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KCTD Hetero-oligomers Confer Unique Kinetic Properties
on Hippocampal GABA Receptor-Induced K" Currents
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GABAj, receptors are the G-protein coupled receptors for the main inhibitory neurotransmitter in the brain, GABA. GABA; receptors
were shown to associate with homo-oligomers of auxiliary KCTD8, KCTD12, KCTD12b, and KCTD16 subunits (named after their T1
K™ -channel tetramerization domain) that regulate G-protein signaling of the receptor. Here we provide evidence that GABA receptors
also associate with hetero-oligomers of KCTD subunits. Coimmunoprecipitation experiments indicate that two-thirds of the KCTD16
proteins in the hippocampus of adult mice associate with KCTD12. We show that the KCTD proteins hetero-oligomerize through self-
interacting T1 and H1 homology domains. Bioluminescence resonance energy transfer measurements in live cells reveal that KCTD12/
KCTD16 hetero-oligomers associate with both the receptor and the G-protein. Electrophysiological experiments demonstrate that
KCTD12/KCTD16 hetero-oligomers impart unique kinetic properties on G-protein-activated Kir3 currents. During prolonged receptor
activation (one min) KCTD12/KCTD16 hetero-oligomers produce moderately desensitizing fast deactivating K* currents, whereas
KCTD12 and KCTD16 homo-oligomers produce strongly desensitizing fast deactivating currents and nondesensitizing slowly deactivat-
ing currents, respectively. During short activation (2 s) KCTD12/KCTD16 hetero-oligomers produce nondesensitizing slowly deactivating
currents. Electrophysiological recordings from hippocampal neurons of KCTD knock-out mice are consistent with these findings and
indicate that KCTD12/KCTD16 hetero-oligomers increase the duration of slow IPSCs. In summary, our data demonstrate that simulta-
neous assembly of distinct KCTDs at the receptor increases the molecular and functional repertoire of native GABA; receptors and
modulates physiologically induced K* current responses in the hippocampus.
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The KCTD proteins 8, 12, and 16 are auxiliary subunits of GABAj receptors that differentially regulate G-protein signaling of the
receptor. The KCTD proteins are generally assumed to function as homo-oligomers. Here we show that the KCTD proteins also
assemble hetero-oligomers in all possible dual combinations. Experiments in live cells demonstrate that KCTD hetero-oligomers
form at least tetramers and that these tetramers directly interact with the receptor and the G-protein. KCTD12/KCTD16 hetero-
oligomers impart unique kinetic properties to GABA receptor-induced Kir3 currents in heterologous cells. KCTD12/KCTD16
hetero-oligomers are abundant in the hippocampus, where they prolong the duration of slow IPSCs in pyramidal cells. Our data
therefore support that KCTD hetero-oligomers modulate physiologically induced K™ current responses in the brain. j

ignificance Statement

Introduction
GABAj, receptors are the G-protein coupled receptors (GPCRs)
for the inhibitory neurotransmitter GABA. GABAy receptors are

expressed throughout the brain and influence synaptic transmis-
sion by regulating the activity of ion channels and adenylate cy-
clases (Couve et al., 2000; Chalifoux and Carter, 2011; Gassmann
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and Bettler, 2012). Postsynaptic GABAj receptors activate in-
wardly rectifying K™ channels (Kir3; also known as G-protein-
activated inwardly rectifying K* channels [GIRK]) that generate
slow IPSCs (sIPSCs) (De Koninck and Mody, 1997; Liischer et al.,
1997; Liischer and Slesinger, 2010; Booker et al., 2013). GABAg
receptors comprise principal and auxiliary subunits that assem-
ble into molecularly and functionally distinct receptor sub-
types (Schwenk et al., 2010, 2016; Gassmann and Bettler, 2012).
The principal subunits GABAg,,, GABAy,;,, and GABAy, are
seven-transmembrane proteins and generate fully functional het-
erodimeric GABAg/,, 5y and GABAgy, ,, receptors (Mohler and
Fritschy, 1999; Pin et al., 2004; Monnier et al., 2011). The auxil-
iary subunits KCTD8, KCTD12, KCTDI2b, and KCTD16
(herein collectively referred to as KCTDs) are cytosolic proteins
that bind as homo-tetramers (Schwenk et al., 2010; Correale et
al., 2013) or homo-pentamers (Smaldone et al., 2016) to the
GABAj, subunit (Bartoi et al., 2010; Schwenk et al., 2010).
KCTD8,KCTD12,KCTD12b, and KCTD16 comprise a clade ofa
larger family of KCTD proteins that all contain a T1 domain,
which in voltage-gated K* channels mediates tetramerization
(Liu et al., 2013; Skoblov et al., 2013). The T1 domain of the
KCTDs interacts with the C-terminal intracellular domain of the
GABAg, subunit, in which tyrosine-902 (Y902) is mandatory for
interaction (Schwenk et al., 2010; Correale et al., 2013). The
KCTDs additionally contain a conserved H1 homology domain,
which in KCTD12 induces a pronounced desensitization of the
GABAj, receptor response by uncoupling the B+ subunits of the
activated G-protein from the effector channel (Seddik et al., 2012;
Turecek et al., 2014). Selectively KCTD8 and KCTD16 feature a
conserved H2 homology domain that prevents the receptor de-
sensitization induced by the H1 domain (Seddik et al., 2012).
The KCTDs exhibit overlapping expression patterns in the brain
(Schwenk et al., 2010; Metz et al., 2011; Hayasaki et al., 2012) and, in
principle, could form hetero-oligomers in various neuronal popula-
tions. Here we demonstrate that KCTD12 and KCTD16 indeed
form hetero-oligomers through self-association of their T1 and H1
domains. KCTD12/KCTD16 hetero-oligomers directly bind to the
receptor-associated G-protein and confer unique desensitization
and deactivation kinetics to GABA}, receptor-induced K currents.
In hippocampal neurons, KCTD12/KCTD16 hetero-oligomers in-
crease the duration of GABAy receptor-induced sIPSCs. In sum-
mary, our data show that KCTD hetero-oligomers contribute to
functionally distinct GABA, receptor responses in the brain.

Materials and Methods
Mice. Ketd12 ™/~ (RRID:MGI:5756048) and Kctd16 ~/~ knock-out mice
and control littermates of either sex were generated as described previ-
ously (Metz et al., 2011; Cathomas et al., 2015). Kctd12/16 '~ double
knock-out mice of either sex were obtained from mating of Kctd12 /'~
and Ketd16 '~ mice. All experiments with mice were subjected to insti-
tutional review and approved by the Veterinary Office of Basel-Stadt.
Cell lines and cultured hippocampal neurons. Human Embryonic Kid-
ney 293 (HEK293) cells were from ATCC (RRID: CVCL_0045) and
maintained in DMEM supplemented with GlutaMAX (Invitrogen ) and
10% FCS in a humidified atmosphere (5% CO,) at 37°C. CHO-KI1 cells
(RRID: CVCL_0214), stably expressing human GABAjy,, and rat
GABAp, (Urwyler et al., 2001) were maintained in DMEM with 500 um
L-glutamine, 40 ug/ml L-proline, 0.5 mg/ml G418, 0.25 mg/ml zeocine,
and 10% FCS. Cells were transfected at 70%-90% confluency in 6- or
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24-well plates or in 10 cm dishes using Lipofectamine 2000 (Invitrogen),
X-tremeGENE (Roche), or polyethylenimine (Sigma). Cultured hip-
pocampal neurons were prepared as described previously (Brewer et al.,
1993; Biermann et al., 2010). Briefly, embryonic day 16.5 mouse hip-
pocampi were dissected, digested with 0.25% trypsin (Invitrogen) in 1 X
PBS solution for 15 min at 37°C, dissociated by trituration, and plated on
glass coverslips coated with 1 mg/ml poly-L-lysine hydrobromide
(Sigma) in 0.1 M borate buffer (boric acid/sodium tetraborate). Neurons
were seeded at a density of ~550 cells/mm? in neurobasal medium (In-
vitrogen ) supplemented with B27 (Invitrogen) and 0.5 mm r-glutamine
and cultured in a humidified atmosphere (5% CO,) at 37°C. Cultured
hippocampal neurons were transfected at DIV7.

Biochemistry. Plasmids used for biochemistry experiments encoding
FLAG- and Myc-tagged KCTD10, KCTD8, KCTD12, and KCTD16 con-
structs were described previously (Seddik et al., 2012). pCI-HA-
GABAp,-eYFP was a gift from Novartis.

Adult mouse brains were homogenized and lysed in 5 ml NETN buffer
(100 mm NaCl, 1 mm EDTA, 0.5% Nonidet P-40, 20 mm Tris/HCI, pH
7.4) supplemented with complete EDTA-free protease inhibitor mixture
(Roche) using a Dounce homogenizer. Following rotation for 3 h at 4°C,
brain lysates were cleared by centrifugation at 15,000 X g for 30 min at
4°C. For affinity-depletion experiments, hippocampi of adult mouse
brains were dissected and placed in 100 mg/ml of ice-cold homogeniza-
tion medium (320 mm sucrose, 4 mm HEPES, pH 7.5, 1 mm EDTA, 1 mm
EGTA, supplemented with complete EDTA-free protease inhibitor mix-
ture) and homogenized using a glass-Teflon homogenizer with 20 passes
on ice. After homogenization, the material was cleared by centrifugation
at 1000 X g (4°C, 15 min). The membrane-enriched fraction was isolated
by ultracentrifugation at 48,000 X g (4°C, 45 min) and solubilized for 3h
at 4°C in NETN buffer at 2 mg protein/ml. The solubilized fraction was
cleared by ultracentrifugation at 10° X g (4°C, 45 min). Cultured
HEK293 cells were lysed 48 h after transfection in NETN buffer or mod-
ified RIPA buffer (150 mm NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, complete EDTA-free protease inhibitors, pH 7.4) by rotating for
30 min at 4°C. HEK293 cell lysates were then cleared by centrifugation at
10,000 X g for 20 min at 4°C. Brain and cell lysates were directly used
for immunoblot analysis (input lanes) or immunoprecipitated
with guinea-pig anti-KCTD12 (RRID:AB_2631051), guinea-pig anti-
KCTD16 (RRID: AB_2631053), or mouse anti-Myc (9E10, Santa Cruz
Biotechnology, RRID: AB_627268) antibodies coupled to a mixture of
protein-A and protein-G Sepharose (GE Healthcare). Lysates and immu-
noprecipitates were resolved using SDS-PAGE and probed with the pri-
mary antibodies rabbit anti-KCTD12 (1:2500, RRID:AB_2631049),
rabbit anti-KCTD16 (1:2500, RRID:AB_2631050), rabbit anti-Myc
(C3956, Sigma, 1:2500, RRID:AB_439680), rabbit anti-FLAG (F7425,
Sigma, 1:2500, RRID:AB_439687), rabbit anti-GABAy, (C44A4, #4819,
Cell Signaling Technology, 1:1500, RRID:AB_2108339), and mouse
B-tubulin I1I (T8660, Sigma, 1:2000, RRID:AB_477590) in combination
with peroxidase-coupled secondary antibodies goat anti-guinea pig
(A7289, Sigma, 1:10,000, RRID:AB_258337), sheep anti-mouse (NA931,
GE Healthcare, 1:10,000, RRID:AB_772210), or donkey anti-rabbit
(NA934, GE Healthcare, 1:10,000, RRID:AB_772206). Guinea-pig and
rabbit KCTD12 and KCTD16 antibodies were raised against synthetic
peptides of mouse KCTD12 (amino acid residues 145-167) or KCTD16
(residues 7-23) (Metz et al., 2011). Chemiluminescence was detected
using the SuperSignal West kit (Thermo Scientific).

Bimolecular luminescence protein-fragment complementation (BiLC),
bimolecular fluorescence complementation (BiFC), and bioluminescence
resonance energy transfer (BRET) assays. The BiLC and BiFC template
constructs were published previously (Héroux et al., 2007; Stefan et al.,
2007). GATEWAY technology was used to insert the human KCTD
c¢DNA C-terminal to Rluc and Venus fragments contained in a destina-
tion vector for eukaryotic expression based on pcDNA3.1(+)/Zeo (In-
vitrogen): N-terminal (amino acids 1-110, NTRluc) and C-terminal
(amino acids 111-311, CTRluc) fragments of a bright Renilla luciferase
mutant Rlucll (A55T/C124A/M185V-Rluc) and N-terminal (amino
acids 1-154, NTVen) and C-terminal (amino acids 146-239, CTVen)
fragments of Venus. The construction of pcDNA3.1-Myc-GABAy, and
pcDNA3.1-HA-GABA,-GFP was reported previously (Villemure et al.,
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2005). The GFP used for HA-GABAg,-GFPisa A B 3

blue-shifted GFP known as GFP10 thatisa pre- IP: KCTD12 IP: KCTD16 Input = ©

ferred acceptor in BRET?2 assays (Mercier etal., L < L < L < 2 §'

2002). The HA and Myc tags were used to con- & o N o & o —

trol for protein cell surface expression. The 53 T3 535

FLAG-GB2 and Venus-G+y2 constructs used E N E N E N IB: KCTD16 oo

for BRET experiments were reported previ-

ously (Adelfinger et al., 2014; Turecek et al,,  1B: KCTD12 . = . - -

2014; Rajalu et al., 2015). IB: KCTD12 .
For BiLC, BiFC, and BRET assays, HEK293 IB: KCTD16 | w= - e -—-

cells were harvested 48 h after transfection, sus- i sl e ot i

pended in PBS, and distributed into 96-well 1B: B-tubulin 11 {+=

microplates at 1-3 X 107 cells/well. To mea-

sure reconstituted luciferase activity from BiLC

proteins, the luciferase substrate coelentera-  Figure 1. KCTD hetero-oligomers are abundant in the adult mouse brain. 4, Anti-K(TD12 and anti-KCTD16 antibodies (Sch-

zine h (Nanolight Technology, final concentra-
tion 5 uMm) was added to each well and
luminescence signals were measured 2 min
later using a Mithras LB940 multimode plate
reader (Berthold Technologies). The expres-
sion levels of fluorescent proteins were mea-
sured using a FlexStation 2 fluorimeter
(Molecular Devices) with excitation and emis-
sion wavelengths set at 410 and 510 nm (GFP10) or 518 and 570 nm
(Venus), respectively. BRET2 between KCTD-BiLC and GABAp,-GFP
was measured 2 min after addition of the luciferase substrate DeepBlue C
(coelenterazine 400A; Nanolight Technology; final concentration of 5
uM). BRET was calculated as the ratio of the light emitted by GFP10
(515 = 20 nm) over the light emitted by RluclI (400 = 70 nm) using a
Mithras LB940 luminometer. The net BRET signal was defined as the
difference between the total BRET and the signal obtained from samples
expressing the Rlucll-fusion constructs alone (background signal), and
plotted against the ratio between the expression levels of the GFP10- and
RluclI-fusion constructs as measured by the total fluorescence and lumi-
nescence signals, respectively, as previously described (Mercier et al.,
2002). BRET between KCTD-BiLC and KCTD-BiFC was measured 2
min after the addition of the luciferase substrate, coelenterazine h (final
concentration of 5 um). BRET was calculated as the ratio of the light
emitted by Venus (530 = 20 nm) over the light emitted by RlucII (480 *
20 nm) using a Mithras LB940 luminometer. BRET signals between
KCTD-BiLC and Venus-G7y2 were measured on an Infinite F500 micro-
plate reader (Tecan) detecting Venus at 550 = 25 nm and RluclI at
<475 nm.

Electrophysiology. Whole-cell patch-clamp recordings of GABAj-
mediated Kir3 currents from CHO cells and cultured hippocampal neu-
rons were performed 48-72 h and ~2 weeks (DIV18-DIV21) after
transfection, respectively. EGFP-expressing cells were identified via epi-
fluorescence using an FITC filter set and patched under infrared oblique
illumination (BX61WTI; Olympus). Kir3 currents were recorded at room
temperature (22°C-23°C) in aCSF containing the following (in mm): 145
NaCl, 2.5 KCl, 1 MgCl,, 2 CaCl,, 10 HEPES, 25 glucose, pH 7.3. Neurons
were superfused with aCSF supplemented with TTX (0.5 um), DNQX
(10 uM), and picrotoxin (100 wm). Patch electrodes were pulled from
borosilicate glass capillaries (resistance of 3—5 M{}) and filled with a so-
lution containing the following (in mwm): 107.5 K-gluconate, 32.5 KCl, 10
HEPES, 5 EGTA, 4 Mg-ATP, 10 phosphocreatine, 0.6 Na,-GTP, at pH
7.2 (adjusted with KOH), 292 mOsm. GABAj, receptor responses were
evoked at —50 mV by fast application of baclofen (100 um, 1-60 s)
(Turecek et al., 2004; Dittert et al., 2006).

IPSCs were recorded in parasagittal hippocampal slices prepared from
P25-P30 mice as follows. Animals were decapitated and the brains were
excised in ice-cold extracellular solution containing the following (in
mM): 130 NaCl, 3.5 KCl, 3.0 MgCl,, 0.5 CaCl,, 10 glucose, 1.25
NaH,PO,, 25 NaHCO,, 0.5 ascorbic acid, 3 myo-inositol, and 3 sodium
pyruvate; gassed with 5% CO,/95% O, to pH 7.3. Slices (300 um thick)
were cut using a VT1200S vibratome (Leica), incubated at 35°C for 45
min and then stored at 31°C-32°C in the extracellular solution in which
the concentrations of MgCl, and CaCl, were 1 and 2 mm, respectively.
For recording, slices were superfused with aCSF containing the following

wenk etal., 2010) copurify KCTD12 and KCTD16 proteins inimmunoprecipitation (iP) experiments with brain lysates of WT mice, as
shown onimmunoblots (IB). Control IPs with brain lysates of Kctd12 /= and Kctd16 ~/~ mice (Metz etal., 2011) show that the
antibodies are specific for the KCTD12 and 16 proteins. Asterisks indicate cross-reactions of the anti-KCTD16 antibody in the Input
samples. B, Affinity depletion of KCTD12 from hippocampi of adult mouse brains using anti-KCTD12 antibodies leads to a codeple-
tion of KCTD16 engaged in KCTD12/KCTD16 hetero-oligomers (depleted). Control IBs of 3-tubulin Ill show that the neuron-specific
marker protein is not depleted by anti-KCTD12 antibodies.

(in mm): 130 NaCl, 3.5 KCI, 1.5 MgCl,, 1.5 CaCl,, 10 glucose, 1.25
NaH,PO,, 24 NaHCO;, pH 7.3, equilibrated with 5% CO,/95% O,.
IPSCs were elicited by electric stimulation of stratum radiatum via bipo-
lar electrode and isolated in the presence of DNQX (10 um), CPP (5 um),
and SR95531 (gabazine; 15 uM, used for recording of sIPSCs). Patch
pipette solution contained the following (in mm): 107.5 K-gluconate,
32.5 KCl, 10 HEPES, 0.1 EGTA, 4 Mg-ATP, 10 phosphocreatine, 0.6
Na,-GTP, at pH 7.2, 290 mOsm. Pharmacological GABA responses or
IPSCs were acquired with an Axopatch 200B low-pass filtered at 1 or 5
kHz and digitized at 5 or 20 kHz using a Digidata 1440A interface (Mo-
lecular Devices) driven by pClamp 10 software (RRID:SCR_011323).
Cell capacitance was calculated using membrane time-constant and cell
resistance values obtained from voltage responses of cells upon applying
hyperpolarizing —10 pA steps at the resting potential. The holding po-
tential was adjusted for a measured liquid junction potential of 12 mV.
Whole-cell currents and voltages were analyzed using Clampfit 10 soft-
ware (Molecular Devices). All values are given as mean * SD. Statistical
significances were tested using one-way ANOVA or Student’s ¢ test
(GraphPad Prism, RRID:SCR_002798). TTX was from Latoxan. DNQX,
CPP, and SR95531 were from Tocris Bioscience. All other reagents were
from Sigma-Aldrich.

Results

KCTD hetero-oligomers in the brain

We used immunoprecipitation (IP) experiments to address
whether KCTD hetero-oligomers exist in the brain (Fig. 1A). We
limited our analysis to KCTD12 and KCTD16, which in the adult
brain are coexpressed in many neuronal populations, including
hippocampal pyramidal neurons (Metz et al., 2011). We found
that anti-KCTD12 antibodies copurified KCTD16 protein from
wild-type (WT) but not from control KCTDI12 knock-out
(Kcetd12™/7) brain lysates (Fig. 1A). Reverse IP experiments with
anti-KCTD16 antibodies confirmed the existence of KCTD12/
KCTD16 hetero-oligomers in WT but not in control Kctd16 "~
brain lysates (Fig. 1A).

We next depleted KCTD12 from hippocampal lysates to de-
termine the fraction of KCTD16 protein participating in
KCTD12/KCTD16 hetero-oligomers. Complete depletion of
KCTD12 from lysates with specific anti-KCTD12 antibodies re-
moved 64.9 = 6.1% (n = 3) of the KCTD16 protein from the
supernatant (Fig. 1B). In the hippocampus, approximately two-
thirds of the KCTD16 protein is therefore associated with
KCTD12. For unknown reasons, anti-KCTD16 antibodies inef-
ficiently depleted KCTD16 from hippocampal lysates, which pre-
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A KCTD domain structure T1 domain of KCTD12 forms homo-oli-
gomers (Schwenk et al., 2010; Smaldone et
kcto12 [ 11 H HT | al., 2016). To study whether the KCTDs
form hetero-oligomers in transfected
KCTD8/16 | I H H1 I H2 | HEK293 cells, we performed co-immuno-
kctpto | T4 H ¢ | precipitation experiments with FLAG- and
Myc-tagged KCTD proteins. We included
o N KCTD10, which belongs to a different clade
B KCTD homo-oligomerization of the KCTD family (Seddik et al., 2012),
IP: Myc Input IP: Myc Input into our analysis. KCTD10 does not associ-
Vector + - - - + - - - Vector + - - - + - - - ate with GABA, receptors (Schwenk et al.,
FLAG-KCTD8 - + + - - + + - FLAG-KCTD16 - + + - - + + - 2010) and lacks H1 and H2 domains (Fig.
MycKCTD8 - * - * - % - * = MycKCTD16 - * - * " * - * )4 e found that KCTDS, KCTDIO,
IB: FLAG - IB:FLAG| & - | KCTD12, and KCTD16 assemble homo-
IB: Myc — oo o= @& B:MYC| oww @@ «= @ oligomers in HEK293 cells (Fig. 2B); how-
ever, only KCTD8, KCTD12, and KCTD16
IP: Myc Input IP: Myc Input form hetero-oligomers in all possible dual
Vector + - - P Vector + - - - + - . . combinations (Fig. 2C).
FLAG-KCTD12 - + + - - + + - FLAG-KCTD10 - + + - - + + - IP experiments with the isolated Myc-
Myc-KCTD12 - + - + -+ -+ Myc-KCTD10 - + - + -+ - + tagged T1, H1 or H2 domains of KCTD12
IB: FLAG | == | IB: FLAG| @m [ and KCTD16 show that both the T1 and
IB: Myc o a0 @& g B:Myc| e e» e» @ Hl domains interact with FLAG-tagged
KCTD12 (Fig. 3A) and KCTD16 (Fig. 3B)
in transfected HEK293 cells. Neither the
C KCTD hetero-oligomerization H2 domain of KCTD16 nor full-length
IP: Myc Input IP: Myc Input KCTD10 interacted‘with KCTDI12 .(Fig.
e R e 3A) or KCTD1§ (Fig. 3B). Collectively,
FLAG-KCTD8 - + + - - + + - FLAG-KCTD10 - + + - - + + - these resu%ts 1nd1c§te that both the T1 and
Myc-KCTD12 - + - + - + -+ Myc-KCTDg - *+ - + -+ - + H1 domains mediate KCTD homo- and
B:FLAG[ = - | IB: FLAG | - | hetero—ohg.omenzaluo.n. C0n.s1stent w1th the
IB: Myc S & 1B: Myc i - ] H1 domains mediating ohgomerlz.atlon,
I#-ﬂ Myc-16AT1, a KCTD16 mutant lacking the
T1 domain, still forms homo-oligomeric
IP: Myc Input IP: Myc Input FLAG-KCTD16/Myc-16AT1 (Fig. 3B,C)
Vector + - - - + - - - Vector + - - - + - - - and hetero-oligomeric FLAG-KCTD12/
T\}I_AG};E(':I'B?(SS B 1 T ;oo i T + FII‘\AAG'§8¥312 B I t P I t + Myc-16AT1 complexes (Fig. 3 A, B) that in-
ye ye teract with GABA, through the T1 domain
BHREAS :-—L IB: FLAG S of the full-length KCTD in the complex
1B: Myc -— - e BMyc| a» a-» a9 o (Fig. 3C).
IP: Myc Input IP: Myc Input Detection of KCTD homo- and
Vector + - - - + - - - Vector + - - - 4 - - - hetero-oligomers in live cells
FLAG-KCTD12 - + + - - + + - FLAG-KCTD10 - + + - - + + - We next used a bimolecular luminesc-
Myc-KCTD16 - + - + - + - + Myc-KCTD16 - + - + - + - + ence protein-fragment complementation
IB: FLAG | - i | IB: FLAGl —— | (BiLC) assay (Stefan etal., 2007; Armando
IB: Myc | - - .l B:Myc| es e» e» @ ctal, 2014) to study KCTD oligomeriza-
tion in live cells. KCTD proteins were
Figure 2. KCTD8, KCTD12, and KCTD16 form homo- and hetero-oligomers in transfected HEK293. 4, KCTD domain structure. ~ tagged at their N termini with the N- or

KCTDs contain T1, H1, and H2 homology domains that are not closely sequence-related with the T1 and C-terminal (C) domains of
KCTD10. The H2 domains are selectively present in KCTD8 and KCTD16. B, KCTDs form homo-oligomeric complexes. Input lanes
indicate the expression of FLAG- or Myc-tagged KCTD proteinsin the cell lysates used for IP with anti-Mycantibodies. Proteins in the
IPs were revealed by immunoblotting (IB) with anti-FLAG and anti-Myc antibodies. €, KCTD8, KCTD12, and KCTD16 form hetero-
oligomers with each other, but not with KCTD10. Input lanes indicate expression of the FLAG- or Myc-tagged KCTD proteins in the
cell lysates used for IPs with anti-Myc antibodies. Proteins in the IPs were revealed by IB with anti-FLAG and anti-Myc antibodies.

vented a meaningful assessment of the fraction of KCTD12
protein involved in KCTD12/KCTD16 hetero-oligomers.

T1 and H1 domains mediate

homo- and hetero-oligomerization

The KCTDs are modular proteins consisting of an N-terminal T1
tetramerization domain and one or two C-terminal H1 and H2 ho-
mology domains (Fig. 2A). Earlier experiments supported that the

C-terminal fragment of Renilla luciferase
(NTRluc and CTRluc). In such a way, oli-
gomerization of KCTD protomers can be
quantified by measuring the activity (lu-
minescence) of reconstituted Rluc. The
Rluc activity measured in transfected
HEK293 cells indicates that KCTDI0,
KCTDI12, and KCTD16 all form homo-oligomers (Fig. 4A).
KCTD12 and KCTD16 additionally form hetero-oligomers with
each other (Fig. 4A). A 100-fold lower level Rluc activity was
observed with KCTD10 in combination with KCTD12 or
KCTDI16 (Fig. 4A). This may represent weak nonspecific lu-
ciferase reconstitution/activity or indicate a very low level of
hetero-oligomerization. KCTD homo-oligomer formation also
promotes bimolecular fluorescence complementation (BiFC)
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BRET experiments. Of note, we were un-
able to detect a specific BiFC signal for
KCTD16 homo-oligomers, suggesting
that KCTD16 protomers have a lower
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KCTD16: 0.56). BiFC of Rluc and Venus
allowed us to investigate whether recon-
stitution of Rluc and Venus from their N-
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Input IB: GB2

FLAG-KCTD16

and C-terminal fragments fused to KCTD
monomers yields BRET due to the forma-
tion of KCTD oligomers made up from at
least four protomers. Expression of in-
creasing amounts of NTVenl2 + CT- '
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BRET donor saturation curve (Fig. 4B),
consistent with the assembly of KCTD12
homo-tetramers (or homo-pentamers) in
live cells. The complementation experi-
ments support a parallel arrangement of

.

IB:
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KCTD subunits in the oligomers. Expres-
sion of NTRIucl2 + CTRlucl2 or NT-
Venl0 + CTVenlO with increasing
amounts of NTVenl0 + CTVenlO or
NTRIucl2 + CTRlucl2, respectively, did
not yield clearly saturating BRET donor
curves (Fig. 4B). Inefficient complemen-
tation of Venus by NTVenl6 + CTVenl6
(Fig. 4A) prevented us from testing with
BiFC/BRET whether KCTD16 homo- and
KCTDI12/KCTD16 hetero-tetramers are
formed.

Figure 3.

KCTD12/KCTD16 hetero-oligomers

interact with the receptor and the G-protein

We used BiLC in combination with BRET to study whether KCTD
hetero-oligomers interact with GABAy receptors in intact cells.
BRET-donor saturation curves were determined with fixed
amounts of NTRIucKCTDs + CTRlucKCTDs and increasing
amounts of Myc-GABAy, and the energy acceptor HA-GABA,-
GFP (Fig. 5A). We observed specific BRET between the reconsti-
tuted Rluc and HA-GABA,-GFP with KCTD12 and KCTD16
homo-oligomers as well as with KCTD12/KCTD16 hetero-
oligomers. We did not observe specific BRET with KCTD10 ho-
mo-oligomers and the receptor, as indicated by low BRET and a
nonsaturating BRET to acceptor/donor relationship (Fig. 5A).
Similarly, a nonspecific BRET signal with a linear BRET to accep-
tor/donor relationship ( y = 2.4x + 5.7) was obtained in control
experiments with KCTD12 homo-oligomers and a GABA, ac-
ceptor in which tyrosine-902 was mutated to alanine, which pre-
vents KCTD binding to GABAg, (Schwenk et al., 2010). BRET
experiments therefore demonstrate that KCTD12/KCTD16
hetero-oligomers interact with GABAj receptors in live cells.

IP: Myc

Input

Self-interacting T1 and H1 domains mediate KCTD homo- and hetero-oligomerization in HEK293 cells. IP of FLAG-
KCTD12 (A) or FLAG-KCTD16 (B) with the Myc-tagged T1and H1 domains of KCTD12 or KCTD16. IPs were performed with anti-Myc
antibodies from total cell lysates. Proteins in the IPs were revealed by immunoblotting (IB) using anti-FLAG and anti-Myc antibod-
ies. Input lanes indicate expression of the tagged proteins in the cell lysates used for the IPs. The Myc-tagged T1and H1 domains
of K(TD12 and KCTD16, but not the Myc-tagged H2 domain of KCTD16, coprecipitate FLAG-KCTD12 and FLAG-KCTD16. KCTD16
lacking the T1 domain (Myc-16AT1) interacts with FLAG-KCTDs via its H1 domain. Myc-KCTD12 and Myc-KCTD16 were used as
positive controls, Myc-KCTD10 as a negative control. €, Myc-16AT1 copurifies GABAg, (GB2-YFP) in the presence of KCTD16 or
KCTD12, showing that Myc-16AT1 can homo- and hetero-oligomerize with KCTD16 and KCTD12 at GABA,,. Myc-16AT1 does not
directly interact with GABAg, because it lacks the T1 domain that is a prerequisite necessary for binding to GABAg,. IPs were
performed with anti-Myc antibodies from total cell lysates. Proteins in the IPs were revealed by IB using anti-GABAg,, anti-FLAG,
and anti-Myc antibodies. Input lanes (bottom) indicate expression of the tagged proteins in the cell lysates used for the IPs.

The KCTDs not only interact with the receptor but also with
the G-protein (Turecek et al., 2014). It is unknown whether the
KCTDs interact as monomers or oligomers with the G-protein.
We therefore used BiLC in combination with BRET to study
whether KCTD oligomers can interact with the G-protein. We de-
termined BRET donor saturation curves using fixed amounts of
NTRIucKCTDs + CTRIucKCTDs and increasing amounts of the
G-protein subunits GB2 and Venus-Gy2 (Fig. 5B). BRET between
the reconstituted Rluc and Venus-G+y2 was observed with KCTD12
and KCTD16 homo-oligomers as well as with KCTD12/KCTD16
hetero-oligomers. Because KCTD12 and KCTD16 exert distinct ki-
netic effects on G-protein signaling (Schwenk et al., 2010; Turecek et
al.,, 2014), it is possible that KCTD hetero-oligomers endow recep-
tors with novel properties.

KCTD12/KCTD16 hetero-oligomers generate unique
receptor-induced K* current responses in CHO cells
KCTD12, but not KCTD8 or KCTD16, induces strong desensiti-
zation of GABAj, receptor-activated Kir3 currents (Schwenk et
al., 2010; Seddik et al., 2012; Turecek et al., 2014) (Fig. 6A-C). We
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Figure 4.

Venus/Rluc

KCTD oligomerization in live HEK293 cells. 4, BiLC or BiFC through oligomerization of split Rluc- or split Venus-tagged KCTDs, respectively. Cells were transfected with NTRIuckCTD and

CTRIucKCTD or NTVenKCTD and CTVenKCTD constructs, and oligomerization between Rluc- or Venus-fragment-tagged KCTDs was monitored by measuring reconstituted luciferase or fluorescence
activity, respectively. KCTD10, KCTD12, and KCTD16 all form homo-oligomers. KCTD12 and KCTD16 additionally form hetero-oligomers together. KCTD10 has a weak propensity to also form
hetero-oligomers with KCTD12 or KCTD16. Labels in the bar graphsindicate the transfected Rluc- or Venus-fragment-tagged KCTD proteins. Data are mean == SEM of 3 or 4independent experiments.
B, BRET between reconstituted Rluc and Venus in KCTD oligomers. Cells were transfected with fixed amounts of NTRIuckCTD and CTRIucKCTD constructs and increasing amounts of NTVenKCTD and
(TVenKCTD constructs. BRET donor saturation curves were generated by expressing the net BRET signal detected as a function of the ratio between the total fluorescence signal and the luminescence
signal (acceptor/donor ratio; expressed in milliBRET units, mBU) and demonstrate that both KCTD12 and KCTD10 can assemble into homo-tetramers or higher-order oligomers from the individually
tagged monomers. KCTD12 and KCTD10 have a much weaker propensity to form hetero-tetramers. Data points represent the mean of technical duplicates combined from 4 independent experiments.

studied the influence of hetero-oligomeric KCTD12/KCTD16
complexes on K* current desensitization in transfected CHO
cells expressing GABAj; receptors together with Kir3 channels.
We recorded K™ currents in response to a prolonged application
of the GABAj agonist baclofen (100 uM, 1 min). Cells coexpress-
ing KCTD12 and KCTD16 exhibited significantly reduced and
slower K* current desensitization than cells expressing KCTD12
alone (Fig. 6 A, C,E). This may be due to the formation of hetero-
oligomeric KCTD12/KCTD16 complexes and/or the simultane-
ous assembly of desensitizing KCTD12 and nondesensitizing
KCTD16 homo-oligomers. To avoid association of KCTD16
homo-oligomers with the receptor, we substituted KCTD16 with
16AT1, which lacks the T1 domain that is necessary for direct
binding to the receptor (Schwenk et al., 2010). However, 16AT1
is able to indirectly bind to the receptor through hetero-
oligomerization with KCTD12 (Fig. 3C). Cells expressing
KCTD12 and 16AT]1 therefore form receptors associated with
KCTD12/KCTD16AT1 hetero-oligomers or KCTD12 homo-
oligomers but not with 16AT1 homo-oligomers. We found that
cells coexpressing 16AT1 and KCTD12 exhibited reduced and
slower K current desensitization than cells expressing KCTD12
alone (Fig. 6B—E), which demonstrates that the kinetic properties

of KCTD12/KCTD16AT1 hetero-oligomers differ from those of
KCTD12 homo-oligomers. As a control, expression of 16AT1
alone yielded nondesensitizing responses (Fig. 6 B,C), similar to
expression of KCTD16 alone (Fig. 6A, B). In summary, the elec-
trophysiological data indicate that KCTD12/KCTD16 hetero-
oligomers desensitize GABAp-activated K™ currents to a lesser
extent and more slowly than KCTD12 homo-oligomers.
Analysis of the deactivation kinetics of K* currents activated
by applying baclofen for 1 min revealed a novel regulatory feature
of the KCTDs (Fig. 6 F,G). KCTD12 and KCTD16 significantly
accelerated and slowed current deactivation, respectively, com-
pared with cells lacking KCTDs (Fig. 6 F,G). A slowing of current
deactivation is also observed with 16AT1 (Fig. 6 F,G). This indi-
cates that the deactivation does not necessarily require KCTD16
binding to the receptor and supports that the deactivation mech-
anism operates downstream of the receptor. Coexpression of
KCTD12 with 16AT1 or KCTD16 yielded fast deactivating cur-
rents, showing that KCTD12 overrules the slowing effect of
16AT1 or KCTD16 within the hetero-oligomer (Fig. 6 F,G). No
accelerated current deactivation is observed in the presence of
KCTD12 after a baclofen application for 2 s, which is too short to
induce pronounced desensitization (Fig. 6 H,I). Accelerated cur-
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Venus/Rluc

KCTD homo- and hetero-oligomers bind to both GABA receptors and G-proteins in live HEK293 cells. A, BRET between KCTD oligomers and GABA, receptors in living cells. Cells were

transfected with fixed amounts of NTRIuckCTD and CTRIuckCTD constructs and increasing amounts of Myc-GABAg, and HA-GABA,-GFP constructs. BRET was measured between reconstituted Rluc
and GABAy,-GFP. Data points represent the mean of technical duplicates combined from 6 or 7 independent experiments. Donor/acceptor ratios needed to reach half BRET saturation (BRETs,) were
as follows: KCTD12 homo-oligomer: 0.27 == 0.03; KCTD16 homo-oligomer: 2.55 == 0.97; KCTD12/KCTD16 hetero-oligomer: 1.91 == 0.29; KCTD16/KCTD12 hetero-oligomer: 6.65 == 0.71 (mean =
SEM, n = 6 or 7). B, BRET between KCTD oligomers and the G-protein in live cells. Cells were transfected with fixed amounts of NTRIuckCTD and CTRIucKCTD constructs and increasing amounts of
G32and G-y2-YFP constructs. BRET was measured between reconstituted Rlucand G-y2-YFP. Data points represent the mean of technical quadruplicates from a representative experiment (n = 3).

rent deactivation in the presence of KCTD12 thus correlates
with current desensitization. This is corroborated by a similar
baclofen concentration dependence of current desensitization
and deactivation in the presence of KCTD12 (Fig. 7A). We did
not observe a sigmoidal agonist concentration dependence of
current deactivation in the absence of KCTD or in the presence of
KCTD16 (Fig. 7B), which further supports that accelerated deac-
tivation relates to KCTD12-induced desensitization. The slowing
of current deactivation that is observed in the presence of
KCTD16 (Fig. 6G) is use-dependent, as indicated by the linear
baclofen concentration dependence of the deactivation (Fig. 7B).
In summary, the data show that, after prolonged receptor
activation, homo-oligomeric KCTD12 complexes yield strongly de-
sensitizing fast deactivating K* current responses. In contrast, ho-
mo-oligomeric KCTD16 complexes yield nondesensitizing slowly
deactivating current responses. Hetero-oligomeric KCTD12/
KCTD16 complexes produce distinct current K responses charac-
terized by intermediate desensitization and fast deactivation. In
contrast, during brief receptor activation, KCTD12/KCTD16
hetero-oligomers produce nondesensitizing slowly deactivating cur-
rent responses.

We observed that individual and combined expression of
KCTD12 and KCTD16 in transfected CHO cells significantly in-
creases the peak K* current amplitudes (presented as current

densities) in response to a nearly saturating concentration of
baclofen (Fig. 7C). No increase in current density is observed
with 16AT1, which does not bind to the receptor (Fig. 7C). The
increase in current density observed with KCTD12, KCTD16,
and KCTD12/KCTD16 may therefore relate to precoupling of the
G-protein at the receptor via the KCTD proteins (Turecek et al.,
2014; Schwenk et al., 2016). Increased surface expression of
GABAj, receptors in the presence of KCTD12 (Ivankova et al.,
2013) may further contribute to an increase in current amplitude.
Receptors assembled with KCTD12/KCTD16AT1 show a trend
toward increased current amplitudes, which, however, does not
reach statistical significance (Fig. 7C). Possibly, precoupling of
the G-protein and/or surface expression is less efficient when
KCTD12 combines with 16AT1 than with full-length KCTD16.
We additionally determined the baclofen concentration/K™
current response curves in the presence or absence of KCTD12
and KCTD16. The ECs, values (derived from log(baclofen)/K™
current response) measured in CHO cells expressing KCTD12
(9.7 £ 7.7 uM, n = 8) or KCTD16 (20.8 = 8.7 um, n = 7) were
significantly smaller than those in cells lacking KCTD proteins
(66.4 £ 26.7 um, n = 8 p < 0.001, Dunnett’s multiple-
comparison test), consistent with earlier findings (Schwenk et al.,
2010). The ECs, values measured in cells expressing KCTD12 or
KCTD16 do not significantly differ from each other (Bonferroni
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Figure 6.  Bidirectional modulation of GABAg-activated Kir3 currents by KCTD hetero-oligomers. A, Representative baclofen-activated K™ current traces recorded at —50 mV from CHO cells
expressing GABAg receptors and Kir3.1/3.2 channels either without KCTD (without [w/o0], gray trace), with KCTD12 alone (black), with KCTD16 alone (blue), or with both KCTDs (red). KCTD12, but not
KCTD16, induces pronounced and rapid desensitization of K™ currents. Coexpression of KCTD12 and KCTD16 results in intermediate current desensitization. B, Baclofen-activated K™ currents
recorded from CHO cells either expressing KCTD12 (black), a KCTD16 mutant lacking the T1 domain (16AT1, blue), or both KCTD isoforms (red). Expression of KCTD12 together with 16AT1, which
only binds to the receptor in a complex with K(TD12, reduces KCTD12-induced desensitization. €, Bar graph summarizing the relative desensitization of baclofen-activated K™ currents. The relative
desensitization was calculated as follows: (1 — (ratio of current amplitude after 60 s vs peak current)) X 100. Values are mean == SD of 26 (w/0 KCTD), 17 (KCTD12), 14 (KCTD16), 11 (16AT1), 6
(KCTD12/KCTD16), and 13 (KCTD12/KCTD16AT1) cells. D, Normalized traces represent a slower time course of K™ current desensitization in CHO cells coexpressing KCTD12 and 16AT1 (red)
compared with CHO cells expressing KCTD12 alone (black). Traces are fitted to a double exponential function (gray solid line) with time constants 71 = 1.0s (relative contribution to desensitization
71.7%)and 72 = 9.4 s for K(TD12 and 71 = 3.95(33.8%) and 72 = 28.45for KCTD12/KCTD16AT1. E, Bar graph showing mean amplitude-weighted time constants obtained from fits of a double
exponential function to K™ current deactivation. F, Superimposed traces of the deactivation phase of K™ currents activated by application of baclofen to CHO cells for 1 min as in A or B displa-
yed with an expanded time scale. KCTD12 and KCTD16 have opposite effects on the time course of the deactivation, with KCTD12 being dominant when (Figure legend continues.)
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pairwise comparison test). Because the KCTD proteins have mar-
ginal effects on agonist affinity at the orthosteric binding site
(Rajaluetal., 2015), the decrease in ECs,, values in the presence of
KCTDI12 or KCTD16 is best explained by the KCTD-mediated
precoupling of the G-protein at the receptor (Turecek et al., 2014;
Schwenk et al., 2016). KCTD hetero-oligomers and homo-
oligomers therefore likely activate G-proteins to a similar extent.

KCTD12/KCTD16 hetero-oligomers regulate
GABAj-activated K™ currents in hippocampal neurons

We next investigated whether KCTD hetero-oligomers influence
baclofen-activated K™ currents in cultured neurons. Previous ex-
periments showed that hippocampal neurons express high levels
of KCTD12 and KCTD16 (Schwenk et al., 2010; Metz et al., 2011)
and that the lack of KCTDs in knock-out neurons influences
desensitization of baclofen-evoked K* currents (Turecek et al.,
2014). Accordingly, we found that, during prolonged recep-
tor activation, K* currents desensitize significantly less in
Kctd12™/~ and Kctd12/16 ™'~ neurons than in WT neurons, as
expected from the lack of KCTD12 (Fig. 8A,B). When directly
comparing Kctd12 '~ and Kctd12/16 /™ neurons, we observe
significantly less desensitization in Kctd12/16 '~ neurons than
in Kctd12™'~ neurons (Fig. 8B). Desensitization is activity-
dependent and therefore influenced by the kinetic properties of
the G-protein activation/deactivation cycle (i.e., the rates of
GDP-GTP exchange and GTP hydrolysis at Ga) (Chuang et al.,
1998; Leaney et al., 2004). Less desensitization in Kctd12/16 '~
than in Kctd12 ™/~ neurons may thus be caused by reduced pre-
coupling of the G-protein at the receptor and a consequent
slower K" current activation. K* currents displayed significantly
increased desensitization in Kctd16 '~ neurons versus WT neu-
rons. Considering that two-thirds of the KCTD16 proteins in the
hippocampus are associated with KCTD12 (Fig. 1B), the in-
creased desensitization in Kctd16 /~ neurons can be explained
by the absence of KCTD12/KCTD16 complexes that normally
would attenuate KCTD12-induced desensitization. In line with
this proposal, expression of exogenous KCTD16 or 16AT1 in
Kctd16 '~ neurons significantly decreased desensitization (Fig.
8C,D), which in the case of 16AT1 must relate to oligomerization
with endogenous KCTDI12. In addition to forming hetero-
oligomers with endogenous KCTD12, exogenous KCTD16 may
additionally compete with endogenous KCTD12 for binding at
the receptor, which further decreases desensitization. K" current
deactivation was significantly slowed in Kctd12™/~ neurons
compared with WT neurons (Fig. 8 E, F), in line with a faster K*
current deactivation observed during prolonged baclofen appli-
cation in the presence of KCTD12 in transfected CHO cells
(Fig. 6F,G). The significantly slower current deactivation in
Kctd12™/~ compared with Kctd12/16 '~ neurons (Fig. 8 E,F) is
also consistent with the observed slowing of current deactivation
in CHO cells expressing KCTD16 (Fig. 6G). We also observed a

<«

(Figure legend continued.)  coexpressed with KCTD16. G, Bar graph summarizing the time con-
stants obtained from afit of the K™ current deactivation to a single exponential function. H, Repre-
sentative traces of K™ currents activated by baclofen (25) to CHO cells expressing no KCTD (w/o, gray),
KCTD12 alone (black), 16AT1 alone (blue), or both KCTDs (red). KCTD12 neither reduces the effect of
16AT1 nor accelerates deactivation of brief current responses. /, Bar graph showing mean time con-
stants obtained from fits of current deactivation to a one exponential function. Data are collected from
12 (w/o KCTD), 11 (KCTD12), 6 (16AT1), and 6 (KCTD12/KCTD16AT1) experiments. *p << 0.05
(Dunnett's multiple-comparison test and Bonferroni pairwise comparison test). **p << 0.07 (Dun-
nett's multiple-comparison test and Bonferroni pairwise comparison test). ***p << 0.001 (Dunnett's
multiple-comparison test and Bonferroni pairwise comparison test).
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Figure 7.  Influence of K(TD12 and KCTD16 on desensitization, deactivation, and amplitude of

GABAg-induced Kir3 currentsin CHO cells. A, Agonist concentration dependence of the desensitization
and deactivation of Kir3 currents in the presence of KCTD12. Each point in the curve represents the
relative desensitization (mean = SD, data from 9 cells) or deactivation time constant (8 cells) of
25-s-long baclofen responses, normalized in each cell to the value obtained at the highest baclofen
concentration (1 mm). The log(baclofen)-response curves (solid black lines) were obtained by fitting
the experimental data to a sigmoidal function (GraphPad Prism, RRID:SCR_002798). The half-
maximal desensitization or deactivation time constant reduction was observed at 1.3 or 1.0 yum of
baclofen, respectively. B, Agonist concentration dependence of the deactivation of Kir3 currentsin the
ahsence (without [w/0] KCTD) or presence of KCTD16. €, Bar graph summarizing the effects of KCTD12
and KCTD16 on K™ current densities (current normalized to cell capacitance) evoked by 100 um
baclofen. Data are the mean == SD of 23 (w/o KCTD), 15 (KCTD12), 12 (KCTD16), 11 (16AT1), 5
(KCTD12/KCTD16),and 7 (KCTD12/KCTDT6AT1) cells. KCTD12 and KCTD16 expressed alone or in com-
bination significantly increased the amplitudes of Kir3 currents. *p < 0.05 (Dunnett’s multiple-
comparison test). ***p << 0.001 (Dunnett's multiple-comparison test). Data are mean == SD of 10
(w/0 KCTD) and 6 (KCTD16) cells.
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Figure8.  KCTD12/KCTD16 hetero-oligomers modulate baclofen-activated K™ current responses in cultured hippocampal neu-
rons. A, Representative traces of baclofen-evoked K™ currents recorded neurons of WT (black), Kctd72 ~/~ (blue), Kctd16 "~
(red), orKctd12/16 /"~ (gray) mice. B, Bar graph summarizing K™ current desensitization in neurons of different genotypes. Data
aremean + SD of 18 (WT), 14 (Kctd12 ~/ ), 13 (Kctd16 ~/ ~),and 12 (Kctd12/16 ) neurons. Genetic ablation of KCTD12 or
KCTD16 leads to decreased or increased current desensitization, respectively. C, Representative traces of baclofen-evoked K™
currents recorded from Kctd76 ~/ ~ neurons expressing exogenous 16AT1. D, Bar graph summarizing K™ current desensitization
in neurons with and without 16AT1 or KCTD16. Data are collected of 6 (Kctd76 /™), 7 (Kctd16 ~/~ + 16AT1), and 6
(Kctd16 ~/~ + KCTD16) neurons. E, Superimposed traces of the deactivation phase of baclofen-evoked K™ currents shown in A
displayed with an expanded time scale. F, Bar graph summarizing the time constants obtained from afit of the current deactivation
to a single exponential function. The current deactivation is similar in Kctd76 ~”~ neurons and WT neurons. However, current
deactivation in Kctd72 ~/~ neurons reveals a KCTD16-mediated slowing compared with Kctd12/16 ~/~ neurons. Expression of
KCTD16, but not 16AT1, in Kctd76 ~/~ neurons significantly prolonged the K™ current deactivation phase, suggesting a compe-
tition of exogenous KCTD16 with endogenous KCTD12 at GABA, receptor. Data of 18 (WT), 14 (Kctd 12~/ ~),12 (Kctd 16~/ ~),12
(Kctd12/16 /™), 6 (Kctd16 ~/~ + GFP), 7 (Kctd16 ~/~ + 16AT1), and 4 (Kctd16 ~/~ + KCTD16) neurons. *p << 0.05
(Dunnett’s multiple-comparison test or Bonferroni pairwise comparison test). **p << 0.01 (Dunnett’s multiple-comparison test or
Bonferroni pairwise comparison test). ***p << 0.001 (Dunnett’s multiple-comparison test or Bonferroni pairwise comparison test).
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16AT1 produces similar deactivation kinet-
ics as KCTD12 alone during prolonged
baclofen application (Fig. 6 F, G). Therefore,
it appears that KCTD12 dictates the deacti-
vation kinetics in KCTD12/KCTD16AT1
hetero-oligomers. In summary, the analysis
of hippocampal neurons supports that the
KCTD composition of GABAy receptors
enables a bidirectional regulation of the de-
sensitization and deactivation kinetics of re-
ceptor-activated K* currents.

The current densities of baclofen-evoked
K" currents in Kctd12/Kctd16 '~ neurons
were significantly reduced compared with
WT, Kctd12~/~, and Kctd16 /™ neurons
(WT: 1.7 = 0.6 pA/pF, n = 18; Kctd12
1.5 £ 0.7 pA/pF, n = 16, Ketdl6 ™' ~:1.6 =
0.7 pA/pF, n =13, Kctd12/Ketd16 ' ~:1.0 =
0.3 pA/pF, n = 13; p < 0.01; Dunnett’s mul-
tiple-comparison test). This is consistent
with the data from heterologous cells show-
ing that KCTD12 and KCTD16 increase the
peak amplitude of baclofen-induced K™
currents (Fig. 7C).

Altered GABA;-mediated sIPSCs

in Kctd16~'~ neurons

The data presented above suggest that the
KCTD composition influences the kinetics
of sIPSCs during prolonged GABAj, recep-
tor activation (Mapelli et al., 2009; Wang et
al., 2010). However, whether the KCTD
composition influences sIPSCs during pha-
sic short receptor activation (De Koninck
and Mody, 1997; Liischer et al., 1997) is un-
clear. We therefore analyzed the decay of
neuronal GABAjy responses following a
brief (1 s) pharmacological activation with
baclofen (Fig. 9A,B). The deactivation of
K* currents in response to this brief
baclofen stimulus is significantly faster in
Ketd16 '~ neurons compared with WT or
Ketd12 ™/~ neurons. This suggests that, in
hippocampal neurons, KCTD16, but not
KCTD12, influences the duration of GABA
receptor-induced phasic sIPSCs. To test
whether KCTD16 indeed regulates the de-
activation kinetics of synaptically evoked
currents, we recorded sIPSCs elicited by
electric stimulation of GABAergic fibers
in the stratum radiatum from CA1 py-
ramidal neurons clamped at —50 mV
(Fig. 9C). Fitting of the sIPSC decay
phase with a one exponential function

slowing of current deactivation when overexpressing exogenous
KCTD16 in Kctd16 ~/~ neurons (Fig. 8F). In this case, overex-
pression of exogenous KCTD16 may outcompete endogenous
KCTD12 (that accelerates deactivation) at the receptor. In contrast,
no slowing of K* current deactivation is observed when overex-
pressing exogenous 16AT1 in Kctd16 '~ neurons, presumably be-
cause 16AT1 does not compete with endogenous KCTD12 for
binding at the receptor. This result is consistent with results obtained
in heterologous cells showing that coexpression of KCTD12 with

revealed that the decay time constant was significantly re-
duced in Kctd16 '~ neurons compared with WT neurons
(Fig. 9C-E). The maximal amplitude of sIPSCs (WT: 19.5 *
8.0pA, n =8 Kctdl6 '~:21.1 = 8.1 pA, n = 8) and the decay
phase of GABA, receptor-mediated IPSCs (Fig. 9 D, E) are not
altered in Kctd16 '/~ neurons. This makes it unlikely that the
changes observed in sIPSC kinetics in Kctd16 '~ neurons are
due to adaptive changes in GABA uptake or degradation. In
Kctd12 ™'~ neurons, the deactivation kinetics of sIPSCs were
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similar to WT neurons while their max-
imal amplitudes were significantly re-
duced (WT: 24.6 = 9.1 pA, n = 11;
Ketd127/7: 16,8 = 7.4, n = 11). The
reduction in amplitude may relate to a
decrease in receptor surface expression
in the absence of KCTD12 (Ivankova et
al., 2013). In summary, we find that the
kinetic properties of sIPSCs in hip-
pocampal neurons are shaped by the
KCTD16-mediated slowing of K™ cur-
rent deactivation, an effect that is re-
tained in hetero-oligomeric complexes
with KCTD12.

Discussion

It is well established that KCTD homo-
oligomers bind to GABAj receptors and
regulate G-protein signaling of the receptor
(Schwenk et al., 2010; Turecek et al., 2014;
Rajalu et al,, 2015). Here we demonstrate
that KCTDs also form hetero-oligomers in
all possible dual combinations. We further
show that GABA; receptors assembled with
KCTD12/KCTD16 hetero-oligomers com-
bine regulatory properties of the individual
KCTDs to generate receptors with novel
signaling characteristics. In response to pro-
longed receptor stimulation for 1 min,
KCTD12/KCTD16 hetero-oligomers pro-
duce moderately desensitizing fast deacti-
vating currents whereas KCTD12 and
KCTD16 homo-oligomers produce
strongly desensitizing fast deactivating
currents and nondesensitizing slowly de-
activating currents, respectively. In re-
sponse to brief receptor stimulation (2 s),
hetero-oligomers produce nondesensitiz-
ing slowly deactivating currents. Accord-
ingly, we show that, in hippocampal
neurons, KCTD12/KCTD16 hetero-oli-
gomers significantly slow the deactivation
kinetics of phasic GABAy receptor-in-
duced sIPSCs.

KCTD hetero-oligomers in the brain

Hetero-oligomerization of KCTDS,
KCTD12, and KCTD16 is mediated by the
self-interacting T1 and H1 homology do-
mains that also mediate homo-oligomeriza-
tion (Schwenk et al., 2010; Correale et al.,
2013). Hetero-oligomerization was ob-
served within other KCTD clades (Sowa et
al., 2009; De Smaele et al., 2011). Based on
our BiLC experiments we conclude that
KCTD oligomers arrange in parallel, similar
as with KCTD5 (Dementieva et al., 2009).

BiLC experiments are consistent with the proposed tetrameric or
pentameric assembly of native KCTD oligomers (Schwenk et al.,
2010; Correale et al., 2013; Smaldone et al., 2016). Because many
neurons in the brain simultaneously express several KCTDs and
some possibly all KCTDs (Metz et al., 2011), hetero-oligomers are
expected to be abundant. In the hippocampus, we estimate that ap-
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Figure 9.
application of baclofen for 15 to cultured hippocampal neurons of WT, Kctd72 ~ ~, or Kctd 16~/ ~ mice. B, Deactivation time constants
obtained from fitting the deactivation phase to a single exponential function. The deactivation time constant was similar in WT and
Ketd12 ~"~ neurons but significantly reduced in Kctd 76—~ neurons. The slow deactivation of the currents was restored in Kctd76 '~
neurons transfected with 16AT1 or KCTD16. Data of 6 (WT), 7 (Katd12 /™), 8 (Katd16 /), 5 (Kctd16 ~/~ + 16AT1), and 5
(Kctd16 ~'~ + KCTD16) neurons. ***p << 0.001 (Dunnett’s multiple-comparison test). €, Examples of sIPSCs recorded from CAT hip-

pocampal neurons of WT or Kctd76 ~ ~ mice in the absence (Control) or presence of the specific GABA; receptor antagonist CGP54626
(holding potential —60 mV). Traces are averages of 10 sIPSCs. D, Superimposed traces of control sIPSCs shown in C displayed with an
expanded time scale. Note the faster deactivation kinetics obtained from Kctd76 '~ neurons. Inset, GABA, receptor-mediated IPSCs
recorded from CAT hippocampal neurons as in € (in the absence of gabazine), clamped at —60 mV. E, Bar graph summarizing the time
constants obtained from afit of the sIPSC deactivation phase toasingle exponential function (left) and the amplitude-weighted mean time
constants obtained from a fit of GABA, IPSC deactivation phase to a double exponential function (right). Data are of 8 (WT) or 8
(Ketd16 /) experiments. ***p < 0.001 (unpaired Student’s t test).

proximately two-thirds of the KCTD16 proteins are involved in
KCTD12/KCTD16 hetero-oligomers. The KCTDs assemble with
GABA, receptors at the cytoplasmic side of the endoplasmic reticulum
membrane (Ivankova et al,, 2013). It is currently unknown whether
KCTD hetero-oligomers assemble randomly or combine by a regulated
process.
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Effects on G-protein signaling

KCTDI12 promotes current desensitization by uncoupling Gy
subunits from effector K* channels via its H1 domain (Seddik et
al., 2012; Turecek et al., 2014). In contrast, KCTD16 prevents
desensitization via its H2 domain (Seddik et al., 2012). We now
show that KCTD hetero-oligomers not only bind to the receptor
but also to the G-protein. Simultaneous incorporation of distinct
KCTD proteins into GABAj, receptors therefore allows combin-
ing regulatory effects on G-protein signaling into individual re-
ceptors. We found that, in KCTD12/KCTD16 hetero-oligomers,
both KCTDs retain their regulatory effect on K™ current desen-
sitization. Reconstitution experiments in CHO cells reveal that
KCTD12/KCTD16 hetero-oligomers yield K* currents with in-
termediate desensitization kinetics. We also observed that
KCTD12 and KCTD16 have opposite effects on the deactivation
of GABAj, receptor-activated K™ currents; KCTD12 accelerates,
whereas KCTD16 decelerates, deactivation. Interestingly, faster
deactivation kinetics appear to depend on the extent of KCTD12-
induced desensitization. In the presence of KCTD12, prolonged
receptor activation results in desensitized K™ currents exhibiting
fast deactivation while short activation produces nondesensitized
K™ currents with slow deactivation. The underlying molecular
mechanism is unknown but might relate to scavenging of GBy
from the Kir3 channel by KCTD12. At steady-state desensitiza-
tion, scavenging of GBy will result in lower GB7y occupancy at the
channel (Sadja et al., 2002; Whorton and MacKinnon, 2013;
Yakubovich et al., 2015), which will accelerate dissociation of
Gpry and deactivation of the response. Similarly, the exact mech-
anism by which KCTD16 slows Kir3 current deactivation is un-
known. Because the mutant 16AT1 slows the deactivation in the
absence of binding to the receptor, the deactivation mechanism
likely operates at the G-protein and/or at the effector channel.
KCTD16 may, for example, slow current deactivation by facili-
tating binding of G-protein By subunits at Kir3 channels. This
would explain why KCTD16 slows deactivation in the absence
(short receptor activation) but not in the presence of By scaveng-
ing by KCTD12 (prolonged activation). Alternatively, it is also
possible that KCTD16 slows current deactivation by interfering
with the activity of endogenous regulator of G-protein signaling
(RGS) proteins at the G-protein a subunit (Xie et al., 2010; Zhou
et al., 2012; Ostrovskaya et al., 2014).

Physiological relevance of KCTD hetero-oligomers

Our electrophysiological experiments in hippocampal neurons
support that KCTD12/KCTD16 hetero-oligomers slow the deac-
tivation kinetics of GABAg-induced K™ currents during brief ac-
tivation of the receptor. The deactivation kinetics of K currents
is known to be a limiting step for the termination of GABA;-
mediated sIPSCs (Xie et al., 2010). Accordingly, we found that, in
Kctd16 '~ hippocampal neurons, the decay of GABA z-activated
sIPSCs is significantly accelerated. Conversely, a recent study re-
ported that the decay of GABAjy receptor-activated sIPSCs
in Kctd12™'~ cholecystokinin-containing interneurons, which
normally express high amounts of KCTD12, is significantly de-
celerated (Booker et al., 2016). These studies highlight that the
KCTDs can directly influence the kinetics of sIPSCs in select
neuronal populations.

Of note, our experiments show that the kinetic changes mea-
sured in electrophysiological experiments with knock-out neu-
rons are less pronounced than those measured in cells in which
receptor assemblies are forced through overexpression of KCTD
subunits. Earlier proteomic experiments revealed that ~60% of
all GABAy receptors in the adult mouse brain are devoid of
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KCTD proteins (Turecek et al., 2014). In KCTD knock-out neu-
rons, the responses of affected GABAj receptors are partly
masked by the responses of unaffected GABA receptors. Electro-
physiological whole-cell recordings from knock-out neurons
thus underestimate the kinetic changes at individual receptors.
Nevertheless, we observe significant kinetic changes in knock-out
neurons. These changes are likely to be of physiological relevance,
given that Kctd12~'~ and Kctd16 '~ mice exhibit behavioral
phenotypes (Cathomas et al., 2015, 2017). Of note, behavioral
phenotypes in Kctd12 '~ mice can be directly related to GABA,,
receptor signaling because KCTD12 in the adult brain is exclu-
sively associated with GABAy receptors (Turecek et al., 2014).
Modulatory effects on the kinetics of GABAj-activated K™ cur-
rents were also observed for RGS proteins. For example, RGS7
was shown to act in concert with G35 to accelerate GABA recep-
tor induced K™ current deactivation (Xie et al., 2010; Zhou et al.,
2012; Ostrovskaya et al., 2014), whereas RGS4 enhances K cur-
rent desensitization (Mutneja et al., 2005). Likewise, phosphory-
lation of GABA, by cAMP-dependent protein kinase (PKA) also
influences the kinetics of the receptor response (Couve et al.,
2002; Adelfinger et al., 2014).

Based on our findings, we propose that KCTD hetero-oligomers
serve as regulatory building blocks that enable a fine-tuning of
GABA, receptor-induced K™ currents. In this context, it will be
important to determine the KCTD composition of GABAj recep-
tors in axonal, somatic, and dendritic compartments of identified
neurons. Both the distribution of KCTD proteins (Metz et al., 2011)
and the temporal dynamics of receptor activation may vary between
these compartments and, as we show here, will influence the recep-
tor response. Mounting evidence also suggests that the level of inhi-
bition mediated by GABA-Kir3 signaling is tuned to changes in
neuronal excitability and modified by drugs of abuse (Huang et al.,
2005; Arora et al., 2011; Padgett et al., 2012; Hearing et al., 2013). It
will therefore be important to address whether the composition of
GABAg/KCTD receptor complexes is regulated, as has been sug-
gested for other GPCRs and their associated proteins (Maurice et al.,
2012). For example, changes in KCTD12 expression during devel-
opment (Resendes et al., 2004) or in disease (Glatt et al., 2005; Miller
etal., 2008; Sibille etal., 2009; Benes, 2010; Lee et al., 2011; Cathomas
et al., 2015) might alter the kinetics of receptor responses through
influencing the composition of KCTD hetero-oligomers.
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