then digestedwith endogly-
cosidase H (Endo H, Roche Applied Science) for 3 h at 37 °C in
0.05 M sodium citrate buffer, pH 5.5. Digestion of denatured
total protein withN-glycosidase F (Roche Applied Science) was
performed in 0.05 M Tris buffer, pH 8.0, supplemented with 1%
Nonidet P-40 and 10 mM 1,10-phenanthroline. Digestions were
terminated by adding protein loading buffer. Proteins were
resolvedbySDS-PAGEandWesternblots carriedout using rabbit
anti-GABAB1 (1:3000), guinea pig anti-GABAB2 (1:2000), and
mouse anti-FLAG (1:3000) antibodies.
BRET Measurements—COS-1 transiently transfected with

plasmids encoding Rluc and/or YFP fusion proteins were
seeded into 96-well microplates (Greiner Bio-One) for 24 h.
The Rluc substrate coelenterazine h (NanoLight Technologies)
and the GABAB receptor agonist baclofen were added for 15
min at a final concentration of 5 and 100 �M, respectively.
Luminescence and fluorescence signals were detected sequen-
tially using an Infinite� F500 microplate reader (Tecan). The
BRET ratio was calculated as the ratio of the light emitted by
GABAB1-YFP (530–570 nm) over the light emitted by Rluc-
KCTD12 or Rluc-KCTD10 (370–470 nm). The BRET ratio was
adjusted by subtracting the ratios obtained when Rluc fusion
proteins were expressed alone. Total YFP fluorescence was
measured with an excitation filter at 485 nm and an emission
filter at 535 nm and corrected for the fluorescence measured in
cells expressing Rluc fusion proteins in isolation. The results
were expressed inmilliBRET units, corresponding to the BRET
ratio values multiplied by 1000. Each data point was obtained
using quadruplicate wells of cells. Data were analyzed using
GraphPad Prism 5.0 software.
Biotinylation Assay—Constitutive internalization of GABAB

receptors in transiently transfected COS-1 cells was studied as
described (20). For detection of cell surface proteins, hip-
pocampal neurons on 35-mm plates were incubated with 1
mg/ml Sulfo-NHS-SS-Biotin (Pierce) in PBS for 30 min at 4 °C.
After quenching the biotinylation reaction with glycine and
rinsing of the cells with ice-cold PBS, cells were scrapped from
the plates and lysed. Biotinylated surface proteins were purified
using NeutrAvidin-agarose (Pierce), washed, and resuspended
in protein loading buffer. Protein samples were resolved by
SDS-PAGE and Western blots carried out with rabbit anti-
GABAB1, rabbit anti-KCTD12 (1:1000 (5)), and mouse anti-�-
tubulin (1:3000, Sigma) antibodies.
Knockdown Experiments—Lentiviral vectors containing the

KCTD12 and control shRNA sequences 5�-GCTATTACCT-
CAAGTTCAA-3� and 5�-GTATCTCTTCATAGCCTTAT-3�,
respectively (5), were constructed as described (21, 22) and

produced using the HIV-1 packaging vectors �8.2 and vesic-
ular stomatitis virus-G, kindly provided by Oliver Schlüter
(European Neuroscience Institute, Göttingen). Cultured
hippocampal neurons were transduced with lentiviruses for
2 h at DIV 6–7.
Electrophysiology—Transfected CHO-K1 cells and cultured

hippocampal neurons were plated onto ThermanoxTM plastic
coverslips (Nunc) or poly-L-lysine-coated glass coverslips,
respectively. Electrophysiological recordings were performed
as described (5). A fast superfusion system for drug application
was used (23). For recordings and data analysis, we used
pClamp10 software (Molecular Devices).
Data Analysis—With exception of the BRET data, which are

expressed as� S.D., all data are presented asmean� S.E. If not
stated otherwise, Student’s t test withGraphPad Prism 5.04was
used. The band intensity on Western blots was quantified on
unsaturated images using luminescent image analyzer LAS-
4000 (Bucher Biotec AG, Basel) and ImageJ version 1.43 soft-
ware (National Institutes of Health).

RESULTS

KCTD12 Increases Cell Surface Expression of GABAB
Receptors—We first analyzed whether the KCTDs influence
GABAB receptor surface expression. We expressed Myc-
GABAB1 andHA-GABAB2 in the presence or absence of FLAG-
tagged KCTD8, -12, -12b, and -16 in COS-1 cells. We used the
extracellularMyc tag of GABAB1 tomonitor with an ELISA the
amount of GABAB receptors at the cell surface. KCTD12 sig-
nificantly promoted receptor surface expression (196.2 �
16.5%, p � 0.001; Fig. 1A). In contrast, KCTD8, -12b, and -16
had no significant effect on receptor surface expression. As a
control, KCTD10, a KCTD protein that does not bind to
GABAB receptors (5), had no effect on receptor surface expres-
sion either. Moreover, receptors without a KCTD-binding site
(GABAB2Y902A (5)) exhibited no increase in surface expres-
sion in the presence of KCTD12 (Fig. 1A). Increased receptor
surface expression therefore requires direct binding of
KCTD12 toGABAB2. As expected, we observed low cell surface
expression of GABAB1 in the absence of GABAB2 (21.4 � 7.3%
of the surface expression obtained in association with GABAB2,
p � 0.001; Fig. 1A). Of note, GABAB receptor surface expres-
sion in the absence as well as in the presence of KCTD12 was
not significantly influenced by exposure to 100 �M baclofen for
15 min (data not shown), consistent with the reported lack of
agonist-induced receptor internalization (20, 24–26).
We additionally examined receptor surface expression in the

presence or absence of KCTD12 using confocal microscopy
(Fig. 1B). Surface and total GABAB1 expression was monitored
by immunolabeling prior (green fluorescence) and after (red
fluorescence) permeabilization of the cells. In agreement with
the ELISAdata, the ratio of theGABAB1 surface fluorescence to
the GABAB1 total fluorescence was significantly increased by
49.1 � 9.1% (p � 0.001) in the presence of KCTD12.
KCTD12 Increases GABAB Receptor-mediated Kir3 Current

Amplitudes—We addressed whether increased GABAB recep-
tor surface expression in the presence of KCTD12 results in
increased receptor-mediated Kir3 current amplitudes. We
recorded outward K� currents induced by fast application of
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the GABAB receptor agonist baclofen (100 �M) to CHO-K1
cells expressingGABAB receptors andKir3.1/3.2 effector chan-
nels. In agreement with earlier data (5), we observed a shorter
rise time and a pronounced rapid desensitization of baclofen-
inducedK� currents in the presence ofKCTD12 (Fig. 2A). Con-
sistent with increased receptor surface expression in the pres-
ence of KCTD12, we observed a significantly increased K�

current density at the peak of the response (Fig. 2B). An
increase in the peak K� current density was not seen with
receptors lacking the KCTD-binding site (GB1�GB2Y902A,
Fig. 2B). Thus, electrophysiological experiments in heterolo-
gous cells support that binding ofKCTD12 toGABAB receptors
increases the peak receptor response, consistent with the
observed increase in receptor cell surface expression.
KCTD12 Assembles with GABAB Receptors at the Cytoplas-

mic Side of the ER Membrane—We next determined where in
the biosynthetic pathway KCTD12 assembles with GABAB

receptors. We pulse-labeled COS-1 cells expressing GABAB2
and KCTD12 for 15 min with [35S]methionine, at which time
newly synthesized transmembrane proteins have not yet pro-
gressed beyond the ER (27, 28). After 15 min of biosynthesis,
immunoprecipitation with anti-FLAG antibodies not only
purifies FLAG-KCTD12 but also efficiently co-precipitates 35S-
labeled Myc-GABAB2 (Fig. 3A). This shows that FLAG-
KCTD12 binds to newly synthesized 35S-labeledMyc-GABAB2
residing in the ER. The C termini of the GABAB1 and GABAB2
proteins are expected to face the cytoplasmic side of the ER
membrane (7). Therefore KCTD12, a cytosolic protein, is
assumed to assemble with GABAB2 at the cytoplasmic side of
the ER membrane. We additionally studied assembly of
KCTD12 with GABAB receptors in living cells using a YFP pro-
tein fragment complementation assay (15). We fused the YFP1
and YFP2 fragments to the C termini of GABAB2 (GABAB2-
YFP1) and KCTD12 (KCTD12-YFP2), respectively. Co-expres-
sion of GABAB2-YFP1 with KCTD12-YFP2 in COS-1 cells pro-
duced YFP fluorescence due to reconstitution of a functional
YFP protein (Fig. 3B). The YFP fluorescence fully overlapped
with the immunostaining pattern for the ER marker protein
calnexin, showing that YFP reconstitution already takes place at
the level of the ER (Fig. 3B). Binding of KCTD12-YFP2 to
GABAB2-YFP1 was further confirmed in co-immunoprecipita-
tion experiments (data not shown). In control experiments, we
did not detect YFP fluorescence when expressing GABAB2-
YFP1 or KCTD12-YFP2 in the absence of each other (data not
shown). This indicates that the YFP fragments do not generate
fluorescence on their own. Moreover, we did not observe YFP
reconstitution when expressing GABAB2Y902A-YFP1, which
does not bind to KCTD12, together with KCTD12-YFP2. Alto-

FIGURE 1. KCTD12 promotes cell surface expression of GABAB receptors
in transfected COS-1 cells. A, ELISA detection of Myc-GABAB1 (GB1)protein at
the cell surface. Cells co-expressing GB1 and HA-GABAB2 (GB2) in the absence
or presence of FLAG-tagged KCTDs (KCTD8, -12, -12b, -16, and -10) were
labeled with anti-Myc antibodies for luminescence quantification of surface
(nonpermeabilized cells) and total (permeabilized cells) GB1 protein. Selec-
tively, KCTD12 promotes GB1 cell surface expression. KCTD10, which does not
interact with GB2, had no effect on GB1 surface expression (left). KCTD12 did
not promote GB1 surface expression when GB2 was replaced with
HA-GABAB2Y902A (GB2Y902A) (5), a mutant GB2 subunit preventing KCTD12
binding (right). Surface GB1 protein was quantified by calculating the ratio of
surface to total luminescence intensity. Values were normalized to control
values in the absence of KCTDs (GB1�GB2). Separate control values were
acquired for each experimental group. Data are from 4 –7 independent exper-
iments. ***, p � 0.001. B, immunofluorescence detection of GB1 protein at the
cell surface. Cells co-expressing GB1 and GB2 in the absence and presence of
KCTD12 were fluorescence-labeled with antibodies to image surface (anti-
Myc, green) and total (anti-GABAB1, red) GB1 protein. Surface GB1 protein is
significantly increased by 49.1 � 9.1% (p � 0.001) in the presence of KCTD12.
Maximum projection images were taken with a confocal microscope (scale
bar, 100 �m).

FIGURE 2. KCTD12 increases the GABAB receptor-mediated peak K� cur-
rent amplitude. A, representative outward K� currents evoked by fast appli-
cation of baclofen to CHO-K1 cells expressing Kir3.1/3.2 channels and GABAB
receptors in the presence (black traces) or absence (gray traces) of KCTD12.
GABAB receptors were composed of either GABAB1 and GABAB2 (GB1�GB2) or
GABAB1 and GABAB2Y902 (GB1�GB2Y902A) subunits. KCTD12 increases the
peak K� current at GB1�GB2 but not at GB1�GB2Y902A receptors. Whole-
cell recordings were made at a holding potential of �50 mV. B, bar graph
illustrating that KCTD12 enhances the K� current density at the peak of the
baclofen response in cells expressing GB1�GB2(GB1�GB2 � KCTD12, 11.8 �
1.9 pA/pF; GB1�GB2, 7.12 � 0.94 pA/pF; *, p � 0.05) but not in cells express-
ing GB1�GB2Y902A (GB1�GB2Y902A�KCTD12, 5.10 � 0.78 pA/pF;
GB1�GB2Y902A, 7.30 � 1.31 pA/pF; p � 0.05). Each bar is the mean � S.E. of
19 –52 cells. ns, not significant.
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gether, our data support that KCTD12 first assembles with
GABAB receptors at the cytoplasmic side of the ERmembrane.
KCTD12DoesNotMeasurably Influence ForwardTrafficking

of GABAB Receptors—GABAB receptor trafficking to the
plasma membrane is regulated by sequence elements in the C
termini of GABAB1 (for example the ER retention signal RSRR
(1, 7, 8)) and GABAB2 (residues between amino acids 841 and
862 (29)). In fully assembled receptors, these sequence ele-
ments are located in proximity to Tyr-902 in GABAB2, the res-
idue critically involved in KCTD binding (5). It is thus conceiv-
able that binding of the KCTDs influences maturation and
surface trafficking of GABAB receptors. To monitor posttrans-
lational modification in the biosynthetic pathway, we analyzed
the glycosylation patterns of GABAB1 and GABAB2 in the pres-
ence and absence of KCTD12 in transfected COS-1 cells. Endo
H removes N-linked mannose-rich oligosaccharides from pro-
teins that reside in the ER. Because all later oligosaccharide
structures during biosynthesis are resistant to Endo H, Endo H
cleavage identifies the fraction of protein that resides in the ER.
In addition, we used N-glycosidase F, which removes N-linked
oligosaccharides from both mature and immature proteins, to
demonstrate that in our experiments, all GABAB receptors
were accessible to the glycosidase treatment (Fig. 3,C andD). In
the absence of GABAB2, all GABAB1 protein was Endo H-sen-
sitive, in agreement with a lack of terminal GABAB1 glycosyla-
tion due to ER retention (Fig. 3C). In contrast, the Myc-

GABAB1ASAA (GB1ASAA) protein, which escapes the ER
because of mutation of the RSRRmotif (13), was partially Endo
H-resistant (Fig. 3C). Similarly, when GABAB1 was co-ex-
pressed with GABAB2, a fraction of GABAB1 protein became
Endo H-resistant, showing that heteromeric assembly with
GABAB2 promotes GABAB1 exit from the ER (Fig. 3D). We
observed that more GABAB2 than GABAB1 protein was Endo
H-resistant (GABAB1, 44.5 � 2.4% of total GABAB1 protein;
GABAB2, 74.6 � 1.8% of total GABAB2 protein; Fig. 3E). This
may be explained by limiting amounts of GABAB2 protein,
which may only allow a fraction of GABAB1 protein to exit the
ER. In addition, the lack of an ER retention signal in GABAB2
allows GABAB2 to efficiently exit the ER in the absence of
GABAB1 (30, 31). Of importance for receptor maturation, we
did not detect significant changes in the fraction of mature
GABAB1 or GABAB2 protein in the presence of KCTD12
(GABAB1, 45.9 � 3.1% of total GABAB1 protein; GABAB2,
76.2 � 3.6% of total GABAB2 protein; p � 0.05 as compared
with without KCTD12, nonparametric Mann-Whitney test;
Fig. 3E). These biochemical data therefore support that matu-
ration and forward trafficking of GABAB receptors are not sig-
nificantly altered in the presence of KCTD12.
KCTD12 Constitutively Associates with GABAB Receptors—

Next we investigated whether the interaction of KCTD12 with
GABAB receptors at the cell surface is regulated by receptor
activity. We used anti-Myc antibodies to immunoprecipitate

FIGURE 3. KCTD12 assembles with GABAB receptors at the cytoplasmic side of the ER membrane in transfected COS-1 cells. A, cells co-expressing
combinations of FLAG-KCTD12 and Myc-GABAB2 (GB2) were metabolically labeled with [35S]methionine for 15 min. After immunoprecipitation (IP) of FLAG-
KCTD12, the precipitated 35S-labeled proteins were separated by SDS-PAGE and visualized using autoradiography. 35S-labeled Myc-GB2 and FLAG-KCTD12
proteins were identified by cross-correlation of autoradiographs with Western blots developed with anti-Myc and anti-FLAG antibodies, respectively. 35S-
labeled Myc-GB2 protein co-precipitates with FLAG-KCTD12 protein, showing that KCTD12 interacts with newly synthesized GB2 residing in the ER. MW,
molecular weight. B, a YFP protein fragment complementation assay between HA-GB2-YFP1 and FLAG-KCTD12-YFP2 was used to visualize the GABAB2-KCTD12
interaction in the secretory pathway. The fluorescence of reconstituted YFP overlapped with the ER marker calnexin, which was detected with anti-calnexin antibodies.
As a negative control, expression of HA-GB2Y902A-YFP1, which does not bind to KCTD12, together with FLAG-KCTD12-YFP2 did not reconstitute YFP. Anti-HA
antibodies were used to identify HA-GB2-YFP1 and HA-GB2Y902A-YFP1 in transfected cells (scale bar, 20 �m). C, Endo H and N-glycosidase F (PNGase F) treatment of
Myc-GABAB1 (GB1) and Myc-GABAB1ASAA (GB1ASAA), a mutant GB1 protein that escapes ER retention. In contrast to GB1, the GB1ASAA protein is partially Endo
H-resistant (filled arrow). D, glycosylation patterns of cell lysates expressing combinations of Myc-GABAB1 (GB1), HA-GABAB2 (GB2), and FLAG-KCTD12 (KCTD12) were
analyzed on Western blots following Endo H or N-glycosidase F treatment. Endo H-resistant (filled arrows) and -sensitive (open arrows) forms of GB1 and GB2 are
indicated. E, quantification of Endo H-resistant GB1 and GB2 protein did not reveal any significant alterations of subunit maturation in the presence of KCTD12. Data
are the means � S.E. of 3 independent experiments done in duplicates, p � 0.05. ns, not significant.
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GABAB receptors from the cell surface of COS-1 cells express-
ingMyc-GABAB1,HA-GABAB2, and FLAG-KCTD12 (Fig. 4A).
We co-immunoprecipitated equivalent amounts of KCTD12
with Myc-GABAB1 in the absence (PBS) and presence of
baclofen (ratio of KCTD12:GABAB1 band intensity onWestern
blots; PBS, 0.84 � 0.19; baclofen, 0.91 � 0.11; p � 0.05, non-
parametric Mann-Whitney test). These experiments show that
KCTD12 is neither recruited nor dissociated from surface
GABAB receptors upon receptor activation.

We additionally studied KCTD12 assembly with GABAB
receptors in intact cells usingBRET.WegeneratedBRETdonor
saturation curves by co-expressing increasing amounts of
GABAB1-YFP acceptor fusion protein with a fixed amount of
Rluc-KCTD12 donor fusion protein (in the presence of a fixed
amount of HA-GABAB2, Fig. 4B). The BRET signal shows a
hyperbolic increase with increasing GABAB1-YFP expression
(BRETmax, 89.64 � 5.37 milliBRET units; BRET50, 0.026 �
0.005; Fig. 4B). This demonstrates a specific interaction of
KCTD12 with GABAB receptors (32). The BRET saturation
curve was not altered in the presence of baclofen, showing that
the fusion proteins remain associated during receptor activa-
tion (Fig. 4B). We only observed unspecific BRET signals when

expressing increasing amounts of GABAB1-YFP with a fixed
amount of Rluc-KCTD10, which does not interact with GABAB
receptors (in the presence of a fixed amount of HA-GABAB2; Fig.
4B). Biochemical and BRET experiments thus support that
KCTD12 remains constitutively associatedwith the receptor dur-
ing receptor activity.
Constitutive GABAB Receptor Internalization Is Slowed in the

Presence of KCTD12—Because we did not observe significant
changes inGABAB receptormaturation and forward trafficking
in the presence of KCTD12 (see above), we addressed whether
KCTD12 possibly increases receptor surface levels by reducing
constitutive endocytosis (20, 26, 33, 34). A cell surface biotiny-
lation assay (20) indeed reveals a significantly reduced GABAB
receptor endocytosis in the presence of KCTD12 (Fig. 5A).
Quantitative analysis showed that the percentage of total
GABAB1 protein internalized within 120 min was significantly
smaller in the presence of KCTD12 (KCTD12, 16 � 5%; with-
out KCTD12, 33 � 6%; p � 0.05, nonparametric Mann-Whit-
ney test; Fig. 5B). The rate of constitutive GABAB receptor
internalization in the absence of KCTD12 was similar to the
rate reported in an earlier study (20). We conclude that
KCTD12 increases cell surface GABAB receptor expression by
reducing constitutive receptor internalization. Co-immuno-
precipitation experiments further reveal that GABAB1,
GABAB2, and KCTD12 endocytose in associate with each other
as a protein complex (Fig. 5A).
Acute andConstitutive Loss of KCTD12 inCulturedHippocam-

pal Neurons Reduces GABAB Receptor Surface Levels—Hip-
pocampalneuronsofmice expressKCTD12andKCTD16protein
(5, 6). We used a cell surface biotinylation assay to address
whether down-regulation of endogenous KCTD12 protein in
cultured hippocampal neurons influences GABAB receptor
expression at the plasma membrane. Neurons were infected at
DIV 6–7 with lentiviruses encoding either KCTD12 shRNA or
control shRNA and analyzed at DIV 13. KCTD12 shRNA sig-
nificantly reduced the expression of endogenous KCTD12 pro-
tein as compared with control shRNA (55.8 � 8.1% of control,
KCTD12 protein was normalized to �-tubulin protein, p �
0.05; Fig. 6A). KCTD12 knockdown with shRNA resulted in a
significant decrease of surface GABAB1 protein as compared
with control shRNA (GABAB1a, 58.4 � 9.7% of control, p �
0.01; GABAB1b, 66.4 � 10.9%, p � 0.05; Fig. 6, A and B). In
agreement with the results obtained from the cell surface bioti-
nylation experiments, we found that knockdown of KCTD12 in
hippocampal neurons significantly decreases the baclofen-in-
duced K� current density at the peak of the response (KCTD12
shRNA, 1.32� 0.20 pA/pF; control shRNA, 2.27� 0.21 pA/pF;
p � 0.01; Fig. 6, C and D). Finally, we examined cell surface
expression of GABAB receptors in cultured hippocampal neu-
rons ofKctd12�/� mice (6). The cell surface biotinylation assay
demonstrated that Kctd12�/� neurons express reduced
amounts of GABAB1a and GABAB1b proteins at the plasma
membrane in comparison with wild-type neurons (GABAB1a,
71.5� 9.6% ofWT;GABAB1b, 77.9� 9.4% ofWT, p� 0.05; Fig.
7, A and B). We additionally tested GABAB responses in
Kctd12�/� and wild-type neurons. The GABAB receptor-me-
diated K� current density at the peak of the response was
slightly but significantly decreased in Kctd12�/� as compared

FIGURE 4. KCTD12 stably interacts with GABAB receptors during receptor
activation in transfected COS-1 cells. A, co-immunoprecipitation of
KCTD12 with surface GABAB receptors from cells expressing Myc-GABAB1
(Myc-GB1), HA-GABAB2 (HA-GB2), and FLAG-KCTD12 (Flag-KCTD12) with and
without receptor activation with baclofen (100 �M, 15 min). The amount of
KCTD12 protein that co-immunoprecipitated with GABAB receptors was sim-
ilar in the presence and absence of baclofen. The absence of �-actin in the
immunoprecipitates (IP) supports that surface GABAB receptors were selec-
tively isolated. Data are representative of 3 independent experiments done in
duplicates. B, BRET donor saturation curves were generated in cells express-
ing fixed amounts of Myc-GABAB2, Rluc-KCTD12, or Rluc-KCTD10 and increas-
ing amounts of GABAB1-YFP (GB1-YFP). Cells were preincubated with 100 �M

baclofen for 15 min (filled circles and squares) or with PBS only (open circles and
squares). BRET is expressed as milliBRET units (mBU) determined as net BRET �
1000. The results are the mean � S.D. of 3– 4 individual saturation experi-
ments. The curves were fitted using a nonlinear regression equation assum-
ing a single binding site (GraphPad Prism).
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with wild-type neurons (Kctd12�/�, 1.70 � 0.07 pA/pF; WT,
1.94 � 0.07 pA/pF; p � 0.05; Fig. 7, C and D). Based on these
electrophysiological results, we conclude that the presence of
KCTD12 increases the maximal GABAB receptor response in
cultured hippocampal neurons.

DISCUSSION

Over the past decade, the concept of principal and auxiliary
subunits has been extended from voltage-gated ion channels to
ligand-gated ion channels (11, 12) and GPCRs (9). Signature
features of auxiliary subunits are their direct and stable inter-
action with principal subunits and effects on channel or recep-
tor kinetics and/or pharmacology. Additionally, auxiliary
subunits often promote surface expression of channels or
receptors. KCTD8, -12, -12b, and -16 subunits are examples
of GPCR-associated proteins that fulfill some of the criteria
of auxiliary receptor subunits (5). It is already well estab-
lished that the KCTDs directly interact with the principal
receptor subunit GABAB2 and that they affect kinetic and phar-
macological properties of the receptor response. Our experi-
ments establish that KCTD12 stably interacts with GABAB
receptors throughout the lifecycle of the receptor, as expected
for an auxiliary receptor subunit. In the biosynthetic pathway,
assembly of KCTD12with the receptor takes place as early as in
the ER compartment. This association is maintained during
receptor trafficking to the plasma membrane, agonist activa-
tion, and internalization. We found that assembly with
KCTD12 stabilizes GABAB receptors at the cell surface. This is
also supported by an earlier study showing that overexpression
of KCTD12 in cultured hippocampal neurons augments axonal
surface targeting of GABAB receptors (4). Our experiments

indicate that the increase in surface receptors is the result of
reduced constitutive receptor internalization. In this context, it
is interesting to note that the C-terminal domain of GABAB2,
which comprises the KCTD12-binding site, regulates the rate
of constitutive internalization, presumably through the shield-
ing of a dileucine signal in the C terminus of GABAB1 (35). It is
conceivable that KCTD12 modulates the GABAB1/GABAB2
interface in a manner that reduces constitutive internalization.
It is interesting that KCTD12 shortens the rise time and
increases the magnitude of the receptor response while at the
same time promoting desensitization. Assembly with KCTD12
may therefore provide the means to increase the temporal pre-
cision of GABAB receptor signaling. An increase in cell surface
stability of the receptors is also mediated by the sushi domains
in the extracellular domain of GABAB1a (36). This demon-
strates that both intracellular and extracellular mechanisms
have evolved to stabilize GABAB receptors at the cell surface. It
is intriguing that only KCTD12 influences GABAB receptor
surface expression, whereas the KCTD8, -12b, and -16 subunits
do not. The reason for this is unknown. Because the amino acid
sequence identity between the KCTD8, -12, -12b, and -16 pro-
teins is only between 33 and 54%, it may be argued that consti-

FIGURE 5. KCTD12 reduces constitutive GABAB receptor internalization
in transfected COS-1 cells. A, GABAB receptor internalization in the presence
or absence of KCTD12 was investigated using a biotinylation assay. Cell were
biotinylated on ice for 15 min, washed, and then either incubated on ice for
120 min to prevent internalization of cell surface proteins (Total surface) or
incubated at 37 °C for 120 min to allow internalization (Internalized). Biotiny-
lated total surface and internalized proteins were purified with NeutrAvidin-
Sepharose. GABAB1 (GB1) and KCTD12 protein was revealed on Western blots.
For purification of biotinylated internalized protein, the biotin label at the cell
surface was first removed by incubation with reduced glutathione (GSH).
Biotinylated total surface protein cleaved by GSH (GSH cleavage) demon-
strates that GSH efficiently removes the biotin label from surface proteins.
Internalized GB1 and KCTD12 proteins (Internalized) were always analyzed in
duplicates. B, quantification of GABAB receptor internalization in the absence
and presence of KCTD12. The percentage of the total GB1 protein that was
internalized was calculated after subtraction of uncleaved GB1 protein after
GSH cleavage at the cell surface. Bars are the means � S.E. of 3 separate
experiments. *, p � 0.05.

FIGURE 6. Knockdown of KCTD12 reduces GABAB receptor surface
expression in hippocampal neurons. A, cell surface biotinylation of mouse
hippocampal neurons infected with KCTD12 shRNA or control shRNA.
GABAB1 (GB1a and GB1b) and KCTD12 proteins in neuronal lysates (total) and
NeutrAvidin-purified cell surface proteins (surf) were revealed on Western
blots using specific antibodies. Tubulin (tub) was visualized to control for
loading of the SDS-PAGE. B, graph illustrating the decrease of surface GB1a
and GB1b protein in neurons after KCTD12 knockdown. Data are means � S.E.
from 5– 8 experiments. *, p � 0.05, **, p � 0.01. C, representative GABAB
receptor-mediated K� current responses recorded at �50 mV from cultured
hippocampal neurons infected with control (gray trace) or KCTD12 shRNA
(black trace). D, the bar graph shows that the K� current density at the peak of
the response is significantly reduced in neurons infected with KCTD12 shRNA
as compared with neurons infected with control shRNA. Data are the
means � S.E., n 	 10 –17, **, p � 0.01.
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tutive internalization at the GABAB1/GABAB2 interface is
influenced by sequence elements that are unique to KCTD12.
We found that knock-out or knockdown of KCTD12 in cul-

tured hippocampal neurons, which express high amounts of
KCTD12 protein (6), decreases surface GABAB receptor
expression and the peak amplitude of the baclofen-induced K�

current. Acute knockdownofKCTD12had amore pronounced
effect in reducing surface receptors than the constitutive loss of
KCTD12 in knock-out mice. Acute and dynamic changes in
KCTD12 expression may influence surface GABAB receptor
expression more strongly because of the lack of compensatory
changes. Regulation of GABAB receptors via KCTD12 may be
of relevance to disease. A genome-wide association study found
that a polymorphism in the promoter region of the KCTD12
gene is associated with bipolar I disorder (37). Likewise,
KCTD12 has been associated with depressive disorders (38)
and schizophrenia (39). We speculate that KCTD12 is neces-
sary for the precise timing of GABAB receptor-mediated inhib-
itory effects on network activity (40), perturbation of which
would manifest as psychiatric disorders.

Acknowledgments—We thankH. Farhan andV. Reiterer forMCFD2-
YFP1 and MCFD2-YFP2 plasmids and advice, V. Jacquier for Rluc-
KCTD12 and Rluc-KCTD10 plasmids, and M. Spiess, N. Beuret, A.
Odermatt, D. Berner, and N. Schmidt for technical help.

REFERENCES
1. Bettler, B., Kaupmann, K., Mosbacher, J., and Gassmann, M. (2004) Mo-

lecular structure and physiological functions ofGABAB receptors. Physiol.
Rev. 84, 835–867

2. Bowery, N. G., Bettler, B., Froestl,W., Gallagher, J. P., Marshall, F., Raiteri,
M., Bonner, T. I., and Enna, S. J. (2002) International Union of Pharma-
cology. XXXIII. Mammalian �-aminobutyric acidB receptors: structure
and function. Pharmacol. Rev. 54, 247–264

3. Gassmann, M., and Bettler, B. (2012) Regulation of neuronal GABAB re-
ceptor functions by subunit composition.Nat. Rev. Neurosci. 13, 380–394

4. Bartoi, T., Rigbolt, K. T., Du, D., Köhr, G., Blagoev, B., and Kornau, H. C.
(2010) GABAB receptor constituents revealed by tandem affinity purifica-
tion from transgenic mice. J. Biol. Chem. 285, 20625–20633

5. Schwenk, J., Metz, M., Zolles, G., Turecek, R., Fritzius, T., Bildl, W., Taru-
sawa, E., Kulik, A., Unger, A., Ivankova, K., Seddik, R., Tiao, J. Y., Rajalu,
M., Trojanova, J., Rohde, V., Gassmann, M., Schulte, U., Fakler, B., and
Bettler, B. (2010) Native GABAB receptors are heteromultimers with a
family of auxiliary subunits. Nature 465, 231–235

6. Metz,M., Gassmann,M., Fakler, B., Schaeren-Wiemers, N., and Bettler, B.
(2011) Distribution of the auxiliary GABAB receptor subunits KCTD8, 12,
12b, and 16 in the mouse brain. J. Comp. Neurol. 519, 1435–1454

7. Benke, D., Zemoura, K., and Maier, P. J. (2012) Modulation of cell surface
GABAB receptors by desensitization, trafficking, and regulated degrada-
tion.World J. Biol. Chem. 3, 61–72

8. Couve, A.,Moss, S. J., and Pangalos,M.N. (2000) GABAB receptors: a new
paradigm in G protein signaling.Mol. Cell Neurosci. 16, 296–312

9. Sexton, P. M., Poyner, D. R., Simms, J., Christopoulos, A., and Hay, D. L.
(2009)Modulating receptor function through RAMPs: can they represent
drug targets in themselves? Drug Discov. Today 14, 413–419

10. Arikkath, J., and Campbell, K. P. (2003) Auxiliary subunits: essential com-
ponents of the voltage-gated calcium channel complex. Curr. Opin. Neu-
robiol. 13, 298–307

11. Jackson, A. C., and Nicoll, R. A. (2011) The expanding social network of
ionotropic glutamate receptors: TARPs and other transmembrane auxil-
iary subunits. Neuron 70, 178–199

12. Yan, D., and Tomita, S. (2012) Defined criteria for auxiliary subunits of
glutamate receptors. J. Physiol. 590, 21–31

13. Pagano, A., Rovelli, G., Mosbacher, J., Lohmann, T., Duthey, B., Stauffer,
D., Ristig, D., Schuler, V., Meigel, I., Lampert, C., Stein, T., Prezeau, L.,
Blahos, J., Pin, J., Froestl,W., Kuhn, R., Heid, J., Kaupmann, K., and Bettler,
B. (2001) C-terminal interaction is essential for surface trafficking but not
for heteromeric assembly ofGABAB receptors. J. Neurosci. 21, 1189–1202

14. Wischmeyer, E., Döring, F., Wischmeyer, E., Spauschus, A., Thomzig, A.,
Veh, R., and Karschin, A. (1997) Subunit interactions in the assembly of
neuronal Kir3.0 inwardly rectifying K� channels. Mol. Cell Neurosci. 9,
194–206

15. Nyfeler, B., Michnick, S. W., and Hauri, H. P. (2005) Capturing protein
interactions in the secretory pathway of living cells. Proc. Natl. Acad. Sci.
U.S.A. 102, 6350–6355

16. Binet, V., Duthey, B., Lecaillon, J., Vol, C., Quoyer, J., Labesse, G., Pin, J. P.,
and Prézeau, L. (2007) Common structural requirements for heptahelical
domain function in class A and class C G protein-coupled receptors.
J. Biol. Chem. 282, 12154–12163

17. Urwyler, S.,Mosbacher, J., Lingenhoehl, K., Heid, J., Hofstetter, K., Froestl,
W., Bettler, B., and Kaupmann, K. (2001) Positive allosteric modulation of
native and recombinant �-aminobutyric acidB receptors by 2,6-di-tert-
butyl-4-(3-hydroxy-2,2-dimethyl-propyl)-phenol (CGP7930) and its alde-
hyde analog CGP13501.Mol. Pharmacol. 60, 963–971

18. Biermann, B., Ivankova-Susankova, K., Bradaia, A., Abdel Aziz, S., Bessey-
rias, V., Kapfhammer, J. P., Missler, M., Gassmann, M., and Bettler, B.
(2010) The Sushi domains of GABAB receptors function as axonal target-
ing signals. J. Neurosci. 30, 1385–1394

19. Engle, M. P., Gassman, M., Sykes, K. T., Bettler, B., and Hammond, D. L.
(2006) Spinal nerve ligation does not alter the expression or function of
GABAB receptors in spinal cord and dorsal root ganglia of the rat.Neuro-
science 138, 1277–1287

20. Grampp, T., Sauter, K., Markovic, B., and Benke, D. (2007) �-Aminobu-

FIGURE 7. Surface expression of GABAB receptors is decreased in hip-
pocampal neurons of Kctd12�/� mice. A, cell surface biotinylation assay
with DIV 13 hippocampal neurons of Kctd12�/� and control littermate mice.
GABAB1 (GB1a and GB1b) and KCTD12 proteins in neuronal lysates (total) and
NeutrAvidin-purified cell surface proteins (surf) were revealed on Western
blots using specific antibodies. Tubulin (tub) was visualized to control for
loading of the SDS-PAGE. B, graph illustrating the decrease of surface GB1a
and GB1b protein in neurons of Kctd12�/� mice. Data are means � S.E. from
6 – 8 experiments. *, p � 0.05. C, representative GABAB receptor-mediated K�

current responses evoked by baclofen application for 25 s to cultured hip-
pocampal neurons of Kctd12�/� (black trace) and control littermate mice
(gray trace). Holding potential �50 mV. D, bar graph shows the K� current
density at peak of the response significantly reduced in Kctd12�/� as com-
pared with control neurons. Data are the means � S.E., n 	 14, *, p � 0.05.

KCTD12 Increases the GABAB Receptor Response

AUGUST 23, 2013 • VOLUME 288 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 24855



tyric acid type B receptors are constitutively internalized via the clathrin-
dependent pathway and targeted to lysosomes for degradation. J. Biol.
Chem. 282, 24157–24165

21. Lois, C., Hong, E. J., Pease, S., Brown, E. J., and Baltimore, D. (2002) Germ-
line transmission and tissue-specific expression of transgenes delivered by
lentiviral vectors. Science 295, 868–872

22. Rubinson, D. A., Dillon, C. P., Kwiatkowski, A. V., Sievers, C., Yang, L.,
Kopinja, J., Rooney, D. L., Zhang, M., Ihrig, M. M., McManus, M. T.,
Gertler, F. B., Scott, M. L., and Van Parijs, L. (2003) A lentivirus-based
system to functionally silence genes in primary mammalian cells, stem
cells and transgenic mice by RNA interference. Nat. Genet. 33, 401–406

23. Dittert, I., Benedikt, J., Vyklický, L., Zimmermann, K., Reeh, P. W., and
Vlachová, V. (2006) Improved superfusion technique for rapid cooling or
heating of cultured cells under patch-clamp conditions. J. Neurosci. Meth-
ods 151, 178–185

24. Perroy, J., Adam, L., Qanbar, R., Chénier, S., and Bouvier, M. (2003) Phos-
phorylation-independent desensitization of GABAB receptor by GRK4.
EMBO J. 22, 3816–3824

25. Fairfax, B. P., Pitcher, J. A., Scott, M. G., Calver, A. R., Pangalos, M. N.,
Moss, S. J., and Couve, A. (2004) Phosphorylation and chronic agonist
treatment atypically modulate GABAB receptor cell surface stability.
J. Biol. Chem. 279, 12565–12573

26. Vargas, K. J., Terunuma, M., Tello, J. A., Pangalos, M. N., Moss, S. J., and
Couve, A. (2008) The availability of surfaceGABAB receptors is independ-
ent of�-aminobutyric acid but controlled by glutamate in central neurons.
J. Biol. Chem. 283, 24641–24648

27. Wang, X., Matteson, J., An, Y., Moyer, B., Yoo, J. S., Bannykh, S., Wilson,
I. A., Riordan, J. R., and Balch, W. E. (2004) COPII-dependent export of
cystic fibrosis transmembrane conductance regulator from the ER uses a
di-acidic exit code. J. Cell Biol. 167, 65–74

28. Nishimura, N., and Balch, W. E. (1997) A di-acidic signal required for
selective export from the endoplasmic reticulum. Science 277, 556–558

29. Pooler, A. M., Gray, A. G., andMcIlhinney, R. A. (2009) Identification of a
novel region of the GABAB2 C-terminus that regulates surface expression
and neuronal targeting of the GABAB receptor. Eur. J. Neurosci. 29,
869–878

30. White, J. H., Wise, A., Main, M. J., Green, A., Fraser, N. J., Disney, G. H.,
Barnes, A. A., Emson, P., Foord, S. M., and Marshall, F. H. (1998) Het-

erodimerization is required for the formation of a functional GABAB re-
ceptor. Nature 396, 679–682

31. Villemure, J. F., Adam, L., Bevan, N. J., Gearing, K., Chénier, S., and Bou-
vier, M. (2005) Subcellular distribution of GABAB receptor homo- and
hetero-dimers. Biochem. J. 388, 47–55

32. Ayoub, M. A., and Pfleger, K. D. (2010) Recent advances in biolumines-
cence resonance energy transfer technologies to study GPCR heteromer-
ization. Curr. Opin. Pharmacol. 10, 44–52

33. Grampp, T., Notz, V., Broll, I., Fischer, N., and Benke, D. (2008) Consti-
tutive, agonist-accelerated, recycling and lysosomal degradation of
GABAB receptors in cortical neurons.Mol. Cell Neurosci. 39, 628–637

34. Wilkins,M. E., Li, X., and Smart, T.G. (2008)Tracking cell surfaceGABAB

receptors using an �-bungarotoxin tag. J. Biol. Chem. 283, 34745–34752
35. Hannan, S., Wilkins, M. E., Dehghani-Tafti, E., Thomas, P., Baddeley,

S. M., and Smart, T. G. (2011) �-aminobutyric acid type B (GABAB) re-
ceptor internalization is regulated by the R2 subunit. J. Biol. Chem. 286,
24324–24335

36. Hannan, S., Wilkins, M. E., and Smart, T. G. (2012) Sushi domains confer
distinct trafficking profiles on GABAB receptors. Proc. Natl. Acad. Sci.
U.S.A. 109, 12171–12176

37. Lee, M. T., Chen, C. H., Lee, C. S., Chen, C. C., Chong, M. Y., Ouyang,
W. C., Chiu, N. Y., Chuo, L. J., Chen, C. Y., Tan, H. K., Lane, H. Y., Chang,
T. J., Lin, C. H., Jou, S. H., Hou, Y. M., Feng, J., Lai, T. J., Tung, C. L., Chen,
T. J., Chang, C. J., Lung, F. W., Chen, C. K., Shiah, I. S., Liu, C. Y., Teng,
P. R., Chen, K. H., Shen, L. J., Cheng, C. S., Chang, T. P., Li, C. F., Chou,
C. H., Chen, C. Y., Wang, K. H., Fann, C. S., Wu, J. Y., Chen, Y. T., and
Cheng, A. T. (2011) Genome-wide association study of bipolar I disorder
in the Han Chinese population.Mol. Psychiatry 16, 548–556

38. Sibille, E., Wang, Y., Joeyen-Waldorf, J., Gaiteri, C., Surget, A., Oh, S.,
Belzung, C., Tseng, G. C., and Lewis, D. A. (2009) Amolecular signature of
depression in the amygdala. Am. J. Psychiatry 166, 1011–1024

39. Benes, F. M. (2010) Amygdalocortical circuitry in schizophrenia: from
circuits to molecules. Neuropsychopharmacology 35, 239–257

40. Craig, M. T., Mayne, E. W., Bettler, B., Paulsen, O., and McBain, C. J.
(2013) Distinct roles of GABAB1a- and GABAB1b-containing GABAB re-
ceptors in spontaneous and evoked termination of persistent cortical ac-
tivity. J. Physiol. 591, 835–843

KCTD12 Increases the GABAB Receptor Response

24856 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 34 • AUGUST 23, 2013


