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I. SUMMARY
GABAB receptors are the G protein‐coupled receptors (GPCRs) for γ‐aminobutyric acid (GABA), the main
inhibitory neurotransmitter in the central nervous system. They are membrane receptors with a seven
membrane‐spanning domain and are composed of the principal subunits GABAB1 and GABAB2. Activated
GABAB receptors regulate G protein‐coupled inwardly rectifying K+ channels (GIRKs), voltage‐gated Ca2+
channels (VGCCs) and adenylyl cyclases (ACs). The K+ channel tetramerization domain‐containing (KCTD)
proteins were shown to be auxiliary subunits of GABAB receptors that constitutively bind to the receptor
via GABAB2 and regulate receptor signaling in a KCTD‐subtype specific manner (Schwenk et al., 2010). The
aim of this thesis was to better understand the KCTD12‐mediated modulation of GABAB receptor
signaling as well as to explore new mechanisms of receptor fine‐tuning.
The first part of this thesis uncovers the mechanism of GABAB receptor‐activated K+ current
desensitization induced by KCTD12. Besides the constitutive binding of all KCTDs to the G‐protein,
selectively KCTD12 has a second binding site on the activated Gβγ subunit. A switch in binding uncouples
Gβγ from the K+ channels and induces K+ current desensitization. Native KCTD12 associates exclusively
with GABAB receptors rendering this mechanism receptor specific. (Turecek et al., 2014)
In the second part, we investigated the effects of GABAB receptor phosphorylation on KCTD12‐induced K+
current desensitization. Phosphorylation of serine‐892 (S892) in GABAB2 by protein kinase A (PKA) was
previously described as a rather slow mechanism to regulate GABAB receptor desensitization (Couve et
al., 2002). In contrast, KCTD12‐induced desensitization of GABAB receptor‐activated K+ currents
represents a fast form of desensitization. We show that both mechanisms of desensitization influence
each other. S892 phosphorylation slows KCTD12‐induced K+ current desensitization by rearranging
KCTD12 at the receptor. In turn, KCTD12 promotes tonic S892 phosphorylation by binding to GABAB
receptors. This cross‐regulation renders the signaling of GABAB receptors more precise and highly
dependent on both the expression of KCTD12 and the activity of PKA. (Adelfinger et al., 2014)
The third part reveals that all KCTDs exert marginal allosteric influence on the ligand binding affinity of
GABAB receptors. However, we show that KCTD8, in contrast to KCTD12 and KCTD16, reduces the basal
G‐protein activation of GABAB receptors. (Rajalu et al., 2014)
The fourth part summarizes an ongoing project in which we investigate the effects of 14‐3‐3 proteins and
cullin3 (CUL3) on GABAB receptor signaling. 14‐3‐3 ε and γ specifically interact with KCTD16 through its
H2‐domain. This binding regulates the expression of KCTD16 and GABAB2 resulting in altered Gα‐signaling
of GABAB receptors. Furthermore, we report a specific interaction between KCTD16 and CUL3, which is
controlled by 14‐3‐3 proteins. In summary, we propose that 14‐3‐3 proteins determine the rate of
lysosomal GABAB receptor degradation, which is induced upon binding of KCTD16 and CUL3. (Adelfinger
et al., in preparation)
Finally, in collaboration with the group of Jan Siemens from Heidelberg we studied how GABAB receptors
reciprocally counteract the sensitization of the capsaicin receptor TRPV1. (Hanack et al., in preparation)
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II. ABBREVIATIONS
AC

adenylyl cyclase

AMP

adenosine monophosphate

AMPK

AMP‐dependent protein kinase

AP

action potential

BRET

bioluminescence resonance energy transfer

BTB

Bric‐a‐brac, Tramtrack, Broad‐complex

cAMP

cyclic adenosine monophosphate

CA1

Cornu Ammonis area 1

CaR

calcium‐sensing receptor

CaV2.1/2.2

voltage‐gated P/Q‐ and N‐type Ca2+ channels

CNS

central nervous system

COPI

coat protein complex I

ER

endoplasmic reticulum

ERAD

ER‐associated degradation

ESCRT

endosomal sorting complex required for transport

GABA

gamma‐amino butyric acid

GABAA

gamma‐amino butyric acid receptor type A

GABAB

gamma‐amino butyric acid receptor type B

GABAB2‐/‐

GABAB2 deficient

GABAC

gamma‐amino butyric acid receptor type C

GAD

glutamate decarboxylase

GDP

guanosine diphosphate

GIRK

G‐protein coupled inwardly rectifying K+ channels

GPCR

G protein‐coupled receptor

GRK

G protein‐coupled receptor kinase

GTP

guanosine triphosphate

H1, H2

homology domain 1 and 2

IPSC

inhibitory postsynaptic current

KCTD

K+ channel tetramerization domain containing
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NMDA

N‐methyl‐D‐aspartate

NMDAR

NMDA‐type glutamate receptors

PAM

positive allosteric modulator

PKA

cyclic AMP‐dependent protein kinase A

POZ

Pox virus and Zinc finger

T1

tetramerization domain

VFTM

venus flytrap module

VGCC

voltage‐gated Ca2+ channels

WT

wild‐type
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1 INTRODUCTION
1.1 GABA and GABA receptors
In 1950, Roberts and Frankel described γ‐aminobutyric acid (GABA) for the first time as a highly
abundant amino acid in the brain (Roberts and Frankel, 1950). Later GABA was shown to be the major
inhibitory neurotransmitter in the central nervous system, besides L‐glutamate being the major
excitatory neurotransmitter in the brain (Curtis et al., 1959). As both neurotransmitters are involved in a
wide range of neurological processes and functions, an imbalance in excitation and inhibition is often the
cause for neurological and psychiatric disorders, including epilepsy, bipolar disorders, depression or
anxiety.
GABA is synthesized from its precursor L‐glutamate by glutamate decarboxylase (Roberts and Frankel,
1950). GABAergic nerve terminals release GABA into the synaptic cleft, where it binds to GABA receptors
localized at pre‐ or postsynaptic membranes. Its action is mediated by two main classes of receptors, the
ionotropic GABAA receptors and the metabotropic GABAB receptors. GABAC receptors were described as
a third class of GABA receptors mainly expressed in the retina (Chebib, 2004). However, nowadays they
are rather considered to be a subtype of GABAA receptors as they share high similarity in structure and
function with GABAA receptors.
Ionotropic GABAA receptors belong to the superfamily of ligand‐gated ion channels that comprise glycine
receptors, nicotinic acetylcholine receptors and 5‐HT3 serotonin receptors. They are pentameric
transmembrane receptors that are formed from a repertoire of 16 subunits (α1‐6, β 1‐3, γ1‐3, δ, ε, π,
and θ) (Mohler, 2006). The subunit assembly determines the physiology and localization of GABAA
receptors. Activation of GABAA receptors results in neuronal inhibition as they increase the membrane
conductance of the postsynapse thereby decreasing the probability of action potential formation (Olsen
and DeLorey, 1999). GABAA receptor ligands are commonly used as therapeutics for psychiatric and
neurological disorders, like anxiety or epilepsy (Foster and Kemp, 2006). Barbiturates and
benzodiazepines are two examples of widely used drugs that act anxiolytic, anticonvulsant and sedative
by enhancing GABAergic transmission through GABAA receptors (Olsen and DeLorey, 1999). Whereas
GABAA receptors provoke fast inhibitory postsynaptic currents (IPSCs), a slow form of IPSCs is mediated
by metabotropic GABAB receptors.

1.2 The GABAB receptors
Structure and Function
Metabotropic GABAB receptors belong to the class C of G protein‐coupled receptors (GPCRs), which
include calcium‐sensing receptors, metabotropic glutamate receptors, taste receptors type 1 and some
orphan receptors (Foord et al., 2005). Functional GABAB receptors are obligate heteromers that
assemble from two principal subunits, GABAB1 and GABAB2 (Jones et al., 1998, Kaupmann et al., 1998,
White et al., 1998, Kuner et al., 1999, Ng et al., 1999). Receptor heterogeneity is based on two splice
variants of the GABAB1 subunit, GABAB1a and GABAB1b, which differ in their N‐terminus by a pair of sushi
domains unique to GABAB1a (Blein et al., 2004). Both GABAB1 and GABAB2 subunits contain a long
10
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intracellular tail, a seven transmembrane domain and a large extracellular venus fly‐trap domain (VFTD)
that harbors the ligand‐binding site (Galvez et al., 1999, Galvez et al., 2000). Despite a high degree of
homology, both subunits exert unique functions and characteristics. GABAB1 provides the binding site for
GABA, GABAB2 increases the agonist affinity on GABAB1 and mediates receptor signaling by coupling to
the G‐protein (Malitschek et al., 1999, Galvez et al., 2000, Liu et al., 2004). Unique to GABAB1 is the RSRR
retention signal for the endoplasmic reticulum (ER), which is masked by the interaction with GABAB2 via
their intracellular coiled‐coil domain (Margeta‐Mitrovic et al., 2000, Pagano et al., 2001, Gassmann et al.,
2005). Accordingly, only correctly formed GABAB1/2 heterodimers translocate to the cell surface and
represent functional receptors. Ligand binding to GABAB1 causes a conformational rearrangement of the
VFTD dimer, which is required for receptor activation and G‐protein coupling by GABAB2 (Rondard et al.,
2008, Rondard et al., 2011). As heteromerization is obligate, ablation of either GABAB1 or GABAB2
eliminates any physiological responses of GABAB receptors in mice (Schuler et al., 2001, Gassmann et al.,
2004).
Heterotrimeric G‐proteins are the molecular switches in signal transduction in response to the activation
of GPCRs (Oldham and Hamm, 2008). They are composed of three subunits, α, β and γ. The α‐subunit
cycles between an inactive GDP‐bound state and an active GTP‐bound state. The heterotrimeric, inactive
G‐protein is bound to the receptor and dissociates into the GTP‐bound α‐subunit and the βγ‐dimer upon
receptor activation. Consequently, both subunits are able to interact with their downstream effectors.
The signal is terminated on hydrolysis of GTP to GDP by the GTPase activity of the Gα, which is promoted
by regulators of G‐protein signaling (RGS) proteins.
Four main classes of heterotrimeric G‐proteins are described based on the diversity of the Gα subunit:
Gαs, Gαi/o, Gαq and Gα12 (Simon et al., 1991). GABAB receptors are coupled to Gαi/o‐type G‐proteins
(Campbell et al., 1993, Greif et al., 2000). Free Gαi/o inhibits adenylyl cyclase, which accordingly
decreases intracellular cAMP levels and the activity of PKA. In presynaptic compartments, low levels of
cAMP prevent spontaneous neurotransmitter release by restricting vesicle fusion (Sakaba and Neher,
2003, Rost et al., 2011). Postsynaptically, reduced PKA activity inhibits the Ca2+ permeability of NMDA‐
type glutamate receptors (NMDARs), disinhibits TREK2 channels and affects gene expression (Fukui et al.,
2008, Deng et al., 2009, Chalifoux and Carter, 2010, Schwirtlich et al., 2010). The βγ‐subunits of the G‐
protein, on the other hand, limit vesicle fusion and evoked Ca2+‐dependent neurotransmitter release at
the presynapse by inhibiting voltage‐gated P/Q‐ (CaV2.1) and N‐type (CaV2.2) Ca2+ channels (Couve et al.,
2000, Bowery et al., 2002, Bettler et al., 2004, Yoon et al., 2007, Wells et al., 2012). Postsynaptically
released Gβγ hyperpolarizes the cell by opening G protein‐activated inwardly rectifying potassium (GIRK)
channels, which induces slow inhibitory postsynaptic currents (slow IPSCs) and inhibits neuronal
excitability (Couve et al., 2000, Bowery et al., 2002, Bettler et al., 2004, Leung and Peloquin, 2006).

11
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Figure 1: Pre‐ and postsynaptic signaling pathways of GABAB receptors. a¦ Presynaptic GABAB receptors activate
Gαi/o‐type G‐proteins. The α‐subunit inhibits the activity of adenylyl cyclase, which decreases intracellular cyclic
adenosine monophosphate (cAMP) levels. Low cAMP prevents spontaneous neurotransmitter release (Sakaba and
Neher, 2003, Rost et al., 2011). Released βγ‐subunits of the G‐protein negatively couple to voltage‐gated Ca2+
channels (VGCC) resulting in low intracellular Ca2+ levels, which inhibits evoked neurotransmitter release. This, in
turn, regulates long‐term potentiation (LTP) processes (Davies et al., 1991, Shaban et al., 2006, Vigot et al., 2006).
b¦ Activation of postsynaptic GABAB receptors inhibits adenylyl cyclase and protein kinase A (PKA), which affects
gene regulation, alleviates tonic inhibition of TREK2 channels and activates NMDA‐type glutamate receptors
(NMDARs) (Fukui et al., 2008, Deng et al., 2009, Chalifoux and Carter, 2010, Schwirtlich et al., 2010). Released βγ
opens G protein‐coupled inwardly rectifying potassium (GIRK) channels resulting in slow inhibitory postsynaptic
potentials (IPSPs), less back‐propagating action potentials (APs) and the termination of up states (Scanziani, 2000,
Koch and Magnusson, 2009, Mann et al., 2009, Isaacson and Scanziani, 2011). They further inhibit VGCCs which
prevents dendritic Ca2+ spikes (Perez‐Garci et al., 2006, Chalifoux and Carter, 2011). Figure from (Gassmann and
Bettler, 2012).

12

Introduction
Distribution and Localization
GABAB receptors are widely distributed in the central nervous system. They are abundantly expressed in
most neuronal cell populations and to a lower extend in non‐neuronal cells (Charles et al., 2003). Brain
areas of high GABAB receptor expression are the cerebellum, cortex, thalamus and hippocampus (Durkin
et al., 1999, Fritschy et al., 1999, Margeta‐Mitrovic et al., 1999). Electron microscopy and GABAB‐specific
antibodies enabled localization studies in defined subcellular compartments (Kaupmann et al., 1998,
Kulik et al., 2002, Lopez‐Bendito et al., 2002, Kulik et al., 2003). GABAB receptors are localized on
presynaptic and, more abundantly, on postsynaptic membranes. Presynaptic GABAB receptors were
mostly found on extrasynaptic membranes and occasionally over presynaptic membrane specializations
of glutamatergic and, to a lesser extent, of GABAergic terminals. Their presynaptic expression plays a
crucial role in regulating the neurotransmitter release from glutamatergic synapses (heteroreceptors)
and GABAergic synapses (autoreceptors)(Kulik et al., 2002). Postsynaptic GABAB receptors are enriched
extrasynaptically on spines around putative glutamatergic synapses and evenly distributed on dendritic
shafts of principal cells contacted by GABAergic boutons. The apparent restriction of GABAB receptors to
extrasynaptic compartments accounts for receptor activation by GABA spillover from simultaneously
active GABAergic cells (Scanziani, 2000).
The distribution of GABAB receptors is furthermore regulated by the heterogeneity of its principal
subunits. Whereas GABAB(1a,2) receptors are mainly localized to presynaptic compartments, GABAB(1b,2)
receptors are found more prominent in postsynaptic membranes (Vigot et al., 2006). This subunit‐
specific division of GABAB receptor expression indicates a higher contribution of GABAB(1a,2) receptors to
heteroreceptor function (Guetg et al., 2009). In contrast, both GABAB1 subunits contribute equally to
autoreceptor function on GABAergic terminals. A summary of phenotypes of GABAB receptor principal
subunit mutant mice can be found in (Gassmann and Bettler, 2012).

KCTD proteins, the auxiliary subunits of GABAB receptors
The studies of recombinant GABAB receptors displayed different receptor characteristics compared to
native GABAB receptors. Affinity‐purification of native GABAB receptor complexes followed by mass
spectrometry analysis revealed a number of interacting proteins that may modify GABAB receptor
responses and may account for the discrepancies between native and recombinant receptor responses
(Bartoi et al., 2010, Schwenk et al., 2010). These studies identified members of the K+ channel
tetramerization domain‐containing (KCTD) protein family, namely KCTD8, 12, 12b and 16, to be
associated with native GABAB receptors. These cytosolic proteins bind GABAB receptors with their
conserved N‐terminal tetramerization (T1) domain, which is highly homologous to the T1 domain of
voltage‐gated K+ channels (Schwenk et al., 2010). It contains a BTB (Bric‐a‐brac, Tramtrack, Broad‐
complex) domain, also termed POZ (Pox virus and Zinc finger) domain, that is required for self‐
association and binding to other proteins (Godt et al., 1993, Bardwell and Treisman, 1994, Zollman et al.,
1994). Some BTB‐containing proteins were found to be important for ion channel function, cytoskeletal
or transcriptional regulation and protein degradation (Melnick et al., 2000, Furukawa et al., 2003, Stogios
et al., 2005). All four KCTD proteins have a sequence‐related H1 homology domain but only KCTD8 and
KCTD16 have an additional sequence‐related H2 homology domain (Schwenk et al., 2010). These
13
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domains do not share obvious sequence similarities with other proteins that would indicate a certain
function.
All KCTDs were shown to shorten the rise time of GABAB receptor‐activated K+ currents (Schwenk et al.,
2010). The most prominent effect on GABAB receptor signaling is induced by KCTD12 and KCTD12b. Both
subunits were shown to strongly desensitize GABAB receptor‐activated K+ currents and GABAB receptor‐
mediated inhibition of voltage‐gated Ca2+ channel (VGCC) currents (Schwenk et al., 2010). Accordingly,
KCTD12 knock‐down in mice exhibits significantly less desensitization of GABAB receptor‐activated K+
currents confirming the recombinant effects of KCTD12 in vivo (Schwenk et al., 2010). It is interesting to
note that KCTD12 promotes desensitization while at the same time up‐regulates the cell surface
expression of GABAB receptors resulting in a higher baclofen‐induced K+ current density (Ivankova et al.,
2013). As a consequence of both effects, it is suggested that KCTD12 increases the temporal precision of
GABAB receptor signaling.

Trafficking, desensitization and degradation
ER export
Cell surface expression of GABAB receptors is controlled by the export of GABAB1 from the ER. While
GABAB2 is able to independently translocate to the membrane, GABAB1 is retained in the ER via its ER
retention signal. The coat protein complex I (COPI) recognizes such signals thereby mediating the
retrieval of GABAB1 from the cis‐Golgi back to the ER (Brock et al., 2005). Some cases have been
reported, where 14‐3‐3 proteins interfere with the ER retrieval by competing with this interaction.
However, forward trafficking of GABAB1 was shown to take place independent of 14‐3‐3 proteins (Brock
et al., 2005). It is, however, dependent on the heterodimerization with GABAB2, which masks the ER
retention signal and promotes ER export (Margeta‐Mitrovic et al., 2000, Pagano et al., 2001, Gassmann
et al., 2005). The ER expression of GABAB2 is hence the limiting factor for receptor trafficking to the cell
surface.

Desensitization
Once the receptors are localized at the cell membrane, prolonged receptor activation initiates the
termination of receptor responses to protect the cell from overstimulation. This phenomenon is referred
to as desensitization (Sodickson and Bean, 1996, Wetherington and Lambert, 2002, Sickmann and
Alzheimer, 2003, Cruz et al., 2004). For most GPCRs, this event includes phosphorylation by G protein‐
coupled receptor kinases (GRKs) followed by an arrestin‐mediated internalization (Ferguson, 2001,
Gainetdinov et al., 2004). Internalized receptors are subsequently de‐phosphorylated to be recycled or
finally degraded in lysosomes. The classical mechanism of GPCR desensitization, however, does not apply
for GABAB receptors. Although GRKs induce desensitization of GABAB receptors, this was shown to be
independent of their kinase activity. GRK4 induces a phosphorylation‐independent GABAB receptor
desensitization by directly interacting with the receptor (Perroy et al., 2003, Kanaide et al., 2007, Ando et
al., 2011). Also GRK2 induces desensitization independent of its kinase activity by scavenging Gβγ from
14
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the GIRK channels (Raveh et al., 2010, Turecek et al., 2014). Besides these phosphorylation‐independent
mechanisms, GABAB receptor desensitization can be further induced by phosphorylation‐dependent
mechanisms. An example is the interaction of NEM‐sensitive fusion (NSF) protein with the GABAB
receptor, which promotes protein kinase C (PKC)‐mediated receptor phosphorylation and subsequent
desensitization (Pontier et al., 2006). On the contrary, receptor phosphorylation can even counteract its
desensitization. The phosphorylation of GABAB2 S783 or S892 by AMP‐dependent protein kinase (AMPK)
and PKA, respectively, enhance GABAB receptor‐activated GIRK currents by increasing the number of
membrane‐bound receptors (Couve et al., 2002, Kuramoto et al., 2007). Together, these studies underlay
the importance of phosphorylation events on the regulation of GABAB receptor desensitization.

Figure 2: Phosphorylation of serine residues on principal GABAB receptor subunits modulates surface expression
and effector coupling. Phosphorylation of S867 in GABAB1 by the Ca2+/calmodulin‐dependent protein kinase II
(CaMKII) increases GABAB receptor endocytosis and inhibits GABAB receptor‐mediated activation of G protein‐
activated inwardly rectifying potassium channels (GIRKs) (Guetg et al., 2010). AMP‐dependent protein kinase
(AMPK)‐mediated phosphorylation and protein phosphatase 2A (PP2A)‐mediated de‐phosphorylation of S783 in
GABAB2 promotes receptor recycling and degradation, respectively (Maier et al., 2010, Terunuma et al., 2010).
Phosphorylation of S892 in GABAB2 by protein kinase A (PKA) increases surface stability and thereby GABAB
receptor‐mediated activation of GIRK channels (Couve et al., 2002). Figure from (Gassmann and Bettler, 2012).

Endocytosis
The endocytic pathway is a process that precisely controls the activity of GPCRs. It determines whether
GPCRs are sorted to endosomes for recycling or to lysosomes for degradation. GPCRs are internalized
from the cell membrane by constitutive or agonist‐induced endocytosis, the latter allowing for fast signal
termination. It is still a controversy whether GABAB receptors undergo agonist‐induced internalization.
Whereas some studies describe the endocytosis of GABAB receptors upon sustained agonist treatment
(Gonzalez‐Maeso et al., 2003, Laffray et al., 2007), a number of other publication could not confirm these
results (Fairfax et al., 2004, Grampp et al., 2007, Grampp et al., 2008, Vargas et al., 2008). Constitutive
15
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endocytosis, on the other hand, is a well‐accepted mechanism for GABAB receptors. Both heterologous
and native GABAB receptors constitutively internalize via the clathrin‐ and dynamin‐dependent pathway
that is controlled by glutamate (Grampp et al., 2007, Grampp et al., 2008, Vargas et al., 2008, Wilkins et
al., 2008, Pooler et al., 2009). GABAB receptors were shown to internalize as dimers and their rate of
internalization is regulated by the GABAB2 subunit (Hannan et al., 2011). Following internalization, GABAB
receptors are sorted either to endosomes for recycling or to lysosomes for degradation. Receptor
recycling was found to be accelerated by the GABAB receptor agonist baclofen (Laffray et al., 2007,
Grampp et al., 2008). Constitutive internalization and rapid recycling generate a high level of intracellular
receptors that can be instantly inserted into the cell membrane. Increasing the rate of recycling without
changing the rate of internalization (Benke et al., 2012) helps to keep the energy expenditure of a cell
low as both, internalization and recycling, are energy‐intensive processes.

Degradation
After endocytosis, GPCRs are either re‐used or degraded. For recycling, receptors are sorted to
endosomes and subsequently re‐inserted into the membrane. For degradation, receptors are directed to
lysosomes, the major compartment of a cell for the degradation of membrane receptors. Lysosomal
degradation is initiated by fusion of endocytic vesicles containing the receptors with early endosomes
followed by their maturation to late endosomes. The endosomal sorting complex required for transport
(ESCRT) machinery binds K63‐linked ubiquitinated proteins and targets them to endosomes (Raiborg and
Stenmark, 2009). Finally, late endosomes fuse with lysosomes, where the ingested receptors are
degraded (Futter et al., 1996, Bright et al., 1997, Mullock et al., 1998, Ward et al., 2000). GABAB
receptors were shown to be present in early and late endosomes and to be degraded in lysosomes
dependent on the ESCRT machinery (Grampp et al., 2007, Grampp et al., 2008, Kantamneni et al., 2008,
Hannan et al., 2011).
GABAB receptors are abundant on glutamatergic synapses and precisely control glutamate release (Kulik
et al., 2006, Guetg et al., 2009). It is therefore not surprising that glutamate in turn regulates the
expression of GABAB receptors by controlling their postendocytic sorting (Vargas et al., 2008, Maier et
al., 2010). Application of glutamate to cortical neurons decreases the amount of cell surface GABAB
receptors by shifting the balance from recycling to degradation (Maier et al., 2010). Furthermore, a
reciprocal signaling crosstalk between GABAB receptors and NMDARs was observed. While GABAB
receptors inhibit the Ca2+ permeability of NMDARs, NMDARs mediate GABAB receptor internalization by
phosphorylation of S867 in GABAB1 and S783 in GABAB2 (Morrisett et al., 1991, Otmakhova and Lisman,
2004, Chalifoux and Carter, 2010, Guetg et al., 2010, Terunuma et al., 2010). This crosstalk determines
the receptor contribution to postsynaptic signaling which may be relevant for diseases that depend on
both GABAB receptors and NMDARs, like obsessive compulsive disorders (Richter et al., 2011).
For several years, lysosomal degradation was the only known degradation pathway that regulates the
expression of GABAB receptors. Very recently, Zemoura et al. discovered that cell surface expression of
GABAB receptors is also controlled by the proteasomal degradation pathway (Zemoura et al., 2013,
Zemoura and Benke, 2014). Proteasomal degradation requires the covalent attachment of ubiquitin to
the substrate, which is bound to a E3 ubiquitin‐ligase (for a review see (Glickman and Ciechanover,
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2002)). Ubiquitin is activated by the ubiquitin‐activation enzyme E1 and transferred from E1 to the
substrate by the ubiquitin‐conjugating enzyme E2. The proteasome recognizes explicitly K48‐linked
polyubiquitinated proteins (Chau et al., 1989, Finley et al., 1994), whereas K63‐linked polyubiquitin
chains serve as non‐proteolytic signal (Deng et al., 2000). The proteasomal degradation pathway serves
as quality control of ER membrane proteins or proteins that cross the ER membrane. Abnormal or
misfolded receptors are removed from the ER through the ER‐associated degradation (ERAD) (Vembar
and Brodsky, 2008). GABAB receptors are K48‐linked polyubiquitinated on the C‐terminus of the GABAB2
subunit and interact with components of the ERAD machinery, which controls the amount of GABAB
receptors (Zemoura et al., 2013). Finally, proteasomal degradation of GABAB receptors is controlled by
neuronal activity (Zemoura and Benke, 2014), which may have a major influence on homeostatic
synaptic plasticity.

1.3 The 14‐3‐3 proteins
Structure, expression and binding sites
14‐3‐3 proteins were first described in 1967 as acidic dimeric proteins and their name derived from their
elution and migration profile on DEAE‐cellulose chromatography and starch gel electrophoresis (Moore
and Perez, 1967, Ichimura et al., 1988, Martin et al., 1993). They are a highly conserved protein family
and abundant in all eukaryotic organisms. Multiple isoforms are found in many organisms, with seven
isoforms in mammals (β, γ, ε, ζ, η, τ, σ) two of them (β and γ) having a phosphorylated form (α and δ)
(Aitken et al., 1995). They are expressed in almost all tissues, including brain, heart, liver and testes
(Boston et al., 1982, Celis et al., 1990). 14‐3‐3 proteins are mainly localized in the cytoplasm but also
found at the plasma membrane, ER, Golgi and nucleus (Celis et al., 1990, Leffers et al., 1993, Freed et al.,
1994, Martin et al., 1994, Fanger et al., 1998, Tang et al., 1998, Garcia‐Guzman et al., 1999). All 14‐3‐3
proteins, except 14‐3‐3 σ, form homo‐ and heterodimers, which allows the binding of two substrates at a
time (Benzinger et al., 2005, Wilker et al., 2005, Gardino et al., 2006). 14‐3‐3 proteins interact with more
than 200 proteins involved in almost every cellular process, like signal transduction, apoptosis, protein
trafficking, protein degradation or endocytosis. Although 14‐3‐3 proteins mostly recognize and bind
phosphorylated peptides of their binding partners, some studies report phosphorylation‐independent
binding of 14‐3‐3 to their substrates (Yaffe et al., 1997). Three main consensus sequences are described
as 14‐3‐3 binding motifs. The mode I binding site is R‐S‐X‐pS/pT‐X‐P, the mode II binding site is R‐X‐F/Y‐X‐
pS/pT‐X‐P, where pS/pT represents a phosphoserine or phosphothreonine and X is any residue (Muslin
et al., 1996, Yaffe et al., 1997, Rittinger et al., 1999). The third binding motif was found years later to be
located at the very C‐terminus of some proteins containing an R‐X‐X‐pS/pT‐X‐COOH sequence (Coblitz et
al., 2005, Shikano et al., 2005). Still, it is important to note that some 14‐3‐3 interactions do not involve
any of the above mentioned motifs (Petosa et al., 1998, Masters et al., 1999, Wang et al., 1999, Zhai et
al., 2001, Henriksson et al., 2002).
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Function
14‐3‐3 proteins play an important role in a variety of cellular processes so their functions are described
to be manifold. A predominant function of 14‐3‐3 proteins is the translocation of proteins from the
nucleus to the cytoplasm or from the ER to the cell membrane. 14‐3‐3‐mediated nuclear export to the
cytoplasm was shown for class II histone deacetylases (HDACs), the cyclin‐dependent kinase inhibitor
p27 and the human telomerase reverse transcriptase (hTERT) (Seimiya et al., 2000, McKinsey et al., 2001,
Sekimoto et al., 2004). The ER export of membrane proteins is probably the best described function of
14‐3‐3 proteins (Nufer and Hauri, 2003, Coblitz et al., 2005). Membrane proteins contain an ER retention
signal ‐ internal RXR or C‐terminal KKXX ‐ that prevents cell surface expression of unassembled or
misfolded proteins. The binding of COPI to either of these signals ensures the retrieval of cargo from the
cis‐Golgi to the ER (Bonifacino and Lippincott‐Schwartz, 2003, Yuan et al., 2003, Lee et al., 2004). 14‐3‐3
proteins compete with this interaction, which promotes the forward trafficking of their binding partners
(O'Kelly et al., 2002, Rajan et al., 2002, Yuan et al., 2003, Zuzarte et al., 2009) and eventually up‐regulates
cell surface expression (Godde et al., 2006, Heusser et al., 2006, Okamoto and Shikano, 2011, Cho et al.,
2014). However, cell surface expression can be dependent on COPI but independent on 14‐3‐3 proteins
as shown for the GABAB1 subunit (Brock et al., 2005). Another function of 14‐3‐3 proteins is the
regulation of protein activity and stability. Binding of 14‐3‐3 can inhibit the activity of proteins, as shown
for the big mitogen‐activated protein kinase 1 (BMK1), or enhance it, as shown for the plasma
membrane H+‐ATPase, protein kinase C, human tryptophan hydroxylase 2, T‐lymphoma invasion and
metastasis protein (Tiam1), serotonin N‐acetyltranserase (AANAT) or SCFFbx4 (Van Der Hoeven et al.,
2000, Obsil et al., 2001, Kanczewska et al., 2005, Winge et al., 2008, Woodcock et al., 2009, Barbash et
al., 2011).
The interaction of 14‐3‐3 proteins with a number of GPCRs provides them with a pivotal role in the
regulation of signal transduction. β1‐adrenergic receptors (β1ARs) deficient in 14‐3‐3 ε‐binding were
found to activate Kv11.1 K+ channels in contrast to wild‐type receptors that inhibit these channels (Tutor
et al., 2006). It is suggested that Kv11.1 ‐ also capable of 14‐3‐3 ε binding ‐ and β1AR compete for the
same pool of 14‐3‐3 ε, which regulates the β1AR/Kv11.1 signaling. Another member of the 14‐3‐3 family,
14‐3‐3 τ, binds the human follitropin receptor (FSHR) resulting in decreased follitropin‐induced cAMP
accumulation (Cohen et al., 2004). 14‐3‐3 θ and ζ bind the calcium‐sensing receptor (CaR) and attenuate
its Rho kinase signaling likely through masking the CaR binding site for Rho GTPase (Arulpragasam et al.,
2012). The loss of 14‐3‐3 ζ binding to the human thromboxane receptor (TP), on the other hand, was
shown to decrease TR agonist‐induced activation of ERK as 14‐3‐3 ζ is thought to function as scaffold
protein between TP and Raf‐1 to ensure signal transduction (Yan et al., 2013). Finally, 14‐3‐3 ζ was
shown to impair GABAB receptor signaling (Laffray et al., 2012). The binding of 14‐3‐3 ζ to GABAB1
dissociates the GABAB1/2 dimer accompanied with a strong reduction in baclofen‐induced activation of K+
channels. Taken together, despite their ubiquitous expression and their various interaction partners, 14‐
3‐3 proteins show very drastic but specific effects on many important cellular processes dependent on
their isoform expression and subcellular localization.

18

Introduction
1.4 Aim of the thesis
GABAB receptors are crucial components of signaling pathways in the brain. Their correct function and a
precise temporal and spatial regulation are therefore indispensable for proper brain function. Transgenic
mice lacking either of the GABAB receptor subunits display severe neurological phenotypes ranging from
spontaneous seizures, hyperalgesia, hyperlocomotor activity and memory impairment to anxiogenic and
antidepressant behavior (Schuler et al., 2001, Gassmann et al., 2004, Mombereau et al., 2004a,
Mombereau et al., 2004b, Mombereau et al., 2005, Vacher et al., 2006). Similarly, overexpression of
GABAB receptor subunits induces phenotypes like atypical absence epilepsy (Wu et al., 2007, Stewart et
al., 2009). Together, these studies emphasize that perturbations of GABAB receptor signaling have far‐
reaching consequences and that approaches to fine‐tune GABAB receptor responses need to be explored
as they have an enormous therapeutic potential for a variety of neurological disorders. The aim of this
thesis was therefore to study different types of GABAB receptor regulation.
The first part of this study aims at understanding the molecular mechanism of KCTD12‐induced
desensitization of GABAB receptor‐activated K+ currents by using proteomic and electrophysiological
approaches (2.1). To achieve this goal, it was important to determine at which level the desensitization
operates (receptor, G‐protein or channels) and to compare it with similar forms of fast desensitization.
We further addressed the question whether native KCTD12‐induced desensitization is specific for GABAB
receptors or whether KCTD12 desensitizes K+ currents activated by other GPCRs.
In a second project we study the interplay between the slow, phosphorylation‐induced and the fast,
KCTD12‐induced desensitization of GABAB receptors. Slow desensitization is mediated by receptor
activation and subsequent inhibition of protein kinase A (PKA). As PKA phosphorylation of GABAB2 serine‐
892 (S892) enhances receptor stability at the plasma membrane, reduced PKA activity promotes
receptor internalization and desensitization. The proximity of S892 and the KCTD12 binding‐site Y902 on
GABAB2, led us to the hypothesis that GABAB2 phosphorylation might influence KCTD12‐induced
desensitization (2.2). Therefore, we tested S892‐phosphorylation mutants of GABAB2 in their properties
to activate K+ currents and to bind KCTD12. We further used genetic mouse models to confirm our data
in vivo. Finally, we investigated whether this regulation might also exist in the opposite direction and
tested the phosphorylation of GABAB2 in the presence and absence of KCTD12.
Furthermore, knowledge and skills that have been acquired in these projects are used to study the
allosteric effects of KCTDs on pharmacological properties of GABAB receptors (2.3). This project revealed
for the first time an implication of KCTD8 in GABAB receptor signaling.
Lastly, an ongoing project assesses a possible relevance of KCTD16 for the signaling of GABAB receptors
(2.4). To achieve this goal we characterized the interaction between KCTD16, 14‐3‐3 proteins and cullin3
(CUL3). These binding studies revealed a functional effect of 14‐3‐3 proteins on the expression of
KCTD16 as well as of GABAB receptors. They further seem to interfere with the binding of CUL3 to
KCTD16, another newly discovered interaction. CUL3 is part of the cullin‐RING ubiquitin ligase complex
that mediates protein ubiquitination and degradation. Our recent data indicate that CUL3 is part of the
GABAB receptor complex and might therefore promote the lysosomal degradation of membrane GABAB
receptors, a process that is not yet fully understood.
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SUMMARY

Activation of K+ channels by the G protein bg subunits
is an important signaling mechanism of G-proteincoupled receptors. Typically, receptor-activated K+
currents desensitize in the sustained presence of
agonists to avoid excessive effects on cellular activity. The auxiliary GABAB receptor subunit KCTD12
induces fast and pronounced desensitization of
the K+ current response. Using proteomic and electrophysiological approaches, we now show that
KCTD12-induced desensitization results from a dual
interaction with the G protein: constitutive binding
stabilizes the heterotrimeric G protein at the receptor,
whereas dynamic binding to the receptor-activated
Gbg subunits induces desensitization by uncoupling
Gbg from the effector K+ channel. While receptor-free
KCTD12 desensitizes K+ currents activated by other
GPCRs in vitro, native KCTD12 is exclusively associated with GABAB receptors. Accordingly, genetic
ablation of KCTD12 specifically alters GABAB responses in the brain. Our results show that GABAB
receptors are endowed with fast and reversible
desensitization by harnessing KCTD12 that intercepts Gbg signaling.
INTRODUCTION
GPCRs and G-protein-regulated ion channels represent fundamental cellular signal transduction systems (Brown and Birnbaumer, 1990; Dascal, 2001; Dunlap et al., 1987; Pierce et al.,
2002; Wickman and Clapham, 1995). GPCRs activate heterotrimeric G proteins by catalyzing the exchange of GDP for GTP in
Ga, leading to dissociation of Ga$GTP from Gbg. Released
Ga$GTP and Gbg have independent capacities to regulate effectors such as enzymes and ion channels. Gbg released from a
variety of GPCRs directly gates G-protein-activated inwardly
rectifying K+ (GIRK or Kir3) channels (Betke et al., 2012; Lüscher
1032 Neuron 82, 1032–1044, June 4, 2014 ª2014 Elsevier Inc.

and Slesinger, 2010) and voltage-activated Ca2+ channels
(Betke et al., 2012; Tedford and Zamponi, 2006), which influences neuronal activity throughout the brain. Typical examples
of such GPCRs are the GABAB receptors that are activated by
GABA, the main inhibitory neurotransmitter in the CNS (Chalifoux
and Carter, 2011; Gassmann and Bettler, 2012). Presynaptic
GABAB receptors inhibit voltage-activated Ca2+ channels to
reduce the release of GABA and other neurotransmitters. Postsynaptic GABAB receptors activate Kir3 channels and thus
inhibit neuronal activity by local shunting or by generating
hyperpolarizing postsynaptic potentials. Since GABAB receptors
regulate a wide variety of physiological processes in the nervous
system, including neuronal firing, synaptic plasticity, and spontaneous network oscillations, the activity of GABAB receptors
needs to be temporally precise. In the continuous presence
of the agonist, GABAB receptors exhibit a time-dependent
decrease in receptor response to avoid prolonged effects on
neuronal activity, a phenomenon referred to as desensitization
(Cruz et al., 2004; Sickmann and Alzheimer, 2003; Sodickson
and Bean, 1996; Wetherington and Lambert, 2002). It is
emerging that the desensitization of GABAB receptor-activated
K+ currents observed in neurons integrates distinct mechanistic
underpinnings. First, protein kinases such as PKA or CaMKII
regulate desensitization by directly phosphorylating the receptor
and influencing its internalization from the cell surface (Couve
et al., 2002; Guetg et al., 2010). These phosphorylation-dependent processes typically operate on timescales of minutes to
hours. Second, the ‘‘regulator of G-protein signaling’’ protein 4
(RGS4) induces a faster form of desensitization that occurs
within seconds of agonist application (Fowler et al., 2007; Mutneja et al., 2005). RGS proteins are ‘‘GTPase-activating proteins’’ (GAPs) that promote desensitization by accelerating the
rate of GTP hydrolysis at Ga (Ross and Wilkie, 2000). Third, we
recently reported that the K+ channel tetramerization domain
(KCTD)-containing proteins 8, 12, 12b, and 16 represent a novel
family of proteins regulating GABAB receptor-activated K+ and
Ca2+ currents (Schwenk et al., 2010). The KCTDs are cytoplasmic proteins that constitutively bind to the C-terminal
domain of GABAB2 (Ivankova et al., 2013; Schwenk et al.,
2010), which together with GABAB1 forms obligate heteromeric
GABAB(1,2) receptors. All four KCTDs accelerate the rise time
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Figure 1. KCTD12-Induced Desensitization
Is Activity Dependent, Reversible, and Operates Upstream of Kir3 Channels

B
rel. desensitization (%)

100 μM baclofen
w/o KCTD

+ KCTD16
+ KCTD12
0.1 nA

***

100
80
60
40
20
0

TD

10 s

w/o

C

KC

C
+K

TD

12
C
+K

TD

16

D
I / I max
1.0

100 μM baclofen

0.5

0.0
50 pA

0

100

200

recovery time (s)

100 s

F

E
100 μM baclofen
200 mM 1-propanol

100 μM baclofen

I (pA)

1-propanol

V (mV)
-150

-50
-100
-200

50 pA
20 s
50 pA
10 pA

of receptor-activated K+ currents while only KCTD12 and
KCTD12b induce fast and pronounced current desensitization
(Schwenk et al., 2010; Seddik et al., 2012). Desensitization is
due to the particular H1 homology domain in KCTD12 and
KCTD12b as well as the absence of an antagonistic H2 homology domain present in KCTD8 and KCTD16 (Seddik et al.,
2012). The mechanism by which the KCTDs regulate GABAB
receptor-activated K+ and Ca2+ currents is unknown.
Here we show that KCTD8, KCTD12, and KCTD16 all constitutively bind to the G protein, which stabilizes the G protein at
the receptor and underlies accelerated K+-current responses.
In addition, selectively KCTD12 binds to the activated Gbg subunits at their interface with Kir3 channels, thereby uncoupling
Gbg from the channels. This postreceptor mechanism of desensitization is fully reversible and rendered receptor-specific
through the exclusive association of native KCTD12 protein
with GABAB receptors. Thus, these findings identify a unique receptor-specific mechanism for fast desensitization of G-proteinactivated K+ currents.

300

(A) Representative traces of K+ currents activated
by baclofen and recorded at 50 mV in CHO cells
expressing GABAB receptors and Kir3.1/3.2
channels either with or without (w/o) KCTD12 or
KCTD16. The extracellular K+ concentration was
2.5 mM; scaling for current and time as indicated.
KCTD12 but not KCTD16 induces pronounced
and rapid desensitization of the K+ currents.
(B) Bar graph summarizing the relative desensitization of baclofen-induced K+ currents. The
relative desensitization was calculated as (1 
(ratio of current amplitude after 60 s versus peak
current)) 3 100. Values are mean ± SD of 60 (w/o
KCTD), 84 (KCTD12), and 8 (KCTD16) experiments.
***p < 0.001; Dunnett’s multiple comparison test.
(C) Recovery of baclofen-activated Kir3 currents
from KCTD12-induced desensitization. After an
initial 25 s application of baclofen to induce
desensitization, baclofen was applied at various
time intervals.
(D) Amplitudes (I) of current responses at various
time intervals normalized to the initial peak amplitude (Imax); data points represented as mean ± SD
of 8 experiments. The line represents fit of a
monoexponential function to the data with a time
constant of 83.6 s.
(E) Representative traces of Kir3 currents activated
either by baclofen or 1-propanol and recorded at
50 mV in CHO cells expressing GABAB receptors,
Kir3.1/3.2 channels, and KCTD12. Note that direct
activation of Kir3 channels by 1-propanol (red trace)
induces largely nondesensitizing currents (14.9% ±
5.1%, n = 10), while activation by baclofen (black
trace) induces strongly desensitizing currents
(88.8% ± 5.9%, n = 10, p < 0.001, paired t test).
Inset shows I-V relation determined with a voltage
ramp during application of 1-propanol.
(F) Kir3.2 channels are efficiently activated by 1propanol before and after near complete desensitization of the currents by baclofen. See also
Figure S1.

RESULTS
KCTD12-Induced Desensitization of GABAB-Activated
Kir3 Currents Is Reversible and Operates Upstream of
the Channel
To study the desensitization of GABAB receptor-activated K+
currents, we performed whole-cell patch-clamp recordings
from CHO cells expressing GABAB receptors and Kir3 channels
with or without KCTD proteins. Application of the agonist baclofen to KCTD-free or KCTD16-containing GABAB receptors
elicited robust outward K+ currents that slightly, and similarly,
decreased in amplitude during a 1 min application period (Figures 1A and 1B). In contrast, KCTD12-containing GABAB receptors elicited K+ currents that almost completely desensitized
(Figures 1A and 1B). The time course of KCTD12-induced desensitization was approximated by a double exponential function
with time constants of 1.9 ± 0.3 s (relative contribution to desensitization 42.4% ± 11.2%) and 14.3 ± 2.0 s. The KCTD12induced desensitization was readily reversible upon removal of
Neuron 82, 1032–1044, June 4, 2014 ª2014 Elsevier Inc. 1033
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baclofen. After near complete baclofen-induced desensitization,
the responses to subsequent baclofen applications (Figure 1C)
fully recovered with a time constant of 83.6 s (fit to the mean, Figure 1D). To investigate whether KCTD12 directly desensitizes
Kir3 channels, we activated the channels in a G-protein-independent manner with 1-propanol (Aryal et al., 2009; Kobayashi
et al., 1999; Lewohl et al., 1999). In the presence of KCTD12,
1-propanol induced K+ currents with negligible desensitization
(Figure 1E). Moreover, 1-propanol effectively, and similarly, activated Kir3 channels both before and after complete KCTD12induced current desensitization obtained by applying baclofen
for 60 s (Figure 1F). Likewise, 1-propanol still activated Kir3
channels during baclofen-evoked KCTD12-induced current
desensitization (Figure S1 available online). Together, these results demonstrate that KCTD12-induced desensitization is fast,
fully reversible, activity dependent, and operates upstream of
Kir3 channels.
KCTDs Interact with G Protein Subunits
The above results suggest that KCTD12 induces desensitization
at the receptor and/or the G protein. We used a proteomic
approach combining antibody-based affinity purifications (APs)
with high-resolution quantitative mass spectrometry (Müller
et al., 2010; Schwenk et al., 2012) to address whether G protein
subunits directly interact with KCTD12 in native tissue. For APs,
we equilibrated the entire pool of solubilized KCTD12 protein in
mouse brain membranes with anti-KCTD12 antibodies. To control the specificity of the APs, we used membrane fractions from
Kctd12 knockout (Kctd12/) mice (Metz et al., 2011) (target KO;
Figure 2A). The anti-KCTD12 antibody copurified GABAB1,
GABAB2 (but no other GPCRs) and the G protein subunits Gao,
1034 Neuron 82, 1032–1044, June 4, 2014 ª2014 Elsevier Inc.
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Figure 2. Binding of KCTDs to the G Protein
Does Not Require GABAB Receptors
(A) G protein subunits Gao, Gb1, Gb2, and
Gg12 specifically copurify in APs from WT and
Gabbr2/ mouse brain membranes using antiKCTD12 or anti-GABAB2 antibodies. Specificity of
the G protein subunit interaction with KCTD12 is
determined by the relative abundance of specific
peptides in APs versus target knockout controls
(rPV) compared to threshold rPV (normalized to 1)
(Schwenk et al., 2012). The number of specific and
total peptides retrieved by mass spectrometry for
any G protein subunit is indicated. Note copurification of G protein subunits in anti-KCTD12 APs
from Gabbr2/ brains in which KCTD12 is not
associated with GABAB receptors.
(B and C) G protein subunits copurify with KCTDs
from membranes of transfected HEK293T cells. In
(B), the Renilla Luciferase-tagged Gao (GaoLUC),
the yellow fluorescent protein-tagged Gb1
(Gb1YFP), and the Venus-tagged Gg2 (Gg2Venus)
were expressed with or without Flag-tagged
KCTD12. In (C), Myc-tagged KCTD8, KCTD12, and
KCTD16 and Venus-tagged Gg2 (Gg2Venus) were
expressed with or without the Flag-tagged Gb
isoforms Gb1 (Gb1Flag) or Gb2 (Gb2Flag). APs were
performed with anti-Flag antibodies and analyzed
by western blot with antibodies against Renilla
Luciferase, Myc, Flag, and GFP. MW, molecular
weight; Venus, variant of GFP. See also Figure S2.

Gb1, Gb2, and Gg12 (Figure 2A). Copurification of the G protein
subunits was also observed when KCTD12 was not associated
with GABAB receptors (using Gabbr2/ mice [Gassmann
et al., 2004] for APs; Figure 2A). This suggests that KCTD12
directly interacts with G proteins.
Interactions of KCTD12 with G proteins were confirmed
in APs from HEK293T cells coexpressing combinations of
epitope-tagged KCTD proteins and G protein subunits. FLAGtagged KCTD12 copurified the G protein either as a Gabg
trimer or as a Gbg dimer (Figure 2B). Notably, copurification
of individual G protein subunits with KCTD12 either failed
(Gb, Gg) or was very inefficient (Gao). APs with purified recombinant KCTD12 and Gb1g2 proteins confirmed that these proteins directly interact with each other (Figure S2). These results
identify the Gbg dimer as the primary interaction partner of
KCTD12 (Figure 2B). Experiments with KCTD8 and KCTD16
confirmed that all KCTD subunits of GABAB receptors bind to
Gbg (Figure 2C).
KCTD12 Dynamically Binds Activated Gbg Subunits and
Prevents Their Interaction with Kir3 Channels
We next tested in transfected CHO cells whether KCTD12 desensitizes K+ currents by directly acting at the G protein. For
this purpose, we activated Kir3 channels in a receptor-independent manner with the nonhydrolysable GTP-analog guanosine
50 -O-(3-thiotriphosphate) (GTPgS), which we perfused into the
cell via the recording pipette (Figure 3A). By exchanging for
GDP at Ga, GTPgS liberates Gbg and constitutively activates
Kir3 channels (Breitwieser and Szabo, 1988; Dunlap et al.,
1987; Gilman, 1987; Kurachi et al., 1987; Leaney et al., 2004;
Logothetis et al., 1987; Stryer and Bourne, 1986). In the absence
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Figure 3. KCTD12-Induced Desensitization Requires Interaction with the Activated G Protein
(A) Representative Kir3 currents activated by intracellular perfusion of GTPgS (0.6 mM) and recorded at 50 mV in transfected CHO cells expressing Kir3.1/3.2
channels with or without (w/o) KCTD12 or KCTD16. Note that KCTD12-induced desensitization only occurs after activation of the G protein by GTPgS and that
channel activation by Gbg is faster than desensitization by KCTD12. Due to the competition of both processes, the peak current is reached earlier and reduced in
amplitude compared to control (KCTD12: 62.8 ± 61.9 pA, n = 13; w/o KCTD12: 128.0 ± 98.8 pA, n = 28; p = 0.025, Student’s t test). KCTD16 fails to desensitize the
current response.
(B) Bar graph summarizing the desensitization of GTPgS-induced responses. The relative desensitization (calculated after 10 min of GTPgS perfusion) was similar
in CHO cells expressing KCTD12 without GABAB receptors (w/o GABAB) or together with WT GABAB receptors or mutant Y902A-GABAB2 receptors that do not
associate with the KCTDs (Schwenk et al., 2010). Data are represented as mean ± SD of 28 (WT GABAB, w/o KCTD), 13 (WT GABAB, + KCTD12), 11 (WT GABAB, +
KCTD16), 9 (Y902A-GABAB2, w/o KCTD), 7 (Y902A-GABAB2, + KCTD12), 10 (w/o GABAB, w/o KCTD), and 6 (w/o GABAB, + KCTD12) recordings. ***p < 0.001;
Dunnett’s multiple comparison test and Student’s t test.
(C) Constitutive activation of the G protein with AlF4 exposes the activity-dependent binding site on Gbg and selectively increases KCTD12 binding to Gbg.
HEK293T cells, expressing Gai1LUC, Gb1Flag, Gg2Venus, and either KCTD12Myc or KCTD16Myc were lysed in the absence or presence of AlF4. APs were
performed with anti-Flag antibodies and analyzed by western blot with antibodies against Renilla Luciferase, Myc, Flag, and GFP.
(D) Baclofen-induced changes in the BRET ratio determined in CHO cells expressing GABAB receptors, Gao-RLuc, Flag-Gb2, and Venus-Gg2 without (w/o) or
with KCTD12 and KCTD16. Single experiments carried out in parallel are shown. Scheme on the left indicates conformational changes during G protein activation
that are monitored by BRET measurements. The BRET ratio decreases during G protein activation due to conformational rearrangement of the Gao-RLuc and
Venus-Gg2 subunits. After receptor blockade with the antagonist CGP54626, reassociation of the G protein is significantly slowed in the presence of KCTD12.
The BRET recovery phases are shown fitted to a double exponential function (inset).
(E) Bar graph of the changes in BRET ratio determined in experiments as in (D).
(F) Bar graph of the amplitude-weighted mean time constants obtained by fitting the BRET recovery phase to a double exponential function in experiments as in
(D). Data in (E) and (F) are represented as mean ± SD of five experiments. ***p < 0.001; **p < 0.01; Kruskal Wallis test.

of KCTDs or in the presence of KCTD16, GTPgS induced slowly
rising inwardly rectifying K+ currents that exhibited modest
desensitization over the 10 min recording period (Figures 3A
and 3B). In contrast, in the presence of KCTD12 the currents
exhibited pronounced desensitization eventually leading to a
decrease in amplitudes close to baseline (Figures 3A and 3B).
Similar results for KCTD12-induced desensitization were
obtained when Kir3 channels were activated by GTPgS in the
presence of either wild-type (WT) GABAB receptors or mutant
Y902A-GABAB2 receptors that are unable to bind KCTD12 (Cor-

reale et al., 2013; Schwenk et al., 2010) (Figure 3B). These results
demonstrate that KCTD12-induced Kir3 current desensitization
requires activation of the G protein but does not require assembly of KCTD12 with GABAB receptors. Moreover, since GTPgS is
nonhydrolysable, these experiments show that KCTD12 does
not promote desensitization through GAP activity at Ga (Mutneja
et al., 2005; Ross and Wilkie, 2000). Rather, the results point to
an activity-dependent interaction of KCTD12 with the G protein,
in addition to the constitutive interaction that KCTD12 shares
with KCTD8 and KCTD16 (Figure 2). Indeed, constitutive
Neuron 82, 1032–1044, June 4, 2014 ª2014 Elsevier Inc. 1035
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Figure 4. KCTD12 Occludes the Kir3 Interaction Site on Gbg
(A) Scheme illustrating activity-dependent interference with Gbg binding to Kir3 channels using a
Kir3.4-derived peptide.
(B) Representative traces of Kir3 currents evoked
by two consecutive baclofen applications (first
application was for 15 min, second application for
15 s after a 7 min interval) to CHO cells expressing
GABAB receptors in the absence (top, middle)
or presence (bottom) of KCTD12. Cells were
perfused with control intracellular solution (w/o
Kir3.4 peptide) or with intracellular solution supplemented with 40 mM Kir3.4-peptide (+ Kir3.4
peptide).
(C) Bar graphs summarizing the amplitude ratios
of peak K+ currents recorded during the second
(P2) and first (P1) baclofen application. Data are
represented as mean ± SD of 9 (w/o KCTD, w/o
Kir3.4 peptide), 8 (w/o KCTD, + Kir3.4 peptide),
5 (+ KCTD12, w/o Kir3.4 peptide), and 6
(+ KCTD12, + Kir3.4 peptide) experiments. ***p <
0.001; Student’s t test. Note that KCTD12 counteracts the reduction of the peak amplitude by
the Kir3.4-peptide during the second baclofen
application. See also Figure S3.
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activation of the G protein with AlF4 selectively increased
KCTD12 binding to Gbg, consistent with an activity-dependent
binding site on Gbg that is unique to KCTD12 (Figure 3C).
We next studied whether KCTD12 and KCTD16 differentially
influence G protein conformational rearrangements during G
protein activation, using bioluminescence resonance energy
transfer (BRET) experiments in transfected CHO cells (Digby
et al., 2006; Frank et al., 2005) (Figures 3D and 3E). Indeed,
KCTD12 but not KCTD16 induced a significant increase in the
magnitude of the BRET change during G protein activation.
Moreover, reassociation of the G protein was slowed in the presence of KCTD12 (Figures 3D and 3F). Altogether, the data are
compatible with KCTD12 influencing conformational changes
of the G protein and/or increasing steady-state G protein dissociation in an activity-dependent manner.
With native GABAB receptors where GABAB(1,2), KCTD12, and
the G protein reside in close proximity (Schwenk et al., 2010),
constitutive and activity-dependent binding of KCTD12 to Gbg
may be envisaged as follows: receptor activation of the G protein, which is stabilized at the receptor via constitutive binding
to KCTD12, promotes both activation of Kir3 channels and activity-dependent interaction of KCTD12 with Gbg. Competition
between KCTD12 and Kir3 channels for Gbg reduces steadystate Gbg interaction with the channels, which desensitizes
the current response. Finally, the Ga$GDP subunit displaces
1036 Neuron 82, 1032–1044, June 4, 2014 ª2014 Elsevier Inc.

KCTD12 from its activity-dependent
binding site on Gbg and reconstitutes
the heterotrimeric G protein, which renders the desensitization mechanism
reversible. To address whether KCTD12
20 s
occludes the channel binding site of
Gbg (Ford et al., 1998; Whorton and
MacKinnon, 2013), we used a peptide derived from the Gbg
binding site of the Kir3.4 protein (Figure 4A). This Kir3.4-peptide
inhibits Gbg activation of Kir3 channels with an IC50 of 0.6 mM
(Krapivinsky et al., 1998). Perfusion of the Kir3.4-peptide
(40 mM) into CHO cells expressing GABAB receptors and Kir3
channels resulted in strong desensitization of the K+ currents
during a 15 min baclofen application (Figure 4B, middle). The
peptide-induced desensitization was slowly reversible; a 7 min
period showed recovery of the baclofen response to about
half of the initial peak current amplitude (Figures 4B, middle,
and 4C), while complete recovery was obtained in the absence
of the peptide (Figures 4B, top, and 4C). In the combined presence of KCTD12 and Kir3.4-peptide, the desensitization was
faster than with the peptide alone (Figure 4B, bottom). However,
a close to complete recovery of the peak K+ current amplitude
was obtained within the 7 min period, showing that KCTD12
significantly counteracted the lasting inhibitory effect of the
Kir3.4-peptide (Figures 4B, bottom, and 4C). The most likely
explanation of these data is that KCTD12 efficiently competes
with the Kir3.4-peptide for binding to activated Gbg. While allosteric effects of KCTD12 on Kir3.4-peptide binding cannot be
fully ruled out, we consider this possibility less likely. The Gbg
dimer is assumed to be a relatively rigid scaffold for protein
binding and its X-ray structure remains unperturbed when
bound to various peptides or effectors (Lin and Smrcka, 2011;
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Figure 5. KCTD12 and GRK2 Differ in Their
Binding to Gbg and in the Reversibility of
Desensitization
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Oldham and Hamm, 2006). Moreover, in our experiments,
KCTD12 was unable to displace the Kir3.4 peptide once bound
to Gbg (Figure S3).
Similar to KCTD12, GPCR kinase 2 (GRK2) binds to Gbg and
induces fast desensitization of GPCR-activated Kir3 currents in
heterologous cells (Raveh et al., 2010). Because KCTD12 and
GRK2 share no sequence or structural similarity, we compared
the properties of the desensitization induced by the two
proteins. Expression of GRK2 in CHO cells increased desensitization of baclofen-activated Kir3 currents by 30% (Figures
5A and 5C). In contrast to KCTD12-induced desensitization,
the GRK2-induced desensitization was irreversible within a
10 min period (Figures 5A and 5D). Moreover, the GRK2induced desensitization was prevented by gallein (Figures 5B
and 5C), a compound binding with high-affinity to the proteinprotein interaction ‘‘hot spot’’ of Gbg (Lehmann et al., 2008;
Scott et al., 2001). Gallein and selenocystamine (Dessal et al.,
2011), a structurally unrelated compound that also binds to
the ‘‘hot spot,’’ did not prevent KCTD12-induced desensitization (Figure 5E). Thus, KCTD12 and GRK2 binding differs in
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its sensitivity to compounds that bind
to the ‘‘hot spot’’ of Gb. Nonetheless,
as GRK2 and KCTD12 can displace
each other from Gbg (Figure S4), the
binding domains of the two proteins overlap, probably in the
channel-binding area on Gbg.
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(A) Representative traces of Kir3 currents evoked
by two consecutive baclofen applications in an
interval of 10 min to CHO cells expressing GABAB
receptors with or without (w/o) GRK2.
(B) Traces of Kir3 currents recorded from GRK2expressing cells in the absence (blue) or presence
(gray) of 20 mM gallein.
(C) Bar graphs summarizing Kir3 current desensitization. Data are mean ± SD of 7 (w/o GRK2), 11
(+ GRK2), and 6 (+GRK2, + gallein) experiments.
***p < 0.001; **p < 0.01; Dunnett’s multiple comparison test or Student’s t test.
(D) Bar graph summarizing the amplitude ratios of
peak K+ currents recorded during the second (P2)
and first (P1) baclofen application (A). Data are
represented as mean ± SD of 5 (w/o GRK2) and
9 (+ GRK2) recordings. ***p < 0.001; Dunnett’s
multiple comparison test. Note that GRK2induced desensitization does not revert during the
10 min period.
(E) Bar graph summarizing the effects of 20 mM
gallein and 20 mM selenocystamine on Kir3 current
desensitization in CHO cells with or without
KCTD12. Data are represented as mean ± SD of
8 (control, w/o KCTD), 18 (+ gallein, w/o KCTD),
10 (selenocystamine, w/o KCTD), 7 (control, +
KCTD12), 15 (+ gallein, + KCTD12), and 6
(+ selenocystamine, + KCTD12) recordings. *p <
0.05; Dunnett’s multiple comparison test. Inset
shows representative traces of baclofen-evoked
Kir3 currents recorded from KCTD12-expressing
cells in the absence (+ KCTD12) or presence of
gallein (+ KCTD12, + gallein). See also Figure S4.

KCTD12-Induced Desensitization Is Specific for GABAB
Receptors
If KCTD12 induces desensitization by acting at Gbg, it should not
only desensitize GABAB-activated Kir3 currents but also those
activated by other GPCRs, as long as there is free KCTD12 available to bind to G proteins. Indeed, we observed KCTD12-induced
desensitization in heterologous cells with various GPCRs. For
example, activation of adenosine A1 (Figure 6A) or mGlu2 receptors (Figures S5A and S5C) in the presence of KCTD12 in transfected CHO cells yielded desensitizing Kir3 currents. Activation
of mutant Y902A-GABAB2 receptors that cannot bind KCTD12
gave rise to strongly desensitizing Kir3 currents in Xenopus oocytes only after injection of KCTD12 cRNA in large excess over
GABAB receptor cRNA (ratio of 32:1; Figure 6B). Under these
conditions, KCTD12 levels are sufficiently high to decrease basal
currents (induced by endogenous or overexpressed exogenous
Gbg; Figures S5F–S5H) and to desensitize Y902A-GABAB2
Neuron 82, 1032–1044, June 4, 2014 ª2014 Elsevier Inc. 1037
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Figure 6. Receptor Specificity of KCTD12Induced Desensitization Depends on the
KCTD12/GABAB Ratio
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(A) Left: representative K+ current responses
elicited by 2-chloro-N6-cyclopentyladenosine
(CCPA) in CHO cells expressing adenosine A1
receptors with (+ KCTD12) or without (w/o
KCTD12) KCTD12. Right: bar graph summarizing
desensitization of CCPA-induced K+ currents;
data are represented as mean ± SD of 5 experiments.
(B) GABA-activated Kir3 currents recorded at
50 mV from Xenopus oocytes injected with
cRNA encoding KCTD12 and either WT GABAB2
or mutant Y902A-GABAB2 at the indicated
ratios. Note that mutant receptors only produced
desensitizing responses with a high expression
level of KCTD12, while WT receptors produced
desensitizing responses already at a low
KCTD12 expression level. Y902A-GABAB2 cRNA
expresses slightly less protein than WT GABAB2
cRNA (Figure S5I), showing that the difference in
desensitization is not due to higher expression of
Y902A-GABAB2 than WT GABAB2.
(C) Relative desensitization of K+ currents in Xenopus oocytes at different cRNA ratios for KCTD12
and WT GABAB2 or Y902A-GABAB2. Data points
are represented as mean ± SD of 6–11 experiments. Lines are the results of a Hill equation fitted
to the data yielding values for half-maximal effect
and slope factor of 1.01 and 2.34 for WT GABAB2
and 22.5 and 1.06 for Y902A-GABAB2. Inset:
western blots showing expression of KCTD12
protein in oocytes injected with the indicated
cRNA ratios. See also Figure S5.
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The above results show that the
relative amounts of GABAB receptors
37
and KCTD12 will determine the receptor specificity of desensitization. Next,
GABAB2
we therefore examined to what extent
KCTD12 protein is associated with
GABAB receptors in the adult mouse
brain. For this purpose, we solubilized
the complete pool of KCTD12 protein present in brain membrane fractions and separated the solubilized proteins by native
gel electrophoresis (BN-PAGE) and SDS-PAGE. Western blots
of WT brain probed with anti-KCTD12 and anti-GABAB2 antibodies demonstrated that the vast majority of KCTD12 protein
is assembled into high-molecular weight GABAB receptor complexes (Figure 7A, top). The western blot in Figure 7A (enlarged
at shorter exposure time in the inset in Figure 7B) further indicates that KCTD12 only assembles into a fraction of GABAB receptors with an apparent molecular mass of 0.6 MDa. A minor
fraction of KCTD12 protein, possibly dissociated from GABAB2
during solubilization, focused in the mass range of 0.15 to
0.18 MDa, the expected value for assemblies of KCTD12 tetramers (Schwenk et al., 2010) and Gbg. When using membrane
fractions from Gabbr2/ mice, the entire pool of KCTD12 protein appeared at the lower mass range (Figure 7A, bottom).
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receptor-activated Kir3 currents (Figures 6B and 6C). At
equimolar amounts of injected KCTD12 and GABAB receptor
cRNA, activation of Y902A-GABAB2 receptors elicited robust K+
currents that, however, failed to desensitize. This contrasts with
WT GABAB receptors, which exhibited strongly desensitizing
Kir3 currents already at low cRNA ratios (Figures 6B and 6C).
Dose response relations for KCTD12/GABAB2 cRNA ratios versus
Kir3 current desensitization revealed a more than 10-fold difference between WT and mutant receptors (Figure 6C). Together,
these results suggest that WT GABAB receptors promote desensitization by capturing KCTD12, even at low expression levels,
and juxtaposing it to the activated G protein. Accordingly, transfer
of the KCTD-binding domain of GABAB2 to a metabotropic glutamate receptor (mGlu2-GABAB2-CT) endowed this chimera with
rapid and pronounced KCTD12-induced desensitization, similar
to that of GABAB receptors (Figures S5A–S5E).
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Figure 7. KCTD12 in the Adult Mouse Brain
Is Exclusively Associated with GABAB
Receptors
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(A) Two-dimensional gel separations of native
GABAB receptors in membrane fractions prepared
from whole brains of WT and Gabbr2/ mice.
GABAB2 and KCTD12 were revealed on western
blots. Apparent molecular mass (BN-PAGE) and
molecular weight (SDS-PAGE) are as indicated.
Note that KCTD12 coassembles into high-molecular weight GABAB receptor complexes in WT but
not in Gabbr2/ mice. The total amounts of
KCTD12 protein in Gabbr2/ and WT mice do not
differ significantly (Figure S6).
(B) Abundance-mass profiles determined by BNMS analyses for solubilized GABAB1, GABAB2, and
KCTD12. Each data point represents the amount
determined for the respective protein in one gel
slice (total of 95 slices) normalized to maximum;
symbols are as indicated. Lines are the result of a
mono (red) or double component (blue) Gaussian
function fitted to the data with values for apparent
complex mass peaks of 0.56 MDa (KCTD12), 0.44
MDa, and 0.57 MDa (GABAB2). Note tight coassembly of KCTD12 and a fraction of GABAB receptors causing a shift in apparent molecular
mass consistent with the weight of KCTD12-Gbg
assemblies. Inset shows western blot of the
2D-PAGE-separated GABAB receptors from (A)
exposed for a shorter period to resolve the
two populations of GABAB receptors. See also
Figure S6.
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Thus, in the adult mouse brain, KCTD12 almost exclusively associates with GABAB receptors. This agrees with the results
from anti-KCTD12 APs that failed to identify additional GPCRs
associating with KCTD12 (see above). We further investigated
the GABAB-KCTD12 assembly by combined use of BN-PAGE
and quantitative high-resolution mass spectrometry (BN-MS
[Schwenk et al., 2012]). BN-PAGE slices (400 mm) containing
GABAB receptors from whole-brain preparations were individually analyzed for the relative molecular abundance of GABAB1,
GABAB2, and KCTD12 proteins. The abundance profiles generated from 95 consecutive slices showed precise coincidence for
GABAB1 and GABAB2 and identified two major populations of
GABAB(1,2) receptors in the apparent molecular mass range of
0.35 to 0.7 MDa (Figure 7B): one population representing coassemblies with KCTD12 had a mass of 0.57 MDa, the other

population had a mass of 0.44 MDa
and is devoid of KCTD12 (and other
KCTDs, data not shown; Figure 7A).
Fitting Gaussian distributions to these
two populations showed that 40% of
GABAB receptors are assembled with
KCTD12, while 60% are free of KCTDs
(Figure 7B). BN-PAGE analysis therefore
1.0
supports that in the adult brain KCTD12
exclusively associates with a fraction of
GABAB receptors. This indicates that
GABAB receptors are present in excess
of KCTD12 and implies that KCTD12-induced desensitization
is highly GABAB receptor specific.

Altered GABAB Receptor-Activated K+ Currents in KCTD
Knockout Mice
We previously reported that overexpression of KCTD12 in
cultured hippocampal neurons strongly desensitizes baclofeninduced K+ currents (Schwenk et al., 2010). We now addressed
whether loss of the KCTDs in hippocampal neurons of Kctd12/
(Metz et al., 2011) and Kctd8/12/16 triple knockout (Kctd8/12/
16/) mice (Metz et al., 2011) reduces desensitization of baclofen-induced K+ currents. Of note, KCTD12b is selectively expressed in the medial habenula and therefore has no effect in
the hippocampus (Metz et al., 2011; Schwenk et al., 2010).
Indeed, baclofen-induced K+ currents desensitized significantly
Neuron 82, 1032–1044, June 4, 2014 ª2014 Elsevier Inc. 1039
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A

Figure 8. Altered GABAB Receptor-Activated K+ Currents in Kctd12–/– and Kctd8/
12/16–/– Mice
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(A) Representative traces of baclofen-evoked K+
currents recorded from cultured hippocampal
neurons of Kctd12/ (red), Kctd8/12/16 triple
knockout (orange), and WT (black) mice.
(B) Bar graph summarizing the desensitization
observed in neurons of Kctd12/ (red), Kctd8/12/
16/ (orange), and control WT (black) mice. Data
are represented as mean ± SD of 31 (Kctd12/),
23 (WT control of Kctd12/), 13 (Kctd8/12/16/),
and 17 (WT control of Kctd8/12/16/) neurons.
***p < 0.001; *p < 0.05; Student’s t test. Kctd8/12/
16/ neurons exhibit a more pronounced reduction in desensitization than Kctd12/ neurons.
This may relate to a generally slower G protein/
effector channel coupling (C and D). This may
reduce the basal desensitization, which is KCTD12
independent and determined by the kinetic properties of the G protein cycle (Chuang et al., 1998;
Leaney et al., 2004; Sickmann and Alzheimer,
2003).
(C) Representative traces of baclofen-evoked K+
currents recorded from neurons of mutant and WT
control mice. Inset shows currents at enlarged
timescale showing the latency period between
start of agonist application (arrow head) and current onset (arrows).
(D) Bar graphs summarizing 5%–95% rise time
and latency observed in neurons of mutant and
WT mice (neurons as in B). Data are represented
as mean ± SD. ***p < 0.001; ***p < 0.01; *p < 0.05,
Student’s t test. See also Figure S7.
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less in cultured hippocampal neurons of Kctd12/ and Kctd8/
12/16/ mice when compared to neurons of WT mice (Figures
8A and 8B). In contrast, adenosine A1 receptor-induced K+ currents desensitized to a similar extent in Kctd12/ and WT
(Kctd12/: 9.3% ± 3.0%, n = 9; WT: 12.1% ± 4.1%, n = 9; p =
0.124) neurons, consistent with KCTD12 selectively influencing
GABAB receptor signaling. Interestingly, adenosine A1 receptor-induced K+ currents recorded from Gabbr2/ neurons
showed increased desensitization compared to WT neurons
(Gabbr2/: 25.5% ± 8.4%, n = 13; WT, 10.2% ± 4.7%, n = 6,
p < 0.001). Thus, in the absence of GABAB receptors, KCTD12
is ‘‘released’’ in amounts that promiscuously regulate Gbg
signaling of other GPCRs, similar to the results obtained with heterologous expression of large amounts of KCTD12 (Figures 6).
All KCTDs shorten the rise time of baclofen-induced K+ currents in heterologous cells (Schwenk et al., 2010). Moreover,
we found that the latency between agonist application and onset
of the K+ current response is significantly shorter in the presence
of KCTDs and dependent on KCTD binding to the receptor (Figure S7). Accordingly, the rise times of the baclofen-induced K+
currents recorded in Kctd12/ and Kctd8/12/16/ neurons
were significantly longer than those obtained in WT neurons (Figures 8C and 8D). Of note, Kctd8/12/16/ neurons exhibit a
significantly slower rise time than Kctd12/ neurons, consistent
with all three KCTDs contributing to a shortening of the rise time
1040 Neuron 82, 1032–1044, June 4, 2014 ª2014 Elsevier Inc.

(Schwenk et al., 2010). In addition, the latency of the current
response was significantly longer in Kctd12/ and Kctd8/12/
16/ neurons than in WT neurons (Figures 8C and 8D). Again,
the latency was longer in Kctd8/12/16/ than in Kctd12/ neurons, consistent with heterologous data showing that multiple
KCTDs can accelerate the onset of the current response (Figure S7). Native KCTDs therefore promote rapid G protein
signaling with faster rise times and shorter latency of the receptor
response. Accelerated G protein signaling probably relates to
the constitutive binding of the G protein to KCTD8, KCTD12,
and KCTD16, which stabilizes the G protein at the receptor.
DISCUSSION
This work presents a molecular mechanism for fast and
reversible desensitization of G-protein-mediated K+ current
responses. We show that KCTD12 dynamically interacts with
Gbg released from the activated G protein and thus directly competes with Gbg binding to the effector Kir3 channel. Albeit
KCTD12 has the intrinsic ability to inhibit Kir3 currents activated
by numerous GPCRs, the exclusive assembly of KCTD12 into
GABAB receptors in the brain results in a highly receptor-specific
current desensitization. Activity-dependent interaction with Gbg
is unique to KCTD12. However, KCTD8, KCTD12, and KCTD16
are all able to constitutively bind the G protein through
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Gbg. Constitutive binding of the KCTDs to both the G protein and
the receptor appears to stabilize the G protein at the receptor
and to accelerate K+ current responses.
A Reversible Mechanism for Fast Desensitization of
GABAB Receptor Responses
The desensitization of GPCR-activated K+ currents that is
observed within seconds of agonist exposure (Sickmann and
Alzheimer, 2002, 2003) is too fast to be explained by classical
mechanisms of desensitization, which typically involve receptor
phosphorylation, uncoupling of the G protein from the receptor,
receptor internalization, and degradation (Evron et al., 2012;
Tsao and von Zastrow, 2000). It emerges that fast desensitization is primarily regulated at the postreceptor level. To some
extent, fast desensitization is determined by the kinetic properties of the G protein cycle, such as the rates of GDP-GTP exchange and GTP hydrolysis at Ga (Chuang et al., 1998; Leaney
et al., 2004; Sickmann and Alzheimer, 2003). Accordingly, fast
desensitization is promoted by several proteins acting at the G
protein. These proteins include RGS proteins, which increase
GTPase activity at Ga (Bender et al., 2004; Chuang et al.,
1998; Jeong and Ikeda, 2001; Mutneja et al., 2005; Ross and
Wilkie, 2000), and KCTD12 that shields the Kir3 binding site of
Gbg. Moreover, GRK2 was shown to nonenzymatically induce
fast desensitization of Kir3 currents by scavenging free Gbg
(Raveh et al., 2010). While both KCTD12 and GRK2 induce
desensitization by binding to Gbg, the respective desensitization
mechanisms are profoundly different. KCTD12-induced K+ current desensitization is fully reversible, whereas GRK2-induced
desensitization displays poor reversibility (Figure 5). We found
that compounds that bind in the ‘‘hot spot’’ region of Gb (Dessal
et al., 2011; Lehmann et al., 2008) prevent GRK2-, but not
KCTD12-, induced desensitization (Figure 5). This is consistent
with GRK2 binding at the interface of Gbg with Ga (Lodowski
et al., 2003; Tesmer et al., 2005), which sequesters the heterotrimeric G protein subunits (Tesmer et al., 2005). Moreover, GRK2
probably scavenges free Gbg away from channels (Raveh et al.,
2010), which may contribute to the poor reversibility of the
desensitization mechanism. GRK2, by increasing the refractory
period of the G protein, appears to be better suited to induce
fast and long-lasting desensitization. In contrast, KCTD12, by
avoiding the ‘‘hot spot’’ and specifically targeting the channel
binding site of Gbg, allows for fast desensitization and recovery
of the receptor response.
Receptor Specificity of KCTD12-Induced
Desensitization
Since proteins promoting fast desensitization act at the postreceptor level, fast desensitization is generally expected to lack receptor specificity. Indeed, the mechanism of KCTD12-induced
desensitization is not intrinsically receptor specific, as shown in
heterologous expression experiments (Figures 6 and S5). Nevertheless, native KCTD12-induced desensitization is exquisitely
GABAB receptor specific. Quantitative proteomic analysis indicates that native KCTD12 is exclusively associated with GABAB
receptors, as no other GPCRs were detected in anti-KCTD12
APs and genetic lack of GABAB2 abolished the appearance of
KCTD12 in high-molecular weight protein complexes (Figure 7).

There may be developmental windows, regional cell types, or
pathological conditions where KCTD12 is expressed in excess of
GABAB2 and, therefore, G protein signaling of other GPCRs may
be influenced. High KCTD12 expression levels have been reported during development (Metz et al., 2011; Resendes et al.,
2004) and may also occur in certain neurons (Metz et al., 2011)
or under pathological conditions. Interestingly, KCTD12 has
been linked to schizophrenia (Benes, 2010), bipolar disorder 1
(Lee et al., 2011), depression (Sibille et al., 2009; Surget et al.,
2009), anxiety (Le-Niculescu et al., 2011), and gastrointestinal
tumors (Hasegawa et al., 2013), which may not necessarily entail
an exclusive action of KCTD12 at GABAB receptors.
Implications of G Protein Binding by the KCTDs for
GABAB Receptor Signaling
KCTD12 displays effects on GABAB responses that may not
directly relate to its role in Gbg inhibition. Thus, all KCTDs accelerate the rise time (Schwenk et al., 2010) and reduce the latency
(Figure S7) of baclofen-activated Kir3 currents in heterologous
cells. Accordingly, their loss in Kctd8/12/16 triple knockout mice
leads to markedly slower rise times and increased latency of the
K+ currents in cultured hippocampal neurons (Figures 8C and
8D). The KCTD-dependent acceleration of the receptor response
may result from the dual binding of the KCTDs to the receptor and
the G protein. Pulling together receptor and G protein should overcome the slow diffusion-limited association between receptor
and G protein and shift the rate-limiting step in G protein activation
from receptor/G protein binding to receptor-driven GDP-GTP
exchange, a faster process (Fowler et al., 2007; Ross, 2008). However, the KCTDs may also speed up G protein signaling at the receptor by directly accelerating GDP-GTP exchange, for example,
by promoting the release of GDP from Ga$GDP. We recently reported that KCTD12 additionally promotes surface expression
of GABAB receptors in neurons (Ivankova et al., 2013). The KCTDs
therefore influence GABAB receptor signaling and thus physiological processes in several ways. First, KCTD12-induced fast activation kinetics may be important for a precise timing of pre- and
postsynaptic GABAB receptor influences on synaptic transmission. Second, KCTD12-induced fast desensitization may serve
to prevent excessive Kir3 channel activity, which can cause intracellular K+ depletion and neuronal apoptosis (Yu et al., 1997) or
generate seizures (Beenhakker and Huguenard, 2010). Third,
the receptor specificity of KCTD12 may provide a means to
avoid promiscuous and potentially adverse interference with the
signaling of other GPCRs (Rives et al., 2009).
EXPERIMENTAL PROCEDURES
Molecular Biology and Cell Culture
The cDNAs encoding WT and mutant proteins used were all verified
by sequencing and had the following GenBank accession numbers: Y10370
(GABAB1b), AJ011318 (GABAB2), AY615967 (KCTD8), AY267461 (KCTD12),
and NM_026135 (KCTD16). The cDNAs encoding the Kir3.1/3.2 concatemer
(Kaupmann et al., 1998) and the adenosine A1 receptor (Ferré et al., 2002)
were reported earlier. Cell culturing and transfections were as described in
Biermann et al. (2010), Ivankova et al. (2013), and Schwenk et al. (2010).
Biochemistry
Affinity purifications (APs), two-dimensional BN-PAGE/SDS-PAGE separations, and western blot analyses were carried out as described in Schwenk
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et al. (2010, 2012). Protein samples for APs were obtained by solubilizing
plasma membrane-enriched protein fractions from whole mouse brains with
ComplexioLyte-47 (CL-47, Logopharm GmbH) at 1 mg protein/ml or by lysing
cultured HEK293T cells or homogenized mouse brains with Nonidet P-40
buffer (100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 20 mM Tris/HCl
[pH 7.4]). AlF4 (60 mm AlCl3, 10 mm NaF, 10 mm GDP, 10 mM MgCl2) was
freshly prepared as described in Kawano et al. (2007) and incubated in Nonidet
P-40 buffer before lysis of HEK293T cells. Crude membrane preparations
from Xenopus oocytes injected with the indicated cRNA were obtained as
described previously in Schwenk et al. (2010).
Mass Spectrometry
Nano LC-MS/MS analyses were performed on an LTQ-FT Ultra mass spectrometer linked to an UltiMate 3000 HPLC as described (Schwenk et al.,
2012). LC-MS/MS data were extracted using the extract_msn utility and
searched against manually assembled databases derived from UniProt
Knowledgebase release 2013/02 (Mus musculus, Rattus norvegicus, and
Homo sapiens) using the Mascot search engine (version 2.3.01; Matrix Science) first with a peptide mass tolerance of 15 ppm. After extraction and
mass shift calibration of precursor m/z signals using MaxQuant (Cox and
Mann, 2008), tolerance was reduced to ±5 ppm for final searches.
Relative quantification of proteins was based on peptide peak volumes
(PVs). PVs from individual peptide species were calculated from the respective
LC-MS full-scan m/z signal intensities integrated over time and mass width
either with MaxQuant (protein ratios in Figure 2) or msInspect (profiles in Figure 7). Alignment of m/z signals between different LC-MS/MS runs and assignment to the peptides identified by Mascot (retention time tolerance: 1 min, m/z
difference threshold: ±2.5 ppm (MaxQuant), ±5 ppm (msInspect) was carried
out by a home-written software tool and manually verified for proteins yielding
less than six peptide PVs.
Protein abundance ratios (rPV; Figure 2) were determined by the TopCorr
method as described in Bildl et al. (2012). Specificity thresholds of APs were
determined from rPV histograms of all proteins detected in the respective
AP/control. Proteins were considered specifically copurified when rPV (mouse
WT versus KO)/threshold (versus KO) > 1. Unless indicated otherwise, only
proteins with rPVs based on at least two protein-specific peptide PVs were
quantified. Protein mass abundance profiles (Figure 7) were determined
from BN-MS analysis as described (Schwenk et al., 2012).
BRET Measurements
BRET measurements were performed in CHO cells stably expressing GABAB1
and GABAB2 and transiently transfected with plasmids encoding Gao-Rluc,
Venus-Gg2, FLAG-Gb2, and myc-KCTD12 or myc-KCTD16. BRET signals between Gao-Rluc and Venus-Gg2 in the presence of 5 mM coelenterazine h
(NanoLight Technologies) were measured on an Infinite F500 microplate
reader (Tecan) after receptor activation with baclofen.
Electrophysiology
Experiments on Xenopus oocytes, CHO cells, and cultured hippocampal neurons were performed at room temperature as described in Schwenk et al. (2010).
Desensitization time constants were derived from double-exponential fits to
the decay phase of Kir3.1/3.2 currents during baclofen application. Curve
fitting and further data analyses were done with pClamp 10 (Molecular Devices) and IGOR Pro (version 6.32; Wavemetrics). Latency was determined
in current responses filtered to 20 Hz as the time interval between the agonist
solution reaching the cell surface and the inflection point indicating current
onset (Doupnik et al., 2004). The inflection point was set at the last zero
crossing of the first derivative of the current before the onset. Data are given
as mean ± SD. Statistical significance was assessed using nonparametric t
tests or ANOVA with the Dunnett’s multiple comparison test. Additional information is provided in the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.neuron.2014.04.015.
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SUPPLEMENTAL FIGURE LEGENDS
Figure S1 (Related to Figure 1).
Kir3.2 channels can be activated by 1-propanol during KCTD12-induced desensitization.
Trace of Kir3 current recorded at -50 mV in CHO cells expressing GABAB receptors, Kir3.2
channels and KCTD12. Note that direct activation of Kir3 channels by 1-propanol is possible
during KCTD12-induced desensitization of the current evoked by baclofen, showing that
KCTD12 does not operate at the channel.

Figure S2 (Related to Figure 2).
Purified recombinant KCTD12 and Gβ1γ2 proteins directly interact with each other. Gβ1γ2
and KCTD12 proteins were expressed in baculovirus infected Sf21 insect cells and E.coli,
respectively. The purified proteins were mixed in equimolar amounts, immunoprecipitated with
KCTD12-specific antibodies and visualized on Western blots.

Figure S3 (Related to Figure 4).
KCTD12 does not promote unbinding of Kir3.4-derived peptide from Gβγ. (A, B) Traces
represent Kir3 currents evoked by two consecutive baclofen applications delivered at a 5-minute
interval to CHO cells expressing GABAB receptors in the absence (A) or presence of KCTD12
(B). Prior to the recordings the cells were perfused for 60 minutes with the intracellular solution
supplemented with 40 μM Kir3.4 peptide. (C) Bar graph showing peak amplitudes (P1) of
baclofen responses recorded after perfusion of cells with the Kir3.4 peptide relative to peaks of
control baclofen-evoked currents recorded shortly after establishing of the whole-cell
configuration. Note a lower sensitivity of the responses to the Kir3.4 peptide in the presence of
KCTD12, consistent with competition between the peptide and KCTD12 for binding to Gβγ. Data

are mean ± SD of 7 (w/o KCTD) and 6 (+KCTD12) experiments. *, p < 0.01; Student’s t-test. (D)
Summary of the amplitude ratios of peak currents recorded during the second (P2) and first (P1)
baclofen application. KCTD12 does not significantly alter the P2/P1 ratio indicating that it cannot
rescue pre-inhibited Gβγ by reducing the affinity of Kir3.4-peptide at Gβγ. Data are mean ± SD
of 5 (w/o KCTD, +KCTD12) experiments.

Figure S4 (Related to Figure 5).
The binding domains of KCTD12 and GRK2 on Gβγ overlap. (A, B) Flag-tagged Gβ1
(Gβ1Flag) and Venus-tagged Gγ2 (Gγ2Venus) were expressed in the presence of either (A)
increasing amounts of GRK2 C-terminus (GRK2-CT, 1 - 9 μg of DNA) and equal amounts of
Myc-tagged KCTD12 or (B) increasing amounts of KCTD12Myc (1 – 9 μg of DNA) and equal
amounts of GRK2-CT. APs were analyzed by Western blot using antibodies directed at GRK2CT, Myc, Flag, and GFP. MW, molecular weight; Venus, variant of GFP; CT, C-terminus. Note
that GRK2 is more efficient in displacing KCTD12 from Gβγ than vice versa. (C) Kir3 currents
evoked by two consecutive baclofen applications delivered at 10 minute interval to CHO cells
expressing GABAB receptors and KCTD12 with (blue) or without (black) GRK2. Note that the
combined presence of KCTD12 and GRK2 accelerates fast desensitization when compared to
GRK2 alone (Figure 5). (D) Bar graph summarizing Kir3 current desensitization. Data are mean
± SD of 6 (w/o GRK2) and 5 (GRK2) experiments. ***, p < 0.001; **, p < 0.01; Student’s t-test.
(E) Bar graph summarizing the amplitude ratios of peak Kir3 currents recorded during the
second (P2) and first (P1) baclofen application (panel (C)). Note that during the 10 minute period
GRK2-induced desensitization does not recover in the presence of KCTD12. This shows that
KCTD12 does not efficiently interfere with GRK2 mediated desensitization. Data are mean ± SD
of 5 (w/o GRK2) and 9 (GRK2) recordings. ***, p < 0.001; Dunnett’s multiple comparison test.

Figure S5 (Related to Figure 6)
Receptor-specific and receptor-unspecific KCTD12-induced desensitization. (A, B)
Representative traces of Kir3 currents evoked by fast application of L-glutamate to CHO cells
expressing WT metabotropic glutamate receptor 2 (mGlu2 WT) or mGlu2-GABAB2-CT, in which
the C-terminal 58 amino-acid residues of mGlu2 (accession number NM_001105711) were
replaced with the C-terminal 197 residues of GABAB2. Currents were recorded in the presence
(+ KCTD12) and absence of KCTD12 (w/o KCTD12). (C) Bar graph summarizing Kir3 current
desensitization. Note that binding of KCTD12 to mGlu2-GABAB2-CT increases the extent of
desensitizsation. Data are mean ± SD of 5 experiments for each treatment. ***, p < 0.001; *, p <
0.01; Student’s t-test. (D) Bar graph shows mean amplitude-weighted time constants obtained
from a fit of a double exponential function to KCTD12-induced desensitization decay. Note that
binding of KCTD12 to mGlu2-GABAB2-CT accelerates desensitization of the current response.
Data are mean ± SD of 5 experiments for each treatment. ***, p < 0.001; Student’s t-test. (E)
KCTD12

co-immunoprecipitates

with

mGlu2-GABAB2-CTMyc.

Flag-tagged

KCTD12

was

expressed together with either Myc-tagged GABAB2Myc, mGlu2 WTMyc or mGlu2-GABAB2-CTMyc.
APs were performed with anti-Myc antibodies and analyzed on Western blot with antibodies
against Myc and Flag. MW, molecular weight. (F) Effect of KCTD12 on basal Kir3 currents
expressed in Xenopus oocytes. Amplitudes of basal Kir3 currents recorded from whole oocytes
injected with cRNA encoding GABAB receptors and Kir3.1/3.2 channels in the absence (control)
or presence of KCTD12, KCTD16 and Gβγ. Bars are mean ± SEM of 6 oocytes for each
condition; ***, p < 0.001; Mann-Whitney U-test. Note that KCTD12 but not KCTD16 significantly
reduced basal currents mediated by both endogenous and overexpressed exogenous Gβγ. (G)
Representative recordings of Kir3 currents elicited by voltage ramps (from -50mV to 30mV).
Amplitudes recorded at -50 mV are summarized in (F). (H) Effect of overexpressed KCTD12 on
receptor-activated Kir3 currents in Xenopus oocytes. Representative GABAB-activated Kir3
currents recorded at -50 mV from Xenopus oocytes injected with cRNA encoding GABAB

receptors, Kir3.1/3.2, KCTD12 and Gβγ. Note robust KCTD12-mediated desensitization of the
current response in the presence of overexpressed Gβγ. (I) Membrane fractions of Xenopus
oocytes injected with the cRNAs encoding WT or Y902A-GABAB2 analyzed by Western blot with
an anti-GABAB2 antibody.

Figure S6 (Related to Figure 7).
Total KCTD12 protein levels are not significantly altered in Gabbr2-/- compared to WT
mouse brains. (A) Western blots of total protein extracts from the brains of a Gabbr2-/- and WT
littermate mouse. β-actin served as a loading control. (B) Bar graphs summarizing KCTD12
expression levels in Gabbr2-/- and WT mice, normalized to WT expression levels. Data are mean
± SD of 3 independent experiments (p = 0.25, Wilcoxon signed-rank test).

Figure S7 (Related to Figure 8)
KCTD12 and KCTD16 reduce the latency of baclofen-activated Kir3 currents in
transfected CHO cells. (A) Representative traces of baclofen-evoked currents recorded from
CHO cells expressing GABAB receptors and Kir3 channels with or without (w/o) KCTD proteins.
The latency period between start of the agonist application (arrow head) and current onset
(arrows) is reduced in the presence of KCTD12 and 16. Current and time scale as indicated. (B)
Bar graph summarizing the latency of baclofen-evoked Kir3 currents observed with WT and
mutant Y902A-GABAB2 receptors. The latency is only reduced by KCTD12 and KCTD16 in the
presence of WT receptors. Data are mean ± SD ***, p < 0.001; Student’s t-test.

SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Biochemistry
Affinity purifications and Western blot analyses were carried out as described (Ivankova et al.,
2013; Schwenk et al., 2012). Briefly, plasma membrane-enriched protein fractions were
prepared from whole brains of adult WT mice, as well as from Gabbr2-/- and Kctd12-/- mice and
solubilized for 30 minutes at 4°C with ComplexioLyte47 (CL-47, Logopharm GmbH, at 1 mg
protein/ml). After clearing by ultracentrifugation (10 min at 150.000 x g), 1.5 ml of solubilizate
was incubated with 15 µg of immobilized anti-GABAB2 (Schwenk et al., 2010) or anti-KCTD12
antibodies (Metz et al., 2011) for 2 h on ice. After two brief washes with CL-47, bound proteins
were eluted in Laemmli buffer. The efficiency of solubilization and purification was controlled by
Western blot analysis of SDS-PAGE resolved aliquots taken along this procedure. Twodimensional BN-PAGE/SDS-PAGE separations were carried out as described (Schwenk et al.,
2012) on linear 3-15% polyacrylamide gradient gels. Excised BN-PAGE lanes were incubated
for 20 min in Laemmli buffer and placed on top of 10% SDS-PAGE gels. After electro-blotting on
PVDF membranes the blot was cut horizontally into different molecular weight ranges and
stained with the indicated antibodies.
For APs from cultured cells (Figures 2, 3, S4 and S5), HEK293T cells were harvested,
washed in PBS, and subsequently lysed in a Nonidet P-40 buffer (100 mM NaCl, 1 mM EDTA,
0.5% Nonidet P-40, 20 mM Tris/HCl, pH 7.4) supplemented with complete EDTA-free protease
inhibitor mixture (Roche). After rotation for 10 min at 4 °C, lysates were cleared by centrifugation
at 16,000 × g for 10 min at 4 °C. The lysates were then used for Western blot analysis or
precleared for 1 h using 30 μl dry volume of a 1:1 mixture of protein-A and protein-G agarose
(GE Healthcare) for APs. Precleared lysates were immunoprecipitated with mouse anti-Flag
(F1804, Sigma) or mouse anti-Myc (Figure S5, sc-40, Santa Cruz) antibodies and 10 μl of the
1:1 protein-A and protein-G agarose mixture, after 3 h of incubation at 4 °C. Lysates and

immunoprecipitates were resolved using SDS-PAGE, and probed with the primary antibodies
rabbit anti-Myc (F1804, Sigma, 1:1000), mouse anti-Flag (F7425, Sigma, 1:1000), mouse antiRenilla Luciferase (MAB4410, Millipore, 1:2000), rabbit anti-GFP (A11122, Invitrogen, 1:1000) or
rabbit anti-GRK2-CT (ab32558, Abcam) and peroxidase-coupled secondary antibodies (NA931V
and NA9340V, Amersham Biosciences, 1:10000). The antibody incubation was in 5% nonfat dry
milk in PBS containing 0.1% Tween-20. The chemiluminescence detection kit (Pierce) was used
to identify antibody-labeled proteins.
For the AlF4- experiment, AlF4- (60 μm AlCl3 (449598, Sigma), 10 mm NaF (215309,
Sigma), 10 μm GDP (G7127, Sigma) and 10 mM MgCl2 (63064, Fluka)) was freshly prepared
from powder as described (Kawano et al., 2007) and incubated in Nonidet P-40 lysis buffer
before lysis of HEK293T cells as described above.
For determination of total KCTD12 protein levels (Figure S6) mouse brains were washed
in ice-cold PBS buffer and mouse brain tissue was homogenized in Nonidet P-40 lysis buffer
using a glass-teflon homogenizer with 20 passes on ice. After rotation for 10 min at 4 °C,
homogenates were clarified by centrifugation at 16,000 × g for 10 min at 4 °C. The supernatant
was retained and used for protein determination by Bradford method or Western blot analysis.
Lysates were resolved using SDS-PAGE, and probed with the primary antibodies rabbit antiKCTD12 (Schwenk et al., 2010), rabbit anti-GABAB2 (AGB-002, Alomone, 1:1000) or rabbit antiβ-actin (4970, Cell Signaling Technology, 1:2000). Band intensity was quantified by ImageJ
software (National Institute of Health, Bethesda, MD, USA) and depicted in graphical form.
Histidine tagged human Gγ2 and Gγ1 were subcloned into multigene baculovirus transfer
vectors (Fitzgerald et al., 2006) and subsequently integrated into the bacmid genome. Virus
mediated protein expression was conducted by infecting Sf21 insect cells. Cells were harvested
and lysed with glas potters in homogenization buffer consisting of 10 mM Tris/HCl pH 7,4, 320
mM Sucrose, 1,5 mM MgCl, 1 mM EGTA, 1 mM TCEP with freshly added protease inhibitors.

Membrane fractions were isolated by ultracentrifugation (100.000 x g, 30 minutes). Proteins
were solubilized as described in (Kozasa and Gilman, 1995), purified by Ni-Sepharose (GE
Healthcare) and size-exclusion chromatography (Superdex 200, GE Healthcare) and thereafter
dialysed against binding buffer (20 mM Tris/HCl pH 7,4, 150 mM NaCl, 0,1 mM TCEP, 0,15%
Zwittergent 3-14). His-tagged KCTD12 was expressed in E.coli BL21(DE3) pLysS. Cells were
lysed by sonication and soluble KCTD12 protein was purified sequentially by IMAC and SEC
chromatography and dialysed against binding buffer. Equimolar amounts of G proteins and
KCTD12 were mixed in binding buffer and after 30 min immunoprecipitated with 2 µg
immobilized KCTD12-specific antibodies. Samples were analysed by Western blot.
Crude membrane preparations from Xenopus oocytes injected with the indicated cRNA
were obtained as described previously (Schwenk et al., 2010). Equal amounts of membrane
proteins were separated on a 10% SDS-PAGE and analyzed by Western blot.

Mass Spectrometry
Analysis by nano LC-MS/MS was performed as described (Schwenk et al., 2012). Specifically,
peptide mixtures obtained from tryptic in-gel digestion of protein samples (dissolved in 0.5% (v/v)
trifluoroacetic acid) were resolved by reverse phase chromatography on an UltiMate 3000 HPLC
and directly electrosprayed into an LTQ FT Ultra mass spectrometer. Precursor signals (full
scans) used for quantification were acquired with a target value of 1,000,000 (maximum injection
time 1 s, spray voltage 2.3 kV; capillary temperature 125°C) and a nominal resolution of 100,000
(FWHM) at m/z 400 (scan range 370 to 1700 m/z). Up to five data-dependent CID fragment
spectra per scan cycle were acquired in the ion trap with a target value of 10,000 with dynamic
exclusion, preview mode for FTMS master scans, charge state screening, monoisotopic
precursor selection and (+1) charge state rejection enabled. Total MS acquisition times were
105 min (75 min rising acetonitrile concentration, 30 s dynamic MS/MS exclusion). LC-MS/MS

data were extracted using the extract_msn utility (grouping tolerance 0.05) and searched against
(manually assembled databases) derived from UniProt Knowledgebase release 2013/02 (Mus
musculus, Rattus norvegicus and Homo sapiens) using the Mascot search engine (version
2.3.01; Matrix Science) first with a peptide mass tolerance of 15 ppm. After extraction and mass
shift calibration of precursor m/z signals using MaxQuant (Cox and Mann, 2008), tolerance was
reduced to ± 5 ppm for final searches. One missed trypsin cleavage and common variable
modifications were accepted for peptide identification. Proteins identified by only one specific
MS/MS

spectrum

or

representing

exogenous

contaminations

such

as

keratins

or

immunoglobulins were eliminated.
Relative quantification of proteins was based on peptide peak volumes (PVs). PVs from
individual peptide species were calculated from the respective LC-MS full scan m/z signal
intensities integrated over time and mass width either with MaxQuant (protein ratios in Figure 2)
or msInspect (http://proteomics.fhcrc.org/CPL/amt/), Computational Proteomics Laboratory, Fred
Hutchinson Cancer Research Center, Seattle, WA, USA; protein profiles in Figure 7). Alignment
of m/z signals between different LC-MS/MS runs and assignment to the peptides identified by
Mascot (retention time tolerance: 1 min, m/z difference threshold: ± 2.5 ppm (MaxQuant), ± 5
ppm (msInspect) was carried out by a home-written software tool and manually verified for
proteins yielding less than 6 peptide PVs. Protein abundance ratios (rPV) in AP versus control
(Figure 2) were determined by the TopCorr method as described (Bildl et al., 2012). Specificity
thresholds of APs were determined from rPV histograms of all proteins found in the respective
AP / control. Proteins were considered specifically co-purified when rPV (mouse WT versus KO)
/ threshold (vs KO) > 1 (Figure 2). Unless indicated otherwise, only proteins with rPVs based on
at least two protein-specific peptide PVs were quantified. Protein mass abundance profiles (i.e.
protein abundance ratios of each gel slice sample versus maximum (without calibration of
molecular abundances, Figure 7) were determined from BN-MS analysis as described (Schwenk

et al., 2012). Gaussian least square fits to protein profiles were carried out with IGOR Pro
(version 6.32; Wavemetrics USA).

BRET Measurements
CHO cells expressing GABAB1 and GABAB2 were transiently transfected with plasmids encoding
Gαo-Rluc, Venus-Gγ2, FLAG-Gβ2, and myc-KCTD12 or myc-KCTD16 and were seeded into 96well microplates (Greiner Bio-One). 24 h after transfection, cells were washed with PBS and the
measurement was initiated on an Infinite® F500 microplate reader (Tecan) after injection of 5
µM Coelenterazine h (NanoLight Technologies). 100 µM baclofen was injected after 2 min of
reading. Luminescence and fluorescence signals were detected sequentially with an integration
time of 200 ms. The expression of GABAB receptors at the cell surface was controlled with an
ELISA (Ivankova et al., 2013) and did not differ between experimental conditions. The BRET
ratio was calculated as the ratio of light emitted by Venus-Gγ2 (530-570 nm) over light emitted
by Gαo-Rluc (370-470 nm) and corrected by subtracting ratios obtained with the Rluc fusion
protein alone. The results were expressed in mBRET units. The curves were fitted using
GraphPad Prism 5.0 (“Plateau followed by one-phase decay”).

Electrophysiology
Experiments on Xenopus oocytes, CHO cells and cultured hippocampal neurons were
performed at room temperature as previously described (Schwenk et al., 2010). In two-electrode
voltage-clamp experiments on oocytes, the extracellular solution was composed as follows
(mM): 100 KCl, 17.5 NaCl, 10 HEPES, and 1.8 CaCl2 (pH 7.3); solution exchange occurred
within ~1 s. For experiments with CHO cells and hippocampal neurons cells were continuously
superfused with an extracellular solution composed of (in mM): 145 NaCl, 2.5 KCl, 1 MgCl2, 2

CaCl2, 10 HEPES, 25 Glucose; pH 7.3, 323 mOsm. Patch pipettes had resistances between 3-4
MΩ when filled with intracellular solution composed of (in mM) 107.5 potassium gluconate, 32.5
KCl, 10 HEPES, 5 EGTA, 4 MgATP, 0.6 NaGTP (LiGTPγS), 10 Tris phosphocreatine; pH 7.2,
297 mOsm. Series resistance (< 5 MΩ) was compensated by 80%. Kir3 responses were evoked
by fast application of baclofen (Schwenk et al., 2010) and recorded with an Axopatch 200B
patch-clamp amplifier (Molecular Devices, USA); filtering and sampling frequencies were set to 1
kHz and 5 kHz, respectively. Solution exchange occurred within ~12 ms. To establish the
Kctd8/12/16-/- line single-knockout mice were crossed. Homozygous Kctd8/12/16-/- mice from this
line were compared with WT mice derived from heterozygous single knockout mice.
Desensitization time constants were derived from double-exponential fits to the decay
phase of Kir3.1/3.2 currents during baclofen application. Curve fitting and further data analyses
were done with pClamp 10 (Molecular Devices, USA) and IGOR Pro (version 6.32; Wavemetrics
USA). Data are given as mean ± SD. Statistical significance was assessed using non-parametric
t-tests or ANOVA with the Dunnett's multiple comparison test.
The Kir3.4-peptide (SMRDEKLCLMFRVGDLR, Biomatik, USA) was dissolved in
intracellular solution at a final concentration of 40 µM. In experiments with gallein (Tocris
Bioscience, UK) or selenocystamine dihydrochloride (Sigma-Aldrich, USA), CHO cells were
preincubated for 30 to 60 minutes at room temperature in extracellular solution containing the
drug at a concentration of 20 µM. For patch-clamp recording, the drugs were dissolved in
intracellular solution at a concentration of 20 µM.
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GABAB receptors assemble from GABAB1 and GABAB2 subunits. GABAB2 additionally associates with
auxiliary KCTD subunits (named after their K+ channel tetramerization-domain). GABAB receptors
couple to heterotrimeric G-proteins and activate inwardly-rectifying K+ channels through the bg
subunits released from the G-protein. Receptor-activated K+ currents desensitize in the sustained
presence of agonist to avoid excessive effects on neuronal activity. Desensitization of K+ currents
integrates distinct mechanistic underpinnings. GABAB receptor activity reduces protein kinase-A
activity, which reduces phosphorylation of serine-892 in GABAB2 and promotes receptor degradation.
This form of desensitization operates on the time scale of several minutes to hours. A faster form of
desensitization is induced by the auxiliary subunit KCTD12, which interferes with channel activation by
binding to the G-protein bg subunits. Here we show that the two mechanisms of desensitization
inﬂuence each other. Serine-892 phosphorylation in heterologous cells rearranges KCTD12 at the
receptor and slows KCTD12-induced desensitization. Likewise, protein kinase-A activation in
hippocampal neurons slows fast desensitization of GABAB receptor-activated K+ currents while protein
kinase-A inhibition accelerates fast desensitization. Protein kinase-A fails to regulate fast desensitization
in KCTD12 knock-out mice or knock-in mice with a serine-892 to alanine mutation, thus demonstrating
that serine-892 phosphorylation regulates KCTD12-induced desensitization in vivo. Fast current
desensitization is accelerated in hippocampal neurons carrying the serine-892 to alanine mutation,
showing that tonic serine-892 phosphorylation normally limits KCTD12-induced desensitization. Tonic
serine-892 phosphorylation is in turn promoted by assembly of receptors with KCTD12. This crossregulation of serine-892 phosphorylation and KCTD12 activity sharpens the response during repeated
receptor activation.
ß 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction
GABAB receptors are the G-protein coupled receptors (GPCRs)
for GABA, the main inhibitory neurotransmitter in the central
nervous system [1]. GABAB receptors are obligate heteromers
composed of GABAB1 (GB1) and GABAB2 (GB2) subunits. Two GB1
isoforms exist, GB1a and GB1b, which regulate axonal versus
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dendritic distribution of the receptors [2]. In the heteromer GB1
binds GABA while GB2 facilitates surface trafﬁcking and binds the
G-protein [3–6]. GABAB receptors are expressed by most neurons
in the brain and regulate neuronal excitability by modulating the
activity of G protein-gated inwardly rectifying K+ channels (GIRK
or Kir3 channels), voltage-gated Ca2+ channels and adenylyl
cyclase [1,7,8]. To avoid prolonged effects on neuronal activity
in the continuous presence of GABA, GABAB receptors exhibit a
time-dependent decrease in receptor response, a phenomenon
referred to as homologous desensitization [9–12]. GABAB receptor
activity induces homologous desensitization through the inhibition of adenylate cyclase, which in turn decreases the cAMPdependent activity of protein kinase-A (PKA). Since PKA phosphorylation of serine-892 (S892) in the C-terminal domain of GB2
increases receptor stability at the plasma membrane, reduced PKA

http://dx.doi.org/10.1016/j.bcp.2014.07.013
0006-2952/ß 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. S892 phosphorylation slows KCTD12-induced desensitization of baclofen-activated K+ currents. (A) Scheme highlighting the close proximity of the PKA
phosphorylation-site S892 and the KCTD12 binding-site Y902 in the C-terminal domain of GB2. (B) Representative traces of GIRK currents activated by baclofen (100 mM) and
recorded at 50 mV from CHO-K1 cells expressing GB2-WT, GB1b, GIRK1/2 and KCTD12. Cells were pre-incubated without (Control, black trace) or with 8-Br-cAMP (1 mM,
30 min; grey trace). The desensitization time constants t1 and t2 were derived from double-exponential ﬁts (blue trace) to the decay phase of K+ currents during baclofen
application. (C) Representative traces as in (B) from CHO-K1 cells lacking KCTD12. (D–F) Representative traces as in (B) from CHO-K1 cells expressing the GB2 mutants S892A
(D), S892E (E) or Y902A (F). (G) Bar graph summarizing the time constant t (amplitude-weighted mean time constant calculated from t1 and t2) of baclofen-induced K+
current desensitization. Data are means  SD, n = 5–16. *, p < 0.05; **, p < 0.01; ***, p < 0.001; Sidak’s multiple comparison test. (H) Repeated activation of GIRK currents in CHO-K1
cells expressing WT GABAB receptors (GB1,2-WT) together with KCTD12 results in a sharpening of the current response (left; 1st response black, 3rd response red). No sharpening of
the current response upon repeated activation is observed with mutated GABAB receptors (GB1,2-S892A) that cannot be phosphorylated at S892 (right). Baclofen applications were
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Fig. 2. S892 phosphorylation rearranges the receptor/KCTD12 complex. (A) Scheme of the BRET Rluc-KCTD12 donor and GB1a-YFP acceptor pair. (B) BRET donor saturation
curves from HEK293T cells expressing ﬁxed amounts of GB2-WT, GB2-Y902A (both left) or GB2-S892A (right) together with Rluc-KCTD12 and increasing amounts of GB1aYFP. Cells were pre-incubated with 8-Br-cAMP (1 mM, 30 min; open circles) to activate PKA. BRET is expressed as milli BRET units (mBU) determined as net BRET  1000. Data
points are means  SD of technical quadruplicates of a representative experiment, n = 4–7. (C) Western blot of lysates of HEK293T cells expressing GB1a-YFP, GB2-WT and RlucKCTD12 in the presence and absence of 8-Br-cAMP (1 mM, 30 min pre-incubation). Activation of PKA does not affect the total amount of GB2 but increases phosphorylation at S892
(GB2-pS892). GB2 runs as two bands on SDS–PAGE, likely due to differences in posttranslational modiﬁcation. The higher molecular weight band appears to be more heavily
phosphorylated at S892. Blots are representative of six independent experiments. Bar graph summarizing the amount of S892 phosphorylation normalized to the amount of GB2 on
the same blot (GB2-pS892 in %). Data are means  SD, n = 6. *, p < 0.05; t test. (D) Co-immunoprecipitation of GABAB receptors with KCTD12 from HEK293T cells expressing GB1aYFP, GB2-WT and Rluc-KCTD12 in the presence and absence of 8-Br-cAMP (1 mM, 30 min pre-incubation). Equivalent amounts of GABAB receptors were co-precipitated. Blots are
representative of ﬁve independent experiments. (E) Co-immunoprecipitation of GABAB receptors with KCTD12 from HEK293T cells expressing GB1a-YFP, GB2 (WT, S892A, S892E or
Y902A) and Rluc-KCTD12. Y902A does not bind KCTD12 and was used as a negative control. Blots are representative of three independent experiments.

activity facilitates receptor degradation and consequently desensitization of the receptor response [13,14]. This phosphorylationdependent mechanism regulates desensitization on the time scale
of several minutes to hours. In addition, faster mechanisms induce
homologous desensitization of the receptor response within
seconds of agonist application. These mechanisms operate at the
G-protein rather than at the receptor. The ‘‘Regulator of G-protein
Signaling’’ (RGS) protein 4 induces desensitization by accelerating
the rate of GTP hydrolysis at the Ga subunit of the activated Gprotein [15–17]. Fast desensitization is additionally induced by the
KCTD proteins 12 and 12b [18,19]. The KCTDs are auxiliary

receptor subunits that constitutively associate with the C-terminal
domain of GB2, in which mutation of Y902 to alanine (Y902A)
completely abolishes association [18,20,21]. KCTD12 induces
GABAB receptor-activated K+ current desensitization by binding
to the bg subunits of the activated G-protein, which interferes
with activation of the effector K+ channel [19]. Of note, this postreceptor mechanism of desensitization is rendered receptorspeciﬁc through the exclusive association of native KCTD12
protein with GABAB receptors [19].
Since KCTD12 binds to GB2 in proximity of the PKA
phosphorylation-site S892 (Fig. 1A), phosphorylation of S892

for 60-s in intervals of 5 min. (I) Bar graph summarizing experiments as shown in (H). In experiments with GB2-WT, the t of the 3rd response (tP3) was signiﬁcantly reduced
compared to the t of the 1st response (tP1). No change in the desensitization of the current response upon repeated activation is seen (i) when S892 cannot be phosphorylated
(S892A), (ii) with the phospho-mimetic S892E and (iii) when KCTD12 cannot bind to GB2 (Y902A). Data are means  SD, n = 7–12. **, p < 0.01; t test.
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may inﬂuence the ternary receptor/KCTD12/G-protein complex
and vice versa, KCTD12 may inﬂuence S892 phosphorylation. We
therefore addressed whether PKA regulates KCTD12-induced K+
current desensitization. We found that PKA phosphorylation of
S892 reduces KCTD12-induced K+ current desensitization in
heterologous cells and cultured hippocampal neurons. Mechanistically, S892 phosphorylation induces a conformational change in
the GABAB receptor/KCTD12 complex that slows KCTD12-induced
desensitization. Reciprocally, the binding of KCTD12 promotes
phosphorylation of S892, consistent with previous data showing
that KCTD12 stabilizes receptors at the cell surface [21].
2. Material and methods
2.1. Cell lines and cultures of hippocampal neurons
HEK293T and CHO-K1 cells were maintained in DMEM (Life
Technologies, CA, US) supplemented with 10% FBS (GE Healthcare,
Buckinghamshire, UK) at 37 8C with 5% CO2. CHO-K1 cells stably
expressing GB1 and GB2 subunits were cultured as described [22].
Cultured hippocampal neurons were prepared from wild-type
(WT), KCTD12/ [19,23] or GB2-S892A mice on embryonic day
16.5 as described [24].
2.2. Drugs
To activate GABAB receptors, baclofen (Cat.No. 417) was used at
a ﬁnal concentration of 100 mM. To activate PKA, 8-Br-cAMP
(Cat.No. 1140) and forskolin (Cat.No. 1099) were used at a ﬁnal
concentration of 1 mM and 20 mM, respectively. To inhibit PKA,
H89 (Cat.No. 2910) and protein kinase inhibitor-(14-22)-amide
(PKI, Cat.No. 2546) were used at a ﬁnal concentration of 2 mM or
10 mM, and 10 mM, respectively. All reagents were purchased from
Tocris Bioscience, UK.

we co-expressed green ﬂuorescent protein (GFP) or pIRES-EGFPKCTD12. The amount of DNA in the transfections was kept constant
by supplementing with pCI plasmid DNA (Promega, WI, US).
2.5. Electrophysiology
CHO-K1 cells and cultured hippocampal neurons were plated
onto ThermanoxTM plastic coverslips (Thermo Scientiﬁc, MA, US) or
poly-L-lysine (P9155, Sigma–Aldrich, MO, US) coated glass coverslips, respectively. Experiments with CHO-K1 cells and cultured
hippocampal neurons were performed at room temperature 2–3
days or 1–2 weeks (DIV14-21) after transfection, respectively. Cells
were continuously superfused with an extracellular solution (ECS)
composed of (in mM): 145 NaCl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES,
25 glucose; pH 7.3, 323 mosm. Neurons were superfused with ECS
supplemented with (in mM): 10 DNQX, 0.5 TTX, 100 picrotoxin, 5 DCPP. Patch pipettes had resistances between 3 and 4 MV when ﬁlled
with intracellular solution (ICS) composed of (in mM): 107.5
potassium gluconate, 32.5 KCl, 10 HEPES, 5 EGTA, 4 MgATP, 0.6
NaGTP, 10 Tris-phosphocreatine; pH 7.2, 295 mosm. To activate PKA
the ICS was supplemented with 250 mM 8-Br-cAMP. Series
resistance (<5 MV) was compensated by 80%. GABAB responses
were evoked by fast application of baclofen and recorded with an
Axopatch 200B patch-clamp ampliﬁer; ﬁltering and sampling
frequencies were set to 1 kHz and 5 kHz, respectively [29].
Desensitization time constants were derived from bi-exponential
ﬁts to the decay phase of GIRK currents during agonist application.
Curve ﬁtting and data analysis were done with pClamp10 software
(Molecular Devices, CA, US). Data are given as mean  SD.
Pharmacological treatments were carried out after DIV15 (neurons)
or 48 h after transfection (CHO-K1 cells). Before recording, hippocampal neurons or CHO-K1 cells were pre-incubated for 30 min with 8-BrcAMP, forskolin, PKI and H89 in the ECS.
2.6. Co-immunoprecipitation experiments and drug treatments

2.3. Generation of GB2-S892A knock-in mice
The gene targeting construct contained a neomycin resistance
cassette (pRay-2; Genbank accession number U63120) ﬂanked by
two arms of Balb/c GB2 genomic DNA. The S892A mutation in exon
19 was introduced into the 30 arm along with a diagnostic silent
NheI restriction site. The targeting construct was electroporated
into Balb/c embryonic stem cells. Neomycin resistant colonies
were screened for homologous recombination by PCR, and positive
clones conﬁrmed by Southern blot. Positive ES cells were
microinjected into C57BL/6 blastocysts. Chimeric males were
crossed with female Balb/c mice to generate inbred Balb/c mice
heterozygous for the S892A allele. The neomycin cassette in the
S892A allele was then excised by mating heterozygous mice with
Balb/c Cre-deleter mice [25]. Whole brain membranes were probed
with the primary antibodies guinea-pig anti-GB2 (AB5394, 1:2000,
Millipore, Darmstadt, Germany), rabbit anti-GB2-pS892 [13]
(1:2000), rabbit anti-GB1 [26] (1:3000), mouse anti-b-III-tubulin
(T8660, 1:1000, Sigma–Aldrich, MO, US). All animal experiments
were subjected to institutional review and approved by the
Veterinary Ofﬁce of Basel-Stadt.
2.4. Molecular biology
The plasmids encoding HA-GB2, HA-GB2-Y902A, Myc-GB1b,
Flag-GB1a, pRK6-GB1a-YFP, pcDNA3.1-GIRK1/2, Myc-KCTD12,
pIRES-EGFP-KCTD12, Rluc-KCTD12 and Rluc-Gb1 were described
earlier [19,21,27,28]. The HA-GB2-S892A and HA-GB2-S892E
mutations were generated by replacing S892 with alanine or
glutamate, respectively. Lipofectamine 2000 (Life Technologies,
CA, US) was used for transient transfections. For electrophysiology

Forty-eight hours after transfection, HEK293T cells were
starved for 4 h in DMEM w/o FCS prior to incubation for 30 min
with 8-Br-cAMP. Cells were harvested, washed once with ice-cold
PBS, and subsequently lysed in NETN buffer (100 mM NaCl, 1 mM
EDTA, 0.5% Nonidet P-40, 20 mM Tris/HCl, pH 7.4) supplemented
with complete EDTA-free protease inhibitor mixture (Hoffmann-La
Roche, Basel, Switzerland) and phosphatase inhibitors 2 and 3
(P5726 and P0044, Sigma–Aldrich, MO, US). After rotation for
10 min at 4 8C, the lysates were cleared by centrifugation at
1000  g for 10 min at 4 8C. Lysates were directly used for Western
blot analysis or immunoprecipitated with anti-Rluc antibody
(MAB4410, Millipore, Darmstadt, Germany) coupled to Dynabeads1 Protein-G (10004D, Life Technologies, CA, US). Lysates and
immunoprecipitates were resolved using standard SDS–PAGE and
probed with the primary antibodies guinea-pig anti-GB2 (AB5394,
1:2000, Millipore, Darmstadt, Germany) or guinea-pig antiKCTD12 [23] (1:1000) and peroxidase-coupled secondary antibodies donkey anti-guinea pig (A7289, 1:10,000, Sigma–Aldrich,
MO, US). The chemiluminescence detection kit (Thermo Scientiﬁc,
MA, US) was used for visualization. The band intensity on Western
blots was quantiﬁed from non-saturated images using a Fusion FX
Chemiluminescence System (Vilber Lourmat, Witec AG, Lucerne,
Switzerland). GB2 protein sometimes runs as two bands on SDS–
PAGE, depending on the acrylamide concentration of the gel, the
voltage applied across the gel and the electrophoresis time.
Drug treatments of HEK293T cells and cultured hippocampal
neurons were performed 48 h after transfection or at DIV14,
respectively. HEK293T cells were incubated with 8-Br-cAMP for
30 min. Cultured hippocampal neurons were incubated with
H89 for 2 h. Lysates were probed with the primary antibodies
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guinea-pig anti-GB2 (AB5394, 1:2000, Millipore, Darmstadt,
Germany) or rabbit anti-GB2-pS892 [13] (1:750) and peroxidase-coupled secondary antibodies donkey anti-guinea pig
(A7289, 1:10,000, Sigma–Aldrich, MO, US) and donkey anti-rabbit
(NA9340, 1:10,000, GE Healthcare, Buckinghamshire, UK). b-IIITubulin (T8660, 1:10,000, Sigma–Aldrich, MO, US; peroxidasecoupled secondary antibody sheep anti-mouse, NA931, 1:10,000,
GE Healthcare, Buckinghamshire, UK) was used to control for
loading and to normalize GB2 and phosphorylated GB2 protein
levels in neurons.
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pronounced desensitization in the presence (91.0  3.4%; n = 14;
Fig. 1B) than in the absence of KCTD12 (26.0  7.5%; n = 10; Fig. 1C), as
reported earlier [18]. Approximation of the time-course of the KCTD12induced desensitization by a double exponential function yielded time
constants of 1.6  0.4 s (t1; relative amplitude 47.5  15.3%) and
12.9  2.1 s (t2; Fig. 1B) [18,19]. Activation of PKA by pre-incubation of
cells with 8-Br-cAMP for 30 min signiﬁcantly slowed both components

2.7. BRET measurements
BRET measurements were performed as described [19,21].
CHO-K1 cells stably expressing GB1 and GB2 subunits and
HEK293T cells were transiently transfected with plasmids encoding Rluc and YFP fusion proteins and distributed into 96-well
microplates (Greiner Bio-One, Kremsmünster, Austria; coated with
poly-L-ornithine hydrobromide; P3655, Sigma–Aldrich, MO, US) at
a density of 50,000 and 100,000 cells/well, respectively. Twentyfour hours after transfection, cells were starved for 4 h in DMEM w/
o FCS. After washing, coelenterazine h (5 mM, NanoLight Technologies, AZ, US) was added with or without 8-Br-cAMP for 30 min.
Luminescence and ﬂuorescence signals were detected sequentially
using an Inﬁnite1 F500 Microplate Reader (Tecan, Männedorf,
Switzerland). Baclofen was added 5 min prior measurement. Each
data point represents a technical quadruplicate.
2.8. Data analysis
All data are presented as mean  SD. Statistical signiﬁcance was
assessed using unpaired Student’s t test, one-way ANOVA followed by
Dunnett’s multiple comparison test or two-way ANOVA followed by
Sidak’s multiple comparison test, using Prism 5.04 software
(GraphPad, CA, US). BRET data were analyzed and ﬁtted using a
‘‘one-site speciﬁc binding’’ equation (GraphPad, CA, US).
3. Results
3.1. S892 phosphorylation slows KCTD12-induced K+ current
desensitization
To investigate the effects of S892 phosphorylation on KCTD12induced desensitization we performed whole-cell patch-clamp
recordings from CHO-K1 cells expressing KCTD12, GIRK channels
(GIRK1/2) and GB1b together with GB2-WT or the GB2 mutants
S892A (phospho-deﬁcient), S892E (phospho-mimetic) and Y902A
(deﬁcient in KCTD12-binding). Applications of the GABAB receptor
agonist baclofen for 60 s elicited K+ currents with much more

Table 1
Parameters from BRET saturation curves with Rluc-KCTD12 and GB1a-YFP. BRET
donor saturation assays were performed in HEK293T cells transfected with ﬁxed
amounts of GB2-WT or GB2-S892A, Rluc-KCTD12 (donor) and increasing amounts
of GB1a-YFP (acceptor) with and without activation of PKA by pre-incubation with
8-Br-cAMP for 30 min. The BRETmax is the maximal BRET signal obtained for a given
donor/acceptor pair and the BRET50 corresponds to the amount of acceptor needed
to obtain 50% of the BRETmax. Data are presented as the mean  SD of the indicated
number of independent experiments and were derived from data as presented in Fig. 2.

Fig. 3. Binding of KCTD12 to the G-protein bg subunits is modulated by receptor
activation but not by PKA activation. (A) Scheme of the BRET Rluc-Gb1 donor and
Venus-KCTD12 acceptor pair. (B) BRET donor saturation curves from CHO-K1 cells
stably expressing GB1 and GB2 and transiently expressing ﬁxed amounts of RlucGb1 and Gg2 together with increasing amounts of Venus-KCTD12. Following
receptor activation with baclofen (100 mM, 5 min pre-incubation; grey traces) the
BRET curves were shifted towards higher BRETmax values. Activation of PKA with 8Br-cAMP (1 mM, 30 min pre-incubation; open circles) had no effect on the BRET
curves. BRET is expressed as milli BRET units (mBU) determined as net BRET  1000.
Data points are means  SD of technical quadruplicates of a representative
experiment, n = 3.

Table 2
Parameters from BRET saturation curves with Rluc-Gb1 and Venus-KCTD12. BRET
donor saturation assays were performed in CHO-K1 cells stably expressing GABAB
receptors and transiently expressing ﬁxed amounts of Rluc-Gb1 (donor) and Gg2 and
increasing amounts of Venus-KCTD12 (acceptor). To activate GABAB receptors, cells
were pre-incubated with baclofen for 5 min. To activate PKA, cells were preincubated with 8-Br-cAMP for 30 min. The BRETmax is the maximal BRET signal
obtained for a given donor/acceptor pair and the BRET50 corresponds to the amount
of acceptor needed to obtain 50% of the BRETmax. Data are presented as the
mean  SD of the indicated number of independent experiments and were derived
from data as presented in Fig. 3.

GB2 constructs

BRETmax

SD

BRET50

SD

n

GABAB receptor activation

BRETmax

SD

BRET50

SD

n

GB2-WT
GB2-WT, 8-Br-cAMP

119.0
132.1*

9.2
12.4

0.0037
0.0042

0.0014
0.0013

7
7

GB2-S892A
GB2-S892A, 8-Br-cAMP

112.8
111.8

3.6
4.7

0.0034
0.0033

0.0008
0.0004

4
4

Control, no baclofen
8-Br-cAMP, no baclofen
Control, baclofen
8-Br-cAMP, baclofen

97.9
94.3
131.1*
130.0*

11.4
7.1
21.9
21.9

0.0490
0.0517
0.0372
0.0459

0.0321
0.0338
0.0125
0.0264

3
3
3
3

*

p < 0.05; compared to GB2-WT; t test.

*
p < 0.05; compared to control, no baclofen; compared to 8-Br-cAMP, no
baclofen; t test.
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of desensitization (t1 = 3.7  1.8 s, relative amplitude 44.2  14.5%;
t2 = 20.8  2.2 s; p < 0.01 and p < 0.001; t test; mean time constant t
shown in Fig. 1G). In contrast, 8-Br-cAMP did not signiﬁcantly inﬂuence
GABAB-activated K+ currents in the absence of KCTD12 showing that
PKA selectively modulates KCTD12-induced fast desensitization
(Fig. 1C and G). Inhibition of PKA using H89 accelerated desensitization,
suggestive of tonic PKA activity in CHO-K1 cells (t1 = 1.1  0.3 s,
relative amplitude 47.8  19.5%; t2 = 7.2  1.2 s, p < 0.05 and
p < 0.01; t test). 8-Br-cAMP did not inﬂuence desensitization when
expressing GB2-S892A or GB2-S892E instead of GB2-WT (Fig. 1D, E and
G) thus implicating S892 in PKA modulation. Fast desensitization was
not inﬂuenced by PKA when expressing GB2-Y902A (Fig. 1F, G). Of note,

fast desensitization was already signiﬁcantly slowed (increased t) with
GB2-Y902A compared to GB2-WT in the absence of 8-Br-cAMP
(Fig. 1G). This conﬁrms that assembly of receptors with KCTD12 is
required for PKA regulation of fast desensitization.
Inhibition of PKA accelerates fast desensitization, suggestive of
basal S892 phosphorylation. We therefore investigated whether
repetitive activation of GABAB receptors, which reduces PKAdependent phosphorylation of S892 [13], accelerates the KCTD12induced desensitization. We recorded K+ currents in response to
repeated baclofen application for 60 s in 5-min intervals. In
experiments with GB2-WT, but not with GB2-S892A, GB2-S892E or
GB2-Y902A, desensitization of the 3rd K+ current response was

Fig. 4. PKA activation slows fast desensitization of baclofen-activated K+ currents in cultured hippocampal neurons of WT but not of KCTD12/ mice. (A) Representative
baclofen-activated K+ currents recorded at 50 mV from WT hippocampal neurons. PKA activity was modulated by pre-incubation for 30 min with 8-Br-cAMP (1 mM; bright
grey trace) or H89 (2 mM; dark grey trace). Controls represent recordings from untreated neurons (black trace). The desensitization time constants t1 and t2 were derived
from double-exponential ﬁts to the decay phase of K+ currents during baclofen application (enlarged on the right). (B) Bar graph summarizing the time constants t1 and t2 of
baclofen-induced K+ current desensitization for the indicated treatments. Data are means  SD, n = 7–35. **, p < 0.01; ***, p < 0.001; Dunnett’s multiple comparison test,
compared to Ctl. Ctl, control; FSK, forskolin; cAMP, 8-Br-cAMP. (C) Representative baclofen-activated K+ current responses from hippocampal KCTD12/ neurons pre-incubated
with 8-Br-cAMP (grey trace) or untreated KCTD12/ neurons (control, black trace) as in (A). Traces were ﬁtted as in (A). (D) Bar graph summarizing the time constants t1 and t2 of
baclofen-induced K+ current desensitization for the indicated treatments. Data are means  SD, n = 5-17, Dunnett’s multiple comparison test, compared to Ctl.
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signiﬁcantly faster by 16.4  15.5% compared to the ﬁrst response
(Fig. 1H, I). In summary, the results show that KCTD12-induced
desensitization of GABAB-activated K+ currents is regulated by
receptor activity and PKA phosphorylation of S892. Repeated
activation of GABAB receptors results in a sharpening of the receptor
response due to a receptor activity-dependent reduction in S892
phosphorylation.
3.2. S892 phosphorylation rearranges the receptor/KCTD12 complex
It is conceivable that dissociation of KCTD12 from the receptor
underlies the slowing of desensitization in response to PKA
phosphorylation of S892. To test this hypothesis, we used a BRET
assay monitoring the interaction of KCTD12 with GABAB receptors
in living cells [21]. Binding of the donor fusion protein RlucKCTD12 to GB2 allows for speciﬁc BRET to the acceptor fusion
protein GB1a-YFP (Fig. 2A). Expression of increasing amounts of
GB1a-YFP with a ﬁxed amount of Rluc-KCTD12 and GB2-WT
resulted in hyperbolic BRET donor saturation curves, consistent
with a speciﬁc interaction between KCTD12 and GABAB receptors
(Fig. 2B, left). As a control, very low non-speciﬁc linear BRET was
observed between Rluc-KCTD12 and GB1a-YFP in experiments
with GB2-Y902A. When GB2-expressing cells were pre-incubated
with 8-Br-cAMP for 30 min, we still observed a speciﬁc BRET
donor saturation curve. This demonstrates that KCTD12 does not
dissociate from the receptor upon receptor phosphorylation.
However, compared to BRET experiments with untreated cells, the
donor saturation curves in response to PKA activation were
shifted towards higher maximal BRET (BRETmax) values (Fig. 2B,
left, and Table 1). Given that similar amounts of BRET acceptor
were required to reach 50% of the BRETmax signal (BRET50), the
increase in BRETmax most likely reﬂects a conformational
rearrangement in the GABAB receptor/KCTD12 complex and not
a change in the relative afﬁnity of the proteins for one another or
increased levels of GABAB receptors at the plasma membrane.
Western blot analysis demonstrated that 8-Br-cAMP treatment
signiﬁcantly increased phosphorylation of S892 without altering
total GB2 expression levels (Fig. 2C). We next acquired BRET donor
saturation curves for Rluc-KCTD12 and GB1a-YFP in cells
expressing GB2-S892A. As expected, we obtained hyperbolic
BRET donor saturation curves demonstrating a speciﬁc interaction
between KCTD12 and GABAB receptors assembled with GB2S892A (Fig. 2B, right). However, 8-Br-cAMP did not alter the
BRETmax and BRET50 values showing that PKA rearranges the
receptor/KCTD12 complex through phosphorylation of S892
(Fig. 2B, right, and Table 1).
The ﬁnding that KCTD12 remains associated with
GABAB receptors when activating PKA was further conﬁrmed in
co-immunoprecipitation experiments showing that similar
amounts of GB2 are associated with KCTD12 in the presence
and absence of 8-Br-cAMP (8-Br-cAMP: 102.8  15.9%, p > 0.05
normalized to without 8-Br-cAMP; t test; n = 5; Fig. 2D). Coimmunoprecipitation experiments with receptors assembled with
GB2-S892A or GB2-S892E conﬁrmed that phosphorylation of S892 in
GB2 is neither required nor prohibitive for binding of KCTD12
(Fig. 2E).
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interacting with the G-protein [19], the BRET donor saturation
curves were shifted towards higher BRETmax values following
activation of GABAB receptors with baclofen (Fig. 3B and Table 2).
This agrees with an activity-dependent conformational rearrangement of KCTD12 at the G-protein reported earlier [19]. However, 8Br-cAMP did not alter the BRET donor saturation curve between
Rluc-Gb1 and Venus-KCTD12 irrespective of whether GABAB
receptors were activated with baclofen or not (Fig. 3B and
Table 2). These data therefore demonstrate that activation of
PKA does not alter the interaction between KCTD12 and the Gprotein in a measurable way.
3.4. S892 phosphorylation slows KCTD12-induced K+ current
desensitization in cultured hippocampal neurons
We next investigated whether PKA modulates the desensitization of GABAB-activated K+ currents in cultured hippocampal
neurons, which are known to express KCTD12 [18,19,23]. With WT
neurons, K+ currents elicited by 60-s long applications of baclofen
showed a steady-state desensitization of 53.3  9.3% (n = 41,
Fig. 4A). The time course of desensitization was approximated by a
double exponential function with time constants of 1.5  0.3 s (t1)
and 24.4  6.4 s (t2) (Fig. 4B), values that are similar as in earlier
experiments [18,19]. Activation of PKA with 8-Br-cAMP or forskolin
signiﬁcantly increased the fast component t1 of the desensitization,
while inhibition of PKA with H89 or PKI had the opposite effect
(Fig. 4B). Neither activation nor inhibition of PKA had a signiﬁcant
effect on the slow component t2 of the desensitization (Fig. 4B). The
relative contribution of the fast and slow components (t1 and t2,
respectively) to the desensitization did not change with any of the
treatments (t1 of control: 46.5  10.0%; cAMP: 36.3  15.4%; FSK:
40.3  17.8%; H89: 55.7  12.2%; PKI: 47.7  7.7%; p > 0.05; Dunnett’s multiple comparison test). These results reveal that PKA
activity speciﬁcally inﬂuences the fast component of baclofeninduced K+ current desensitization in WT neurons.
In cultured hippocampal neurons of KCTD12/ mice [19] t1 but
not t2 was signiﬁcantly increased compared to WT mice (t1 of WT:
1.5  0.3 s; KCTD12/: 2.4  0.9 s; p < 0.001; t2 of WT: 24.4  6.4 s;
KCTD12/: 26.0  8.1 s; p > 0.05; t test; compare Fig. 4B and D).
Neither activation nor inhibition of PKA had a signiﬁcant effect on the
desensitization of baclofen-induced K+ currents in KCTD12/
neurons (Fig. 4D). These data support that the PKA-modulated fast
component of K+ current desensitization in neurons depends on
KCTD12.

3.3. PKA does not impair dynamic binding of KCTD12 to the Gproteins
Since PKA induces a conformational rearrangement in the
receptor/KCTD12 complex, we next investigated whether PKA also
inﬂuences the interaction of KCTD12 with the G-protein [19]. This
can be monitored by BRET between Rluc-Gb1 and Venus-KCTD12
in transfected CHO-K1 cells stably expressing GB1 and GB2
subunits (Fig. 3A). In agreement with KCTD12 dynamically

Fig. 5. Basal phosphorylation of S892 is decreased by inhibiting PKA in hippocampal
neurons of WT mice. Western blot of cultured neurons in the presence and absence
of H89 (10 mM, 2 h pre-incubation; left). Inhibition of PKA does not affect the
amount of GB2 protein but decreases the amount of S892 phosphorylation (GB2pS892). b-III-Tubulin was used as a loading control. Bar graph summarizing the
amount of phosphorylated S892 (GB2-pS892 in %; right). The total amount of GB2
and GB2-pS892 were normalized to b-III-tubulin on the same blot. Data are
means  SD, n = 6. *, p < 0.05; t test.
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Fig. 6. Lack of S892 phosphorylation in S892A knock-in mice accelerates fast desensitization of GABAB-activated K+ currents. (A) WT and mutated GB2 alleles. The S892 to
alanine mutation (tcc ! gcc) and a silent diagnostic NheI restriction site (gctagc) were introduced into exon 19 using homologous recombination in Balb/c embryonic stem
(ES) cells. Mutated nucleotides are shown in italic. A neomycin marker (neo) ﬂanked by loxP sites (arrowheads) was used for selection of ES cells. Correctly targeted ES cells
(S892A + neo allele) were injected into C57BL/6 blastocysts. A founder mouse was crossed with a Balb/c mouse expressing Cre-recombinase to excise the neomycin cassette,
leaving one loxP site behind (S892A allele). The hybridization probe used in the Southern blot in (B) is indicated. A, alanine; N, NheI restriction sites; S, serine. (B) Southern blot
of NheI cut genomic DNA from correctly targeted ES cells. The probe labels a 15.3 kb fragment for the WT allele and a 4.3 kb fragment for the S892A + neo allele. (C) Western
blot analysis of brain extracts showing that S892A mice express normal levels of GB2, GB1a and GB1b proteins. S892 was phosphorylated in brain extracts of WT but not
S892A mice as shown with an antibody speciﬁc for phosphorylated S892 (GB2-pS892). Brain extracts of GB2-deﬁcient mice (GB2/) [38] conﬁrm the speciﬁcity of the GB2
and GB2-pS892 antibodies. b-III-Tubulin was used as a loading control. (D) Representative GABAB-activated K+ currents recorded at 50 mV in response to baclofen
application (100 mM) from cultured hippocampal neurons of S892A mice. PKA was activated by pre-incubation for 30 min with 8-Br-cAMP (1 mM; grey trace). Controls
represent recordings from untreated neurons (black trace). The desensitization time constants t1 and t2 were derived from double-exponential ﬁts to the decay phase of K+
currents during baclofen application (enlarged on the right). (E) Bar graph summarizing the time constants t1 and t2 of baclofen-induced K+ current desensitization in WT and
S892A neurons. Data are means  SD, n = 5–7. *, p < 0.05; ***, p < 0.001; Sidak’s multiple comparison test.
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3.5. Lack of S892 phosphorylation in S892A knock-in mice accelerates
fast desensitization of K+ currents and prevents regulation by PKA
PKA inhibition with H89 or PKI accelerates fast desensitization
of K+ currents in WT hippocampal neurons. Endogenous PKA
activity must therefore provide a high level of basal S892
phosphorylation. Indeed, Western blot analysis of hippocampal
neurons revealed that GB2 is highly phosphorylated at S892
(Fig. 5), which is reduced by inhibition of PKA with H89. We next
addressed whether phosphorylation of S892 in GB2 is essential for
PKA effects on baclofen-induced K+ current desensitization in
neurons. We generated S892A knock-in mice carrying a S892 to
alanine mutation in the GB2 gene using standard gene targeting
techniques (Fig. 6A and B). S892A mice display no overt behavioral
abnormalities. Western blot analysis revealed similar levels of
GB1a, GB1b and GB2 protein in S892A and WT brain extracts
(Fig. 6C). Recordings of baclofen-induced K+ currents from cultured
hippocampal neurons revealed that the desensitization was
signiﬁcantly faster in S892A compared to WT neurons (Fig. 6D
and E). Activation of PKA with 8-Br-cAMP did not signiﬁcantly
increase t1 of the desensitization in S892A neurons, in contrast to
control WT neurons (Fig. 6E). The t2 of the desensitization was
similar in both genotypes and did not change upon activation of
PKA with 8-Br-cAMP (Fig. 6E). The lack of PKA effect in S892A
neurons indicates that S892 phosphorylation is mandatory for
PKA-mediated attenuation of fast desensitization. In summary, our
results show that basal PKA-mediated phosphorylation of S892
slows KCTD12-induced desensitization in neurons.
3.6. Assembly of KCTD12 with GABAB receptors increases S892
phosphorylation
We additionally investigated whether assembly of GABAB
receptors with KCTD12 inﬂuences S892 phosphorylation. We
found that co-expression of KCTD12 with GABAB receptors in
HEK293T cells increases phosphorylation of S892 in WT but not in
GB2-Y902A receptors (Fig. 7). These data reveal that binding of
KCTD12 and phosphorylation of S892 inﬂuence each other.
4. Discussion
4.1. Slow and fast mechanisms of homologous desensitization of
GABAB receptor responses inﬂuence each other
A slow form of homologous desensitization of GABAB receptor
responses relies on the activity-dependent decrease of S892
phosphorylation in GB2 by PKA [13,14]. Here we show that
phosphorylation of S892 by PKA slows KCTD12-induced desensitization, a faster form of desensitization that is induced at the Gprotein rather than at the receptor. We observed a high basal level
of S892 phosphorylation in hippocampal neurons, consistent with
earlier reports [13,30]. Accordingly, KCTD12-induced current
desensitization is signiﬁcantly attenuated in WT hippocampal
neurons compared to GB2-S892A neurons. This may to some
extent explain the moderate desensitization of GABAB-activated K+
currents in hippocampal neurons, despite a high level of KCTD12
expression [19]. Conversely, KCTD12 promotes S892 phosphorylation, which may explain why KCTD12 stabilizes receptors at the
cell surface and increases the magnitude of GABAB receptor
signaling [21]. These results indicate that the mechanism of fast
and slow desensitization inﬂuence each other.
4.2. Interplay of slow and fast desensitization mechanisms
KCTD12 binds to GB2 in close proximity of the PKA
phosphorylation-site S892. In principle, phosphorylation of S892

Fig. 7. Binding of KCTD12 to GABAB receptors increases S892 phosphorylation. (A)
Lysates of HEK293T cells expressing GB1a and either GB2-WT or GB2-Y902A in the
presence and absence of KCTD12 (up). S892 phosphorylation (GB2-pS892) is
increased in the presence of KCTD12 for GB2-WT, but not for GB2-Y902A. Blots are
representative of ﬁve independent experiments. Bar graph summarizing the
amount of phosphorylated S892 normalized to GB2 protein on the same blot (GB2pS892 in %; bottom). Data are means  SD, n = 5. *, p < 0.05; **, p < 0.01; Sidak’s
multiple comparison test. (B) Western blot of lysates from transfected HEK293T cells
expressing the indicated proteins. Phosphorylation of S892 (GB2-pS892) is observed
with GB2-WT and GB2-Y902A but not with GB2-S892A, showing that the pS892
antibody speciﬁcally detects phosphorylation of S892. Note increased phosphorylation
of S892 in the presence of KCTD12 with WT receptors (GB2-WT) compared to mutant
receptors that cannot bind KCTD12 (GB2-Y902A). Blots are representative of three
independent experiments.
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could facilitate unbinding of KCTD12 from the receptor, which
would explain the slowing of fast desensitization. However, BRET
analysis and co-immunoprecipitation experiments show that
neither PKA activity nor the phospho-mimetic mutant GB2S892E unbind KCTD12 from the receptor. This agrees with earlier
ﬁndings showing that KCTD12 remains associated with the
receptor during receptor activity [21]. However, BRET analysis
revealed that PKA-mediated S892 phosphorylation induces a
conformational change in the receptor/KCTD12 complex without
measurably altering the interaction between KCTD12 and the Gprotein. This suggests that S892 phosphorylation does not stabilize
a receptor/KCTD12 conformation that prevents binding of KCTD12
to Gbg [19]. Since GB2 and KCTD12 both bind to the G-protein the
conformational rearrangement in the receptor/KCTD12 complex
may reduce the rate of G-protein activation [19,27,31–33]. Because
KCTD12-induced desensitization is activity-dependent [19], a
reduction in the G-protein activation rate would slow fast
desensitization.
Conversely, assembly of GABAB receptors with KCTD12
promotes S892 phosphorylation, which may induce a conformational rearrangement in the cytoplasmic domain of GB2 that makes
S892 more accessible for phosphorylation by PKA. This agrees with
earlier ﬁndings that show that receptors with KCTD12 are more
stable at the cell surface [21].
Overall, the interplay of fast and slow mechanisms of
homologous desensitization will have several effects on GABAB
receptor-activated K+ current responses. Assembly of receptors
with KCTD12 will increase basal S892 phosphorylation and
stabilize receptors at the cell surface [21]. Increased tonic S892
phosphorylation will attenuate KCTD12-induced fast desensitization. Conversely, prolonged exposure to agonists will reduce PKA
activity and S892 phosphorylation. This will accelerate KCTD12induced fast desensitization and promote slow desensitization due
to receptor degradation. The interplay of the two mechanisms of
desensitization underlies the sharpening of the K+ current
response observed in heterologous cells during repeated receptor
activation. In addition to this homologous regulation of desensitization, it is possible that other GPCRs regulating cAMP/PKA
signaling modulate GABAB receptor desensitization in a heterologous manner. Moreover, GABAB receptor desensitization may be
regulated at S892 during neuronal processes in which PKA activity
is altered, such as NMDA-mediated synaptic plasticity, learning
and memory, seizures or during aging [34–37].
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GABAB receptors (GABABRs) are considered promising drug targets for the treatment of mental health
disorders. GABABRs are obligate heteromers of principal GABAB1 and GABAB2 subunits. GABABRs can
additionally associate with auxiliary KCTD8, 12, 12b and 16 subunits, which also bind the G-protein and
differentially regulate G-protein signaling. It is unknown whether the KCTDs allosterically inﬂuence
pharmacological properties of GABABRs. Here we show that KCTD8 and KCTD16 slightly but signiﬁcantly
increase GABA afﬁnity at recombinant receptors. However, KCTDs clearly do not account for the 10-fold
higher GABA afﬁnity of native compared to recombinant GABABRs. The positive allosteric modulator
(PAM) GS39783, which binds to GABAB2, increases both potency and efﬁcacy of GABA-mediated Gprotein activation ([35S]GTPgS binding, BRET between G-protein subunits), irrespective of whether
KCTDs are present or not. Of note, the increase in efﬁcacy was signiﬁcantly larger in the presence of
KCTD8, which likely is the consequence of a reduced tonic G-protein activation in the combined presence
of KCTD8 and GABABRs. We recorded Kir3 currents to study the effects of GS39783 on receptor-activated
G-protein bg-signaling. In transfected CHO cells and cultured hippocampal neurons GS39783 increased
Kir3 current amplitudes activated by 1 mM of baclofen in the absence and presence of KCTDs. Our data
show that auxiliary KCTD subunits exert marginal allosteric inﬂuences on principal GABABR subunits.
PAMs at principal subunits will therefore not be selective for receptor subtypes owing to KCTD subunits.
However, PAMs can differentially modulate the responses of receptor subtypes because the KCTDs
differentially regulate G-protein signaling.
This article is part of a Special Issue entitled ‘GABAergic signaling’.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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GABABRs are the G-protein-coupled receptors (GPCRs) for GABA,
the main inhibitory neurotransmitter in the mammalian brain.
They play important roles in regulating neuronal excitability and
have been implicated in a variety of neurological and psychiatric
disorders (Gassmann and Bettler, 2012). GABABRs activate Gai/otype G-proteins that inhibit adenylyl cyclase via Gai/o and gate ion
channels via Gbg. It is well established that presynaptic GABABRs
inhibit voltage-gated Ca2þ channels and neurotransmitter release.
Postsynaptic GABABRs activate inwardly rectifying Kþ channels
(Kir3 channels) that generate slow inhibitory postsynaptic potentials and inhibit neuronal excitability by local shunting.
GABABRs are heteromeric complexes of GABAB1 and GABAB2
subunits (Gassmann and Bettler, 2012). Two predominant GABAB1
subunit isoforms exist, GABAB1a and GABAB1b, which constitute
heteromeric GABAB(1a,2) and GABAB(1b,2) receptors with similar
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pharmacological and functional properties in heterologous cells
(Brauner-Osborne and Krogsgaard-Larsen, 1999; Green et al., 2000;
Kaupmann et al., 1998). GABAB1 subunits contain the GABA
binding-site while the GABAB2 subunit couples to the G-protein.
GABAB2 allosterically induces a 10-fold increase in agonist bindingafﬁnity at GABAB1. However, for unknown reasons, recombinant
GABABRs still have a 10-fold lower agonist binding-afﬁnity than the
native receptors (Kaupmann et al., 1998). GABAB1a and GABAB1b
target GABABRs to pre- and postsynaptic compartments, respectively (Biermann et al., 2010; Vigot et al., 2006). We recently
showed that GABABRs can constitutively associate with homotetramers of Kþ channel tetramerization-domain (KCTD) containing
proteins. GABABRs assembled with KCTD8, 12, 12b and 16 constitute
molecularly and functionally distinct receptor subtypes (Schwenk
et al., 2010). The KCTDs are cytoplasmic proteins that simultaneously bind to GABAB2 and the Gbg subunits of the heterotrimeric
G-protein (Turecek et al., 2014). Dual binding to receptor and Gprotein allows the KCTDs to stabilize the G-protein/receptor interaction, which overcomes the slow diffusion-limited association of
the G-protein with the receptor and accelerates G-protein signaling
(Turecek et al., 2014). Furthermore, KCTD12 uncouples Gbg from
effector channels to induce a fast (within seconds) and pronounced
current desensitization (Turecek et al., 2014). The prototypical
synthetic GABABR agonist baclofen is 3e7 fold more potent in
activating Kir3 currents in the presence of KCTD proteins (Schwenk
et al., 2010). Whether this increase in agonist potency in the presence of the KCTDs relates to an increase in agonist afﬁnity at
GABAB1 or to activity-dependent effects at the G-protein, for
example to an acceleration of the G-protein cycle, is unknown.
The ternary GABABR complex assembled from GABAB1, GABAB2,
KCTD and G-protein subunits offers ample opportunities for allosteric regulation. For example, it is well established that the
orthosteric agonist binding-site in GABAB1 is allosterically coupled
to the G-protein binding-site in GABAB2 (Hill et al., 1984; Pin et al.,
2004). Likewise, PAMs (GS39783 and CGP7930) that bind to the
GABAB2 transmembrane domains strongly increase agonist
binding-afﬁnity at GABAB1 (Binet et al., 2004; Dupuis et al., 2006;
Mannoury la Cour et al., 2008; Urwyler et al., 2003). Whether association of the KCTDs with GABAB2 and the G-protein also allosterically inﬂuences ligand-binding properties of GABABRs is
unknown.
Here we report that KCTD8 and KCTD16 slightly increase agonist
binding-afﬁnity at the receptor. However, this increase in agonist
binding-afﬁnity is clearly not reaching the still higher afﬁnity of
native GABABRs. Furthermore, GS39783 increases potency and efﬁcacy of G-protein activation in the presence and absence of the
KCTDs. In summary, our data indicate that the KCTDs exert marginal allosteric effects on the GABAB1 and GABAB2 protomers and
primarily inﬂuence receptor signaling by acting at the G-protein. A
conclusion from these experiments is that compounds acting at the
GABAB1 and GABAB2 protomers will not allow to clearly distinguish
receptor subtypes based on KCTD subunits. However, our data also
show that by acting at the G-protein the KCTDs can to some extent
differentially affect allosteric modulation of receptor signaling.
2. Materials and methods
2.1. Plasmids, cell culture and transfection procedure
Plasmids encoding Myc-GABAB1b, Myc-GABAB2, Flag-KCTDs, Kir3.1/3.2 concatamers, Renilla reniformis luciferase (Rluc)-tagged Gao and Venus-Gg2 were
described previously (Ayoub et al., 2009; Ivankova et al., 2013; Schwenk et al.,
2010). The plasmid expressing Flag-tagged Gb2 was obtained from the Missouri
S&T cDNA Resource Center and pEGFP-N1 from Clontech. The plasmid expressing
Flag-tagged human adenosine receptor 1 (A1) was a gift from Miriam Peeters
(Center for Basic Metabolic Research, Copenhagen University).
Human Embryonic Kidney 293T (HEK293T) and Chinese hamster ovary K1
(CHO) cells were maintained in Dulbecco's modiﬁed Eagle's medium (DMEM,

glutamine-free, Invitrogen), supplemented with 10% FCS (Gibco, Life Technologies) in a humidiﬁed atmosphere of 5% CO2 at 37  C. CHO cells stably expressing
GABAB(1b,2) (CHO-GABAB) were described earlier (Urwyler et al., 2001) and
maintained in DMEM supplemented with 500 mm L-glutamine (Sigma), 40 mg/ml
L-proline (Sigma), 500 mg/ml geneticin (Roche), 250 mg/ml zeocin (Invitrogen) and
10% FCS under identical conditions as HEK293T and CHO cells.
Cultured hippocampal neurons were prepared as described previously (Brewer
et al., 1993). Brieﬂy, embryonic day 16.5 mouse hippocampi were dissected,
digested with 0.25% trypsin (Invitrogen) in 1  PBS solution (Gibco) 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 high density (~550 cells/mm2) and incubated
for 14e21 days in a humidiﬁed atmosphere of 5% CO2 at 37  C. Cultures were grown
in neurobasal medium (Gibco) supplemented with B27 (Invitrogen) and 0.5 mM
L-glutamine.
Lipofectamine 2000 (Invitrogen) was used for all transient transfections of
HEK293T and CHO-GABAB cells. For electrophysiology experiments, CHO-GABAB
cells were splitted at 80e90% conﬂuency 24 h before transfection and plated onto
plastic coverslips (Thermanox, Thermo Fisher Scientiﬁc) at a dilution of 1:5 in
35 mm dishes. CHO-GABAB cells were transfected using 2.5 ml/ml of Lipofectamine 2000 as well as 1.75 mg/ml of Kir3.1/3.2 concatamer, 0.625 mg/ml of KCTD
constructs and 0.375 mg/ml of pEGFP-N1 to visualize transfected cells. After 5 h,
the medium was exchanged and the cells were kept in the incubator for additional 48 h before being used for electrophysiological recordings.
2.2. Viral transduction of CHO cells
For stable expression of Flag-epitope tagged KCTD8 or KCTD12, CHO and
CHO-GABAB cells, were transduced with lentiviral vectors as described earlier
(Lois et al., 2002). Brieﬂy, lentiviruses were produced by cotransfection of
HEK293T cells with the lentiviral target vector FUW (Lois et al., 2002), the HIV-1
packaging vector D8.2 and the VSV-G envelope glycoprotein vector (Oliver
€ ttingen). The self-inactivating and
Schlüter, European Neuroscience Institute, Go
replication-deﬁcient VSV-G pseudotyped viruses were concentrated by ultracentrifugation (74,000 g, 90 min, 4  C) of the virus-containing supernatant.
Stable expression of Flag-KCTDs was achieved by transduction of low passage
CHO cells using different concentrations of the virus-containing supernatant to
obtain varying levels of KCTD expression. Pools of CHO cells with equal KCTDexpression levels were selected by Western blotting of cellular lysates and proteins were detected using an antibody against the Flag-epitope tag (Sigma).
2.3. Radioligand binding assay
Preparation of membranes from HEK293T cells for radioligand binding assays
was performed as described in Galvez et al. (2000). Brieﬂy, culture dishes were
washed twice with ice-cold PBS, 10 mM of HEPES buffer, pH 7.4, was added to the
plates and cells scraped off (BD Flacon). Crude membranes from approximately
ten 15-cm cell culture dishes per point were collected and centrifuged (26,000 g,
20 min). The pellet was re-suspended in 10 ml HEPES buffer, homogenized using
a glass-teﬂon homogenizer (10 strokes) and the suspension centrifuged (38,000 g,
20 min). The pellet was re-suspended in 2 ml of buffer and homogenized (20
strokes). Aliquots were frozen in liquid nitrogen and stored at 80  C for 48 h.
Preparation of membranes from rat cortical neurons as well as mouse brains
for radioligand binding assays was performed as described in Olpe et al. (1990).
Brieﬂy, animals of at least 8 weeks of age were decapitated, the brains removed,
washed in ice-cold PBS and homogenized in 10 volumes of ice-cold 0.32 M sucrose, containing 4 mM HEPES, 1 m EDTA and 1 mM EGTA, using a glass-teﬂon
homogenizer. Debris was removed at 1000 g (10 min) and membranes centrifuged at 26,000 g (15 min). The pellet was osmotically shocked by re-suspension
in a 10-fold volume of ice-cold dH2O and kept on ice for 1 h. The suspension was
centrifuged at 38,000 g (20 min) and re-suspended in a 3-fold volume of dH2O.
Aliquots were frozen in liquid nitrogen and stored at 20  C for 48 h. After
thawing at room temperature, a 7-fold volume of Krebs-Henseleit (KH) buffer (pH
7.4) was added, containing 20 mM Tris-HCl, 118 mM NaCl, 5.6 mM glucose,
4.7 mM KCl, 1.8 mM CaCl2, 1.2 mM KH2PO4 and 1.2 mM MgSO4. Membranes were
washed three times by centrifugation at 26,000 g (15 min), followed by resuspension in KH buffer. The ﬁnal pellet was re-suspended in a 5-fold volume
of KH buffer. Aliquots (2 ml) were frozen and stored at 80  C until further use.
On the day of the experiment, the membranes from frozen HEK293T cells or
neurons were thawed, re-suspended in 10 ml of ice-cold dH2O, and centrifuged
at 26,000 g (15 min). The pellet was again re-suspended in 10 ml of ice-cold
dH2O and incubated for 1 h on ice. After one additional round of centrifugation at 26,000 g (15 min) the ﬁnal pellet was re-suspended in assay buffer
containing 50 mM Tris-HCl buffer (pH 7.7); 10 mM MgCl2, 1.8 mM CaCl2, 100 mM
NaCl, 20 mg of membrane protein, 5 nM of the high-afﬁnity GABABR radioligand
antagonist [3H]CGP54626A (60 Ci/mmol, ANAWA AG, Wangen, Switzerland), in a
ﬁnal volume of 50 ml per point and in the absence and presence of competitor
compound. Protein concentrations for the samples were measured with the
Bradford assay method, using the Bio-Rad protein assay kit and bovine serum
albumin as a standard.
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The reagents were incubated for 45 min at room temperature in 96-well
polypropylene microplates (Greiner Bio-One) with mild shaking. They were
subsequently ﬁltered using 96-well Whatman GF/C glass ﬁber ﬁlters (Perkin
Elmer), pre-soaked in assay buffer, using a Filtermate cell harvester (Perkin
Elmer). After four washes with assay buffer, the Whatman ﬁlter ﬁbers were dried
for 1 h at 50  C. 50 ml of scintillation ﬂuid (Microscint 20, Perkin Elmer) was
added, the plates were shaken for 1 h and thereafter counted using a Packard
TopCount NXT (Perkin Elmer). GraphPad Prism 5.01 software (Graph Pad, San
Diego, CA) was used for data analysis.

MultiClamp 700B (Molecular Devices), low-pass ﬁltered at 2 kHz and digitized at
10 kHz using a Digidata 1440A interface (Molecular Devices) driven by pClamp
10.3 software. Whole-cell currents were analyzed using Clampﬁt 10.3 software
(Molecular Devices). Data are expressed as mean ± S.E.M. and were analyzed
with GraphPad Prism 5.01 software. EGFP-expressing CHO cells were identiﬁed
via epiﬂuorescence using an FITC ﬁlter set and patched under oblique illumination optics (BX51WI; Olympus).

2.4. Western Blotting

Curves for radioligand displacement and [35S]GTPgS binding at different
GABA concentrations were estimated by nonlinear regression. pKI, pEC50
(log10EC50) and Emax values represent the mean ± S.E.M of at least three independent experiments. Levels of statistical signiﬁcance were set at *, p < 0.05; **,
p < 0.01 and ***, p < 0.001. Extra sums-of-squares F-tests were used for pKI and
pEC50, using the GraphPad Prism 5.01 software. Two-way ANOVA, followed by a
post hoc Sidak's multiple comparison test was used for Emax. KruskaleWallis test
followed by Dunn's multiple comparison test was used to determine basal [35S]
GTPgS binding and baseline BRET in the absence of agonist.

For Western Blotting, HEK293T cells were harvested, washed in PBS, and
subsequently lysed in a Nonidet P-40 buffer (100 mm NaCl, 1 mm EDTA, 0.5%
Nonidet P-40, 20 mm Tris/HCl, pH 7.4) supplemented with complete EDTA-free
protease inhibitor mixture (Roche). After rotation for 10 min at 4  C, the lysates were cleared by centrifugation at 16,000  g for 10 min at 4  C. Lysates
were thereafter resolved using standard SDS-PAGE and probed with the primary
antibodies rabbit anti-Myc (Sigma), rabbit anti-GABAB1 (Novartis) and guinea pig
anti-GABAB2 (Millipore). The antibody incubation was in 5% nonfat dry milk in
PBS containing 0.1% Tween-20. The chemiluminescence detection kit (Pierce)
was used for visualization.
2.5. [35S]GTPgS binding assay
[35S]GTPgS binding assays with CHO cell membranes were performed as
described (Urwyler et al., 2001). Brieﬂy, CHO cells were grown to 80e90% conﬂuency in 15-cm culture dishes. Culture dishes were washed twice with ice-cold
PBS and subsequently treated as described for the radioligand binding assay with
membranes of HEK293T cells with the following differences. The ﬁnal pellet was
re-suspended in assay buffer containing 50 mM Tris-HCl buffer (pH 7.7); 10 mM
MgCl2, 1.8 mM CaCl2, 100 mM NaCl, 30 mM guanosine 5‘-diphosphate (GDP,
Sigma), 10 mg of membrane protein, 0.2 nM [35S]GTPgS (Perkin Elmer), in the
absence or presence of GS39783 (10 mM, dissolved in DMSO, a kind gift from K.
Kaupmann, Novartis), in a ﬁnal volume of 200 ml per point. Non-speciﬁc binding
was measured in the presence of unlabeled GTPgS (10 mM, Sigma). To determine
basal [35S]GTPgS binding we used 1 mM of GDP in the assay buffer. Because
maximal binding with GABA alone differed between experiments, the data were
normalized to the maximal effect (Emax) of saturating concentrations of GABA in
the absence of GS39783 (100%) and basal activity without GABA (0%).
For [35S]GTPgS binding assays with mouse brain membranes, mice of at least
8 weeks of age were decapitated, the brains removed and subsequently processed as described for the radioligand binding assay with brain membranes. On
the day of the experiment, the frozen membranes were thawed, homogenized in
10 ml ice-cold assay buffer and centrifuged at 20,000 g (15 min). The pellet was
re-suspended in the same volume of cold buffer (50 mM Tris-HCl, pH 7.7, 100 mM
NaCl, 10 mM MgCl2, 1.8 mM CaCl2) and centrifuged twice as above with 30 min of
incubation on ice in between the centrifugation steps. The resulting pellet was
re-suspended, homogenized in assay buffer by using a glass/teﬂon homogenizer
and assayed as described above for CHO cell membranes.
2.6. Bioluminescence resonance energy transfer (BRET) measurements
CHO and CHO-GABAB cells were transiently transfected with plasmids
encoding Gao-Rluc, Venus-Gg2, Flag-Gb2 and Myc-KCTD8, Myc-KCTD12 or
Myc-KCTD16 and seeded into 96-well microplates (Greiner Bio-One). Cells were
washed with PBS 24 h after transfection. BRET was measured in an Inﬁnite® F500
microplate reader (Tecan) after injection of 5 mM Coelenterazine h (NanoLight
Technologies). Baclofen was added at a ﬁnal concentration of 10 mM or 100 mM.
GS39783 was added at the ﬁnal concentration of 10 mM, 5 min prior to measurement. Luminescence and ﬂuorescence signals were detected sequentially
with an integration time of 200 ms. The BRET ratio was calculated as the ratio of
light emitted by Venus-Gg2 (530e570 nm) over light emitted by Gao-Rluc
(370e470 nm) and corrected by subtracting ratios obtained with the Rluc fusion
protein alone. The results were expressed in mBRET units determined as net
BRET  1000. Each data point was obtained using duplicate wells. The curves
were ﬁtted using GraphPad Prism 5.01 software (“Plateau followed by one-phase
decay”).
2.7. Electrophysiology
Kir3 currents were recorded at 30e32  C in artiﬁcial cerebrospinal ﬂuid
containing 145 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 25 mM glucose,
10 mM HEPES, pH 7.3. Patch pipettes were pulled from borosilicate glass capillaries (resistance of 3e5 MU) and ﬁlled with a solution containing 140 mM Kgluconate, 4 mM NaCl, 5 mM HEPES, 2 mM MgCl2, 1.1 mM EGTA, 2 mM Na2-ATP,
5 mM phosphocreatine, 0.6 mM Na3-GTP, at pH 7.25 (adjusted with KOH).
GABABR responses were evoked at 50 mV by fast application of 1e100 mM
baclofen (Ascent Scientiﬁc) with a multiple channel perfusion valve control
system (VC-8, 3 barrels, Warner Instruments). Data were acquired with a

2.8. Statistics

3. Results
3.1. Effects of the KCTDs on GABA binding-afﬁnity at recombinant
and native GABABRs
In order to determine if the KCTDs allosterically inﬂuence
agonist binding-afﬁnity at GABAB1, we transiently expressed
GABAB1b or GABAB(1b,2) in the absence and presence of KCTD8,
KCTD12 or KCTD16 in HEK293T cells. Approximately equal
expression of ectopic GABAB1b and GABAB2 in cells was veriﬁed
using protein extracts from transiently transfected HEK293T cell
membrane fractions (Suppl. Fig. 1). We used [3H]CGP54626A, a
competitive GABABR antagonist (Kaupmann et al., 1997), for radioligand displacement experiments with membranes of transfected
cells. In agreement with earlier studies (Kaupmann et al., 1997,
1998), the afﬁnity of GABA at GABAB1b was ~10-fold lower than at
the GABAB(1b,2) heteromer and ~100-fold lower than at rat cortical
membranes (Fig. 1A). Co-expression of the KCTDs slightly increased
GABA afﬁnity at GABAB(1b,2) (Fig. 1A and Table 1). This increase in
afﬁnity reached signiﬁcance for KCTD8 and KCTD16 but not for
KCTD12 (F-test). These experiments show that binding of KCTD8 or
KCTD16 to GABAB2 exerts a small positive allosteric effect on the
GABA binding-site of GABAB1. The GABA binding-afﬁnity at all recombinant GABABR subtypes analyzed here was still signiﬁcantly
lower than the afﬁnity at native receptors (p < 0.001 for rat cortical
membranes vs. KCTD8, KCTD12 and KCTD16; F-test). It is conceivable that in transfected HEK293T cells distinct receptor populations
contribute to the measured GABA binding-afﬁnity. In line with this
HEK293T cells transiently transfected with GABAB1b in combination
with GABAB2 alone or together with KCTD8, KCTD12, or KCTD16
show Hill coefﬁcients of 0.68, 0.77, 0.66 and 0.72, respectively. In
contrast HEK293T cells transiently transfected with GABAB1b alone
or rat cortical membranes exhibit a Hill coefﬁcient close to 1.0
indicative of a single binding site (Table 1). While it cannot be ruled
out that the deviation of the Hill coefﬁcients from 1 and the lower
overall afﬁnity of recombinant receptors compared to native receptors are caused by overexpression in HEK293T cells it is also
possible that still unknown factors are responsible for the higher
afﬁnity of native receptors. The GABA binding-afﬁnity of full brain
membranes of wild-type (WT) and Kctd8/12/16/ knock-out (3KO)
mice (Turecek et al., 2014) are similar (p ¼ 0.503; Fig. 1B and
Table 2) and rule out a pronounced effect of the KCTDs on the
overall binding afﬁnity in the mouse brain. In summary, the data
show that KCTD8 and KCTD16 exert a small allosteric effect on the
orthosteric agonist binding-site in a recombinant expression system but do not signiﬁcantly inﬂuence the overall agonist binding
afﬁnity in native membranes.
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Table 2
Effect of the KCTDs on [3H]CGP54626A displacement from native GABABRs by GABA.
The binding of the orthosteric ligand [3H]CGP54626A to native GABABRs on brain
membranes of wild-type (WT) or Kctd8/12/16/ knockout (3KO) mice was
measured as described in the Materials and Methods section. Displacement curves
were constructed as illustrated in Fig. 1B. The results shown are means ± S.E.M. from
(N) individual experiments. Results are compared to native GABABRs of wild-type
mice using an Extra sums-of-squares F-test.

Fig. 1. Effects of the KCTDs on [3H]CGP54626A displacement by GABA. (A) [3H]
CGP54626A displacement curves with membranes of HEK293T cells transiently
transfected with either GABAB(1b,2) alone (black triangles, point up) or GABAB(1b,2) in
combination with KCTD8 (blue triangles, point down), KCTD12 (red diamonds) or
KCTD16 (open green circles). [3H]CGP54626A displacement curves with membranes of
HEK293T cells transfected with GABAB1b alone (gray squares) and with GABABRs in rat
cortical membranes (brown circles) are shown as controls. Displacement of [3H]
CGP54626A (5 nM) was performed with increasing concentrations of GABA. Data
points represent means ± S.E.M. of 3e6 independent experiments, each performed in
quadruplicates. A summary of relevant parameters is given in Table 1. (B) [3H]
CGP54626A displacement curves with brain membranes of wild-type (WT, red circles)
or Kctd8/12/16/ triple KO mice (3KO, blue diamonds). Displacement of [3H]
CGP54626A (5 nM) was performed with increasing concentrations of GABA. Data
points represent means ± S.E.M. of 3 independent experiments, each performed in
quadruplicates. A summary of relevant parameters is given in Table 2.

3.2. Effects of the KCTDs on allosteric modulation of recombinant
GABABRs in [35S]GTPgS binding experiments
To determine whether the KCTDs inﬂuence allosteric modulation of GABABRs by a PAM we used GS39783 in combination with
the [35S]guanosine 50 -O-(3-thio)triphosphate ([35S]GTPgS) binding
assay, a well-established functional assay for GABABRs (Urwyler

Table 1
Effect of the KCTDs on [3H]CGP54626A displacement by GABA. The binding of the
orthosteric ligand [3H]CGP54626A to recombinant GABABRs on membranes of
HEK293T cells and native GABABRs on rat cortical membranes was measured as
described in the Materials and Methods section. Displacement curves were constructed as illustrated in Fig. 1A. The results shown are means ± S.E.M. from (N)
individual experiments.*, p < 0.05,**, p < 0.01,***, p < 0.001 compared to control
GABAB(1b,2) receptors using an Extra sums-of-squares F-test.
GABABR

pKi GABA (log M)

Hill coefﬁcient

N

GABAB(1b,2)
GABAB(1b,2) þ KCTD8
GABAB(1b,2) þ KCTD12
GABAB(1b,2) þ KCTD16
GABAB1b homomer
Rat cortical membranes

4.16
4.43
4.27
4.31
3.07
5.23

0.68
0.77
0.66
0.72
1.11
0.91

6
6
6
6
3
4

(±0.04)
(±0.07)**
(±0.04)
(±0.06)*
(±0.03)***
(±0.09)***

GABABR

pKi GABA (log M)

Hill coefﬁcient

N

WT
3KO

5.58 (±0.10)
5.50 (±0.06)

0.80
0.86

3
3

et al., 2005, 2003). First, we analyzed G-protein activation in
membranes of CHO-GABAB cells stably expressing GABAB(1b,2) in
the absence or presence of KCTDs. For these experiments, we lentivirally transduced CHO-GABAB cells (Urwyler et al., 2001) to
generate two additional cell lines stably expressing GABAB(1b,2)
together with KCTD8 or KCTD12. KCTD12 represents KCTD12 and
KCTD12b that both produce desensitizing Kir3 currents upon receptor activation. In contrast, KCTD8 represents KCTD8 and KCTD16
that produce largely non-desensitizing currents (Schwenk et al.,
2010). [35S]GTPgS binding assays were performed with membranes of all three cell lines, either in the absence or presence of
10 mM of GS39783 (Fig. 2A). Conﬁrming earlier studies (Urwyler
et al., 2005, 2003), we found that GS39783 signiﬁcantly increased
both potency and efﬁcacy of GABA to stimulate [35S]GTPgS binding
in CHO-GABAB control cells (ø KCTD, Table 3). Similarly, GS39783
signiﬁcantly increased both potency and efﬁcacy of GABA at
membranes of CHO-GABAB cells expressing KCTD8 or KCTD12
(Table 3, F-test for potency, two-way analysis of variance (ANOVA)
with subsequent post-hoc Sidak's multiple comparison test for efﬁcacy). Of note, the KCTDs did not signiﬁcantly alter the potency of
GABA at GABABRs in the absence of GS39783 when compared to
control CHO-GABAB cells (KCTD8: p ¼ 0.677; KCTD12: p ¼ 0.114).
With GS39783-treated membranes the potency in the presence of
KCTD8 but not KCTD12 was signiﬁcantly but slightly decreased
compared to control cells (KCTD8: p ¼ 0.003; KCTD12: p ¼ 0.876).
This supports that KCTD8 exerts a weak allosteric inﬂuence on the
PAM binding-site or the G-protein binding-site in the presence of
the PAM. Furthermore, the GS39783-induced increase in the efﬁcacy was signiﬁcantly higher in the presence of KCTD8 than in
control or KCTD12-expressing CHO-GABAB cells (Fig. 2A, p < 0.001
for KCTD8 vs. ø KCTD and KCTD8 vs. KCTD12), while there was no
signiﬁcant difference in the increase in efﬁcacy between control
and KCTD12-expressing cells (p ¼ 0.0608 for ø KCTD vs. KCTD12).
The above data indicate that GS39783-modulation of the efﬁcacy of GABABR responses is remarkably large with KCTD8. One
possible explanation for the larger increase in efﬁcacy with KCTD8
is that KCTD8 reduces the efﬁcacy in the absence of GS39783. A
similar phenomenon was reported earlier for partial agonists that
are more amenable to allosteric modulation of GABABRs by PAMs
than full agonists (Mannoury la Cour et al., 2008; Urwyler et al.,
2005). In order to determine if KCTD8 reduces basal G-protein
activation of GABABRs, we performed [35S]GTPgS binding assays in
the absence of agonist, but in the presence of a low GDP concentration (1 mM) (Roberts and Strange, 2005) to facilitate detection of
agonist-independent receptor activity (Strange, 2010). Indeed,
KCTD8 (Fig. 2B) led to a small but signiﬁcant decrease in basal Gprotein activation in the unstimulated state (86% of control CHOGABAB cells, p ¼ 0.009), while KCTD12 has no such effect (97% of
control, p ¼ 0.654). This indicates that KCTD8 decreases basal Gprotein activation in the absence of agonist.
In summary, these experiments show that GS39783 increases
agonist potency and efﬁcacy both in the absence and presence of
KCTDs in [35S]GTPgS binding experiments. Together with the
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5

Fig. 2. Effects of the KCTDs on allosteric modulation of recombinant GABABRs in [35S]GTPgS binding experiments. (A) GABA-induced [35S]GTPgS binding to membranes of CHOGABAB cells stably expressing either GABAB(1b,2) alone (ø KCTD, black triangles, point up) or GABAB(1b,2) in combination with KCTD8 (blue triangles, point down) or KCTD12 (red
diamonds). Filled symbols indicate the absence, empty symbols the presence of GS39783 (10 mM, þGS). Data points represent the stimulation of [35S]GTPgS binding by the indicated
concentrations of GABA above basal binding (0%) normalized to the maximal GABA response in the absence of GS39783 (100%). Data points are means ± S.E.M. of three independent
experiments, each performed in quadruplicates. A summary of relevant parameters is given in Table 3. (B) Summary bar graph of basal [35S]GTPgS binding, performed in the
presence of 1 mM of GDP, in CHO-GABAB cells expressing GABAB(1b,2) without (ø KCTD, black) or with KCTD8 (blue) or KCTD12 (red). One representative experiment out of three is
shown. Results are means ± S.E.M. of quadruplicates. *, p < 0.05 of KruskaleWallis test followed by Dunn's multiple comparison test.

radioligand displacement experiments (Fig. 1), this supports that
the KCTDs exert no or little allosteric inﬂuence on allosteric and
orthosteric binding sites in principal receptor subunits. Of note,
KCTD8 reduces the basal level of receptor activity. GS39783 can
overcome reduced G-protein coupling in the presence of KCTD8
and therefore induces a signiﬁcantly larger increase in the maximal
receptor response.

3.3. Effects of the KCTDs on allosteric modulation of recombinant
GABABRs in BRET G-protein activation experiments
The [35S]GTPgS binding experiments showed that GS39783 acts
as a PAM in a functional assay in the absence and presence of the
KCTDs. The [35S]GTPgS binding experiments additionally indicated
that KCTD8 reduces basal G-protein activation by the receptor, but
that increased activation can still be obtained in the presence of
GS39783. To corroborate these ﬁndings, we monitored GABABRinduced G-protein activation in BRET experiments (Digby et al.,
2006; Frank et al., 2005; Turecek et al., 2014). We transiently
transfected CHO-GABAB cells with the donor fusion protein GaoRluc, the acceptor fusion protein Venus-Gg2, Gb2 and each of the
KCTDs. We then determined the magnitude of the BRET change

Table 3
Effects of the KCTDs on allosteric modulation of recombinant GABABRs in [35S]GTPgS
binding experiments. Concentration response curves were measured (Fig. 2) from
membranes of CHO-GABAB cells, stably expressing GABABRs without or with KCTDs,
both in the absence and presence of the positive allosteric modulator GS39783 (GS).
Because the maximal effect of GABA alone differed between experiments, the data
were normalized to the maximal effect (Emax) obtained with saturating concentrations of GABA alone in the absence of GS (100%) and basal activity without GABA
(0%). The results shown are means ± S.E.M from (N) individual experiments.**,
p < 0.01,***, p < 0.001 compared to non- GS-treated control values (Extra sums-ofsquares F-test for pEC50 and two-way ANOVA followed by a post-hoc Sidak's multiple comparison test for Emax).

ø KCTD
ø KCTD, þGS
KCTD8
KCTD8, þGS
KCTD12
KCTD12, þGS

pEC50 GABA (- log M)

Emax

5.3
6.2
5.2
5.9
5.1
6.2

97.5
378.4
100.5
586.0
100.0
322.8

(±0.1)
(±0.0)***
(±0.2)
(±0.0)**
(±0.1)
(±0.0)***

between Gao-Rluc and Venus-Gg2 during G-protein activation
induced by baclofen (10 mM and 100 mM) in the absence and
presence of GS39783. Of note, baclofen concentrations lower than
10 mM did not lead to measurable changes in BRET.
GS39783 (10 mM) signiﬁcantly increased the magnitude of the
BRET change induced by baclofen in the absence and presence of
KCTDs (Fig. 3AeC). Of note, we recently reported a signiﬁcantly
larger magnitude of the BRET change with KCTD12, which reﬂects
binding of KCTD12 to an activity-dependent binding-site on the bg
subunits of the G-protein (Turecek et al., 2014). This KCTD12speciﬁc conformational rearrangement of the G-protein is only
seen with the high concentration of baclofen. Activity-dependent
binding of KCTD12 to bg requires unbinding of Ga from Gbg
(Turecek et al., 2014) and may therefore depend on substantial Gprotein dissociation, offering a possible explanation for the
requirement of a high baclofen concentration. The KCTD12-speciﬁc
increase in the change of BRET is further increased by GS39783.
This indicates that PAMs and KCTD12 affect the G-protein rearrangement independent of each other, with KCTD12 primarily
acting at the G-protein (Turecek et al., 2014).
Interestingly, KCTD8, but not KCTD12 or KCTD16, showed a
signiﬁcantly decreased baseline BRET in the absence of baclofen,
which reﬂects the basal G-protein conformation (Fig. 3B and C,
right, also compare traces of KCTD8 with other traces in Fig. 3A). To
determine if the decreased baseline BRET requires binding of
KCTD8 to GABABR, BRET studies were performed with CHO cells
that lacked GABABRs or expressed adenosine receptor 1 (A1). In
these cells KCTD8 did not signiﬁcantly decrease the baseline BRET
levels when compared to controls (p ¼ 0.793 for CHO cells without
GABABR (n ¼ 24); p ¼ 0.252 for CHO cells expressing A1 (n ¼ 27)). In
summary, the BRET measurements support that GS39783 increases
agonist-induced G-protein activation irrespective of the KCTDs.
Moreover, KCTD8 reduces basal G-protein activation when associated with GABABRs.

N
(±7.0)
(±7.3)***
(±15.8)
(±20.7)***
(±5.9)
(±7.0)***

3
3
3

3.4. Effects of the KCTDs on allosteric modulation of native GABABRs
in [35S]GTPgS binding experiments
[35S]GTPgS binding and BRET studies show that GS39783 acts as
a PAM at recombinant GABABRs assembled with KCTDs. We further
investigated whether GS39783 exerts PAM activity at native
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Fig. 3. Effects of the KCTDs on allosteric modulation of recombinant GABABRs in BRET G-protein activation assays. (A) Representative baclofen-induced changes in the BRET signal
(milli BRET units, mBU) with CHO-GABAB cells co-expressing Gao-Rluc, Venus-Gg2 and Gb2 with or without KCTD8, KCTD12 or KCTD16 in the absence (black) or presence (gray) of
GS39783 (GS, 10 mM, 5 min pre-incubation). (B) Summary bar graph of BRET changes upon 10 mM baclofen application (changes in BRET (DBRET) in % of basal BRET, left) and baseline
BRET (in mBU, right). Data are means ± S.E.M. of eight individual experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001; compared to the respective DMSO treatment. #, p < 0.001;
compared to all DMSO treatments. $, p < 0.001; compared to all GS treatments. (C) Summary bar graph of BRET changes upon 100 mM baclofen application (left) and baseline BRET
(right). Data are means ± S.E.M. of 4e7 individual experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001; compared to the respective DMSO treatment. #, p < 0.05; compared to all
DMSO treatments. $, p < 0.01; compared to all GS treatments.
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GABABRs in the absence of KCTDs, using the [35S]GTPgS binding
assay and whole brain membranes of 3KO mice. Of note, KCTD12b is
only expressed in the medial habenula and does not substantially
inﬂuence biochemical assays in whole brain membranes (Metz
et al., 2011; Schwenk et al., 2010). As expected, GS39783
increased both potency and efﬁcacy of GABA at GABABRs of wildtype (WT) mice (Perdona et al., 2011; Urwyler et al., 2003)
(Fig. 4). The lack of KCTDs in 3KO mice did not inﬂuence the potency
of GABA in the absence (p ¼ 0.822) or presence of GS39783
(p ¼ 0.464). Furthermore, the lack of KCTDs did not inﬂuence the
ability of GS39783 to increase the efﬁcacy of GABA in 3KO
membranes (p > 0.999) (Table 4). In summary, GS39783 had similar
PAM activity at native GABABRs irrespective of whether KCTDs were
present or not.
3.5. Effects of the KCTDs on allosteric modulation of GABABRactivated Kir3 currents in CHO cells
We next analyzed whether GS39783 allosterically modulates
GABABR-activated Gbg signaling in the presence or absence of
KCTDs. Kir3 currents were evoked every 5 min by a 40 s application of baclofen (1 mM, ~EC20, Fig. 5A). This was ﬁrst done in the
absence (GS) and then in the presence of GS39783 (þGS, 10 mM,
bath application for 10 min). GS39783 had no effect on holding
currents (Suppl. Fig. 2A) but led to an approximately two-fold
increase of the Kir3 current peak amplitude both in the absence
and presence of KCTDs (Fig. 5A and B). GS39783 accentuated kinetic effects of KCTD12 on GABABR signaling described earlier
(Schwenk et al., 2010; Turecek et al., 2014). Speciﬁcally, GS38793
shortened the rise-time and increased the relative desensitization
of evoked Kir3 currents (Fig 5B). The effects of KCTD12 on risetime and desensitization are dependent on the baclofen concentration (Suppl. Fig. 2B and C). It is therefore likely that GS39783
shortens the rise-time and increases desensitization in the presence of KCTD12 by increasing agonist binding-afﬁnity at the receptor. Interestingly, GS39783 did not signiﬁcantly increase the
plateau current during prolonged KCTD12-induced desensitization
(þGS39783: 19.7 ± 6.2 pA,GS39783: 13.1 ± 6.0 pA, p ¼ 0.055,
Fig. 5A). Since KCTD12 induces desensitization by interfering with
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Table 4
Effects of the KCTDs on allosteric modulation of native GABABRs in [35S]GTPgS
binding experiments. Concentration response curves were measured (Fig. 4) from
brain membranes of wild-type (WT) or Kctd8/12/16/ knockout (3KO) mice, both in
the absence and presence of the positive allosteric modulator GS39783 (GS). Because
the maximal effect of GABA alone differed between experiments, the data were
normalized to the maximal effect (Emax) obtained with saturating concentrations of
GABA alone in the absence of GS (100%) and basal activity without GABA (0%). The
results shown are means ± S.E.M from (N) individual experiments.*, p < 0.05,***,
p < 0.001 compared to non-GS-treated control values (Extra sums-of-squares F-test
for pEC50 and two-way ANOVA followed by a post-hoc Sidak's multiple comparison
test for Emax).

WT
WT, þGS
3KO
3KO, þGS

pEC50 GABA (log M)

Emax

5.4
6.3
5.3
6.4

100.0
196.3
100.0
193.5

(±0.1)
(±0.1)***
(±0.1)
(±0.1)***

N
(±0.6)
(±27.8)*
(±0.1)
(±28.8)*

4
4

Gbg activation of the Kir3 channel (Turecek et al., 2014) the PAM
activity at the receptor may no longer be very effective during
maximal KCTD12-mediated inhibition of Gbg signaling. Altogether
the data are consistent with the PAM potentiating KCTD12mediated effects at the G-protein by increasing agonist afﬁnity at
the receptor and hence receptor activation at a given concentration of agonist.
3.6. Effects of KCTDs on allosteric modulation of GABABR-activated
Kþ currents in hippocampal neurons
KCTD8, 12, 12b and 16 are differentially expressed in the brain
(Metz et al., 2011; Schwenk et al., 2010). KCTD12 and 16 expression
is high in the hippocampus while KCTD8 expression is low in this
area. KCTD12b is exclusively expressed in the medial habenula.
Using cultured hippocampal neurons from 3KO mice and control
WT mice we analyzed whether GS39783 has similar PAM activity in
the absence and presence of KCTD proteins.
Native Kþ currents exhibit strong run-down after repeated
baclofen application. We therefore studied the modulatory effect of
GS39783 during steady-state application of baclofen. We applied a
low concentration of baclofen (1 mM) for 1 min and then co-applied
GS39783 (10 mM) for an additional minute (Fig 6). Baclofen evoked
Kþ currents exhibited little desensitization. GS39783 increased the
Kþ-current amplitude both in WT and 3KO neurons. This increase in
amplitude was not signiﬁcantly different between 3KO (27 ± 5%)
and WT (40 ± 9%) neurons (p ¼ 0.40). This result conﬁrms that
GS39783 is equally effective as a PAM at native GABABRs with or
without KCTDs.
4. Discussion

Fig. 4. Effects of the KCTDs on allosteric modulation of native GABABRs in [35S]GTPgS
binding experiments. Effect of GS39783 on GABA-induced [35S]GTPgS binding to brain
membranes of wild-type (WT, red circles) or Kctd8/12/16/ triple knockout mice (3KO,
blue diamonds). Filled symbols indicate the absence, empty symbols the presence of
GS39783 (10 mM, þGS). Data points represent the stimulation at different GABA concentrations above basal binding (0%) normalized to the maximal GABA response in the
absence of GS39783 (100%). Data points are means ± S.E.M. of four independent experiments, each performed in quadruplicates. A summary of relevant parameters is
given in Table 4.

It is well established that the GABAB1 and GABAB2 subunits of
GABABRs are allosterically coupled through multiple interactions in
their extracellular and transmembrane domains (Monnier et al.,
2011). Likewise, GABABRs undergo allosteric interactions with the
G-protein (Hill et al., 1984; Pin et al., 2004). Constitutive association
of GABABRs with auxiliary KCTD subunits not only generates
molecularly distinct receptor subtypes but also introduces the
KCTDs as novel factors that potentially allosterically regulate the
ternary receptor complex (Gassmann and Bettler, 2012; Schwenk
et al., 2010). The KCTDs bind to both receptor and G-protein,
which inﬂuences the kinetics of the receptor response through
stabilizing the G-protein at the receptor and through direct effects
on G-protein signaling (Turecek et al., 2014). In principle, the KCTDs
could allosterically regulate the receptor through direct effects at
GABAB2 and/or through indirect effects at the receptor-associated
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Fig. 5. Effects of the KCTDs on allosteric modulation of GABABR-activated Kir3 currents in transfected CHO cells. (A) Representative traces of GABAB-activated Kir3 currents recorded
at 50 mV from CHO-GABAB cells co-expressing Kir3 channels with or without KCTD proteins. Control traces evoked by 1 mM baclofen (Bac) are shown in gray (- GS), traces evoked
by co-application of 1 mM baclofen þ 10 mM of GS39783 in black (þGS). Pre-incubation with GS39783 by bath was for 10 min. Scaling: 10 pA/10 s. (B) Summary bar graphs showing
the effect of GS39783 on peak amplitude, relative desensitization and rise-time of Kir3 currents. ø KCTD, white; þKCTD8, black; þKCTD12, light gray; þKCTD16, dark gray. Data are
expressed as mean ± S.E.M.; *, p < 0.05, ManneWhitney test on paired data.

G-protein. The KCTDs could also inﬂuence the activity of PAMs that,
like the KCTDs, bind to GABAB2. PAMs at GABABRs increase both
agonist binding-afﬁnity and efﬁcacy of the receptor response (May
et al., 2007; Urwyler et al., 2003), showing that PAMs modulate
both the orthosteric agonist binding-site and G-protein activation.
PAMs may therefore also inﬂuence interactions between the KCTDs
and the G-protein. In our studies we have addressed whether the
KCTDs allosterically inﬂuence (i) the orthosteric agonist bindingsite, (ii) G-protein activation and (iii) modulation by GS39783.
Our data indicate that the KCTDs exert per se little allosteric inﬂuence on the orthosteric agonist binding-site or on G-protein activation. This shows that the increase in GABA potency observed in
the presence of KCTDs with receptor-activated Kir3 currents

Fig. 6. Effects of the KCTDs on allosteric modulation of GABABR-activated Kþ currents in
native neurons. Representative traces of GABAB-activated Kir3 currents recorded
at 50 mV from cultured hippocampal neurons of wild-type (WT, left) or Kctd8/12/16/
triple knockout mice (3KO, right). 1 mM of baclofen (Bac, black bars) was applied for 90 s,
then 10 mM of GS39783 (þGS, gray bars) was co-applied for an additional 90 s. Scaling:
10 pA/1 min.

(Schwenk et al., 2010) is not due to an increase in agonist bindingafﬁnity but relates to KCTD effects on the G-protein cycle. The effects on the G-protein cycle are lost in the [35S]GTPgS binding experiments, in which the G-protein cycle is interrupted. Allosteric
regulation of the receptor complex by GS39783 is qualitatively
similar in the absence and presence of the KCTDs. This further
supports that the KCTDs primarily regulate the receptor response at
the G-protein (Turecek et al., 2014). Differential regulation of the
G-protein by the KCTDs, however, causes signiﬁcant quantitative
differences in the modulatory effect of GS39783 on the efﬁcacy of
the receptor response (KCTD8) or the increase in the relative
desensitization of receptor-activated Kþ-currents (KCTD12) in
transfected cells. However, we did not observe signiﬁcant differences between the modulatory effect of GS39783 on native receptors in WT and 3KO mice. This is likely due to the fact that native
GABABRs are heterogeneous. Whereas the GABAB1 and GABAB2
protomers are expressed by almost all neurons and glial cells
(Gassmann and Bettler, 2012), the repertoire and abundance of the
KCTDs varies among brain areas, neuronal populations and subcellular sites (Metz et al., 2011; Schwenk et al., 2010). Moreover, a
signiﬁcant fraction of native GABABRs in the brain is devoid of any
KCTDs (Turecek et al., 2014). Thus, it is likely that native GABABRs
assembled with speciﬁc KCTDs are also differentially modulated by
GS39783, similar to the GABABRs reconstituted with KCTDs in
transfected cells, but that the responses of individual receptor
populations are masked in the overall response of different receptor populations.
The agonist binding experiments show that the KCTDs fail to
increase agonist binding-afﬁnity at recombinant GABABRs to the
level of native receptors. This suggests that other factors are
responsible for the higher agonist binding-afﬁnity of native
GABABRs. Candidate factors are additional binding partners of
GABABRs (Schwenk et al., 2010) or posttranslational modiﬁcations
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of receptor components, such as for example phosphorylation of
the GABAB1 and GABAB2 subunits (Couve et al., 2002; Guetg et al.,
2010; Kuramoto et al., 2007).
KCTD8 reduces basal G-protein activation in the [35S]GTPgS
binding assay. Reduced basal G-protein activation can to some
extent be overcome with GS39783, which induces a larger increase
in efﬁcacy with KCTD8 than with the other KCTDs. A similar phenomenon has been observed with partial agonists that are more
amenable to allosteric modulation by PAMs than full agonists. This
was for example shown with GABABRs (Mannoury la Cour et al.,
2008; Urwyler et al., 2005) and mGlu2 receptors (Schaffhauser
et al., 2003). This supports that a less efﬁcacious G-protein
coupling e either due to the effects of a partial agonist or the
presence of KCTD8 e allows for a bigger total increase in efﬁcacy in
the presence of the PAM. Consistent with a unique effect of KCTD8
on basal G-protein activation we selectively observed a change in
the basal BRET between G-protein subunits in the combined
presence of KCTD8 and GABABRs. KCTD8, when associated with
GABABRs, therefore likely induces a conformational change in the
G-protein that reduces basal G-protein activation by the receptor.
Of note, the BRET experiments allow for the ﬁrst time to distinguish
KCTD8 and KCTD16 in a functional assay system.
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ABSTRACT
GABAB receptors are the G-protein coupled receptors (GPCRs) for GABA, the main inhibitory
neurotransmitter in the central nervous system. As they are crucial for numerous neuronal
processes, the activity of GABAB receptors needs to be temporally precise. The principal GABAB
receptor subunits associate with auxiliary subunits, the K+ channel tetramerization domaincontaining proteins KCTD8, 12 and 16. In this study, we found that KCTD16, but not KCTD8 or 12,
binds to 14-3-3 proteins. The binding is mediated by the C-terminal H2-domain of KCTD16 and
regulates the expression of KCTD16 in a 14-3-3 isoform-specific manner. 14-3-3 ε promotes KCTD16
stability and tetramer formation whereas 14-3-3 γ promotes lysosomal degradation of KCTD16.
Additionally, the interaction to KCTD16 enables 14-3-3 proteins to modulate the expression of the
GABAB2 subunit. Using a protein-fragment complementation assay, we found that the Gα-signaling of
GABAB receptors is changed as a consequence of KCTD16 and 14-3-3 co-expression. We further
identified cullin3 as a new interaction partner of KCTD16 and show that this interaction is affected by
14-3-3 proteins. We propose that GABAB receptors are substrates of the KCTD16-cullin3 complex.
This provides a mechanism of how cell surface GABAB receptors can be targeted for lysosomal
degradation, which is regulated by 14-3-3 proteins.

INTRODUCTION
Functional GABAB receptors are heterodimers that consist of GABAB1 and GABAB2 subunits. Whereas
GABA binds to the GABAB1 subunit, surface-targeting and receptor signaling is mediated by the
GABAB2 subunit (Couve et al., 2000, Calver et al., 2001, Bettler et al., 2004, Pin et al., 2004). GABAB
receptors couple to Gαi/o-type G-proteins and modulate the activity of adenylyl cyclase, G proteingated inwardly rectifying K+ channels and voltage-gated Ca2+ channels (Luscher and Slesinger, 2010,
Chalifoux and Carter, 2011, Gassmann and Bettler, 2012). As GABAB receptor activity is fundamental
for numerous neuronal processes, like synaptic plasticity or neuronal firing, its activity has to be
precisely controlled. Receptor signaling is regulated at different time points of receptor maturation
including the export from the endoplasmic reticulum, receptor desensitization, endocytosis and
degradation (Benke et al., 2012). For functional GABAB receptors localized in the cell membrane,
posttranslational modifications have a major impact on receptor signaling. Phosphorylation of GABAB
receptors controls receptor stability, induces endocytosis, and differentiates between receptor
recycling and degradation (Couve et al., 2002, Fairfax et al., 2004, Guetg et al., 2010, Maier et al.,
2010, Terunuma et al., 2010, Adelfinger et al., 2014). Additionally, the binding of other proteins to
GABAB receptors can contribute to the extent of receptor activity. The auxiliary receptor subunits
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KCTD12 and 12b, for instance, induce fast desensitization of GABAB-activated K+ currents, whereas
KCTD8 decreases the basal G-protein activation of GABAB receptors (Schwenk et al., 2010, Rajalu et
al., 2014). Further, members of the 14-3-3 protein family were found to be associated with GABAB
receptors and to modulate GABAB receptor signaling. Although 14-3-3 proteins are dispensable for
surface trafficking of GABAB receptors, they are capable of dissociating the GABAB1/2 receptor
heterodimer and thereby impairing its signaling (Couve et al., 2001, Brock et al., 2005, Laffray et al.,
2012).
In this study, we show that the interaction between KCTD16 and distinct members of the 14-3-3
family leads to changes in KCTD16 and GABAB2 subunit expression. 14-3-3 γ binding promotes
lysosomal degradation of KCTD16, whereas 14-3-3 ε binding stabilizes KCTD16 by increasing the
affinity for KCTD16-tetramer formation. Moreover, we found that the interaction of KCTD16 with 143-3 proteins regulates the Gα-signaling of GABAB receptors. Using a protein-fragment
complementation assay, we show that KCTD16 together with 14-3-3 ε increases GABAB-mediated
PKA inhibition, whereas KCTD16 together with 14-3-3 γ leads to a disinhibition. Together, we propose
that KCTD16 is a cullin3 substrate adaptor that controls the amount of cell surface GABAB receptors,
which in turn is regulated in a 14-3-3 isoform-dependent manner.

MATERIAL AND METHODS
Generation of expression plasmids - All KCTD cDNAs contained an N-terminal tag of three c-Myc
epitopes and were cloned as described earlier (Seddik et al., 2012). To generate KCTD12-16H2Δ39 (216H2Δ39) and KCTD16Δ39 (16H2Δ39), a stop codon was inserted in KCTD12-16H2 and KCTD16 after
residue Leu388. To generate KCTD16Δ60 (16H2Δ60), a stop codon was inserted in KCTD16 after
residue Thr367. To generate KCTD12-16H2ΔN (12-16H2ΔN) and KCTD16ΔPEST (16ΔPEST), residues
Pro280 to Cys314 in KCTD12-16H2 and residues Gly300 to Thr333 in KCTD16 were excised,
respectively. The constructs KCTD12-16H2 (12-16H2), KCTD16ΔH2 (16ΔH2), KCTD16H2 (16H2) and
KCTD12-16H2Δ60 (12-16H2Δ60) were described earlier (Seddik et al., 2012). The plasmids HA-14-3-3
γ and HA-14-3-3 ε were purchased from Addgene (Cambridge, MA, US). The plasmids RlucF1-RegPKA,
RlucF2-CatPKA and RlucF2-RegPKA were a kind gift of E. Stefan (Montreal, Canada).
Cell culture - COS-1 cells were maintained in DMEM (Life Technologies, CA, US) supplemented with
10% FBS (GE Healthcare, Buckinghamshire, UK) at 37°C with 5% CO2. CHO-K1 cells stably expressing
GABAB1 and GABAB2 subunits were cultured as described (Urwyler et al., 2001). Lipofectamine 2000
(Life Technologies) was used for transient transfections. The amount of DNA in transfections was
kept constant by supplementing with pCI plasmid DNA (Promega, WI, US).
Co-immunoprecipitation, Western blot analysis and Native PAGE - For co-immunoprecipitations, COS1 cells were harvested, washed once with ice-cold PBS, and subsequently lysed in NETN buffer (100
mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 20 mM Tris/HCl, pH 7.4) supplemented with complete
EDTA-free protease inhibitor mixture (Hoffmann-La Roche, Basel, Switzerland). After rotation for 10
min at 4°C, the lysates were cleared by centrifugation at 1000 x g for 10 min at 4°C. Lysates were
directly used for Western blot analysis or immunoprecipitated. Lysates and immunoprecipitates were
resolved using standard SDS-PAGE. All antibodies used for Western blot and immunoprecipitations
are listed in Suppl. Table 1.
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To study KCTD16 degradation, COS-1 cells were incubated with the following compounds for 18 h:
Chloroquine diphosphate (100 μM, 4109, Tocris), Epoxomicine (2 μM, 324801, Millipore), MG132 (10
μM, M7449, Sigma Aldrich).
Native PAGE experiments were carried out as instructed by the manufacturer (Bio-Rad, CA, US).
Briefly, cell lysates were prepared as for SDS-PAGE. Non-reducing sample buffer was composed of:
62.5 mM Tris-HCl, pH 6.8, 40% (v/v) glycerol, 0.01% (w/v) bromophenol blue. The running buffer was
composed of: 2.5 mM Tris, 19.2 mM glycine. 4-15% Mini-PROTEAN® TGXTM Gels and a HMW Native
Marker Kit was purchased from Bio-Rad (456-1083S and 17-0445-01).
BRET measurements - BRET measurements were described earlier (Ivankova et al., 2013, Adelfinger
et al., 2014). Briefly, COS-1 cells were transiently transfected with plasmids encoding RlucKCTD16/YFP-KCTD16 or Rluc-KCTD12/YFP-KCTD12 with or without HA-14-3-3 ε. Six hours after
transfection, cells were distributed into 96-well microplates (Greiner Bio-One, Kremsmünster,
Austria) at a density of 50,000 cells/well. Twenty-four hours after transfection, cells were washed
and incubated in PBS containing 5 μM coelenterazine H (NanoLight Technologies, AZ, US) for 20 min
at RT. Luminescence and fluorescence signals were detected sequentially using an Infinite® F500
Microplate Reader (Tecan, Männedorf, Switzerland). Each data point represents a technical
quadruplicate.
Protein-fragment complementation assay - The PCA assay was performed as described earlier (Stefan
et al., 2007). CHO-K1 cells stably expressing GABAB1 and GABAB2 subunits grown in 12-well plates
were transfected with RlucF1-RegPKA and RlucF2-CatPKA (or RlucF2-RegPKA), myc-KCTD16 and HA14-3-3 ε or γ. Six hours after transfection, cells were distributed into 96-well microplates. Fourtyeight hours later, cells were washed and incubated in PBS containing 10 μM forskolin and 5 μM
coelenterazine H (NanoLight Technologies, AZ, US) for 20 min at RT. The increase in bioluminescence
following baclofen injection (100 μM; 0417, Tocris Bioscience, UK) was recorded on an Infinite® F500
Microplate Reader (Tecan) with an integration time of 1 s. The curves were normalized to the point
of injection and to the non-activatable control (RlucF1-RegPKA + RlucF2-RegPKA).
Data analysis – All data are presented as mean ± SEM. Statistical significance was assessed with the
unpaired Student’s t test using Prism 5.04 software (GraphPad, CA, US). BRET data were analyzed and
fitted using a “one-site specific binding” equation (GraphPad).

RESULTS
KCTD16 associates with 14-3-3 proteins through its C-terminal H2-domain
14-3-3 proteins are known binding partners of the GABAB receptor (Couve et al., 2001, Brock et al.,
2005, Laffray et al., 2012). Here, we observed that other members of the 14-3-3 family interact with
members of the KCTD protein family, which are auxiliary subunits of the GABAB receptor. A schematic
illustration of the three auxiliary subunits of the GABAB receptor is shown in Fig. 1A. We found that
KCTD16 but not KCTD12 associates with 14-3-3 proteins (Fig. 1B). It is interesting to note that 14-3-3
ε and γ were identified as KCTD16 interacting proteins but not 14-3-3 ζ (data not shown), which was
shown to bind the GABAB1 subunit. As KCTD16 contains the H2-domain which is absent in KCTD12, it
is conceivable that 14-3-3 proteins bind to this domain. To test this hypothesis, we used a chimeric
protein, in which the H2-domain of KCTD16 was fused to the C-terminus of KCTD12 (12-16H2), and a
deletion mutant, in which the H2-domain was removed from KCTD16 (16ΔH2). As predicted, both 143-3 ε and γ bound 12-16H2 but not 16ΔH2 (Fig. 1B). Moreover, the H2-domain itself (16H2) was
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sufficient to bind the 14-3-3 proteins although the binding efficiency was strongly reduced (Fig. 1C).
To investigate whether 14-3-3 proteins interact in general with H2-domains, we tested KCTD8,
another H2 domain-containing KCTD protein, for interaction with 14-3-3 ε and γ. In contrast to
KCTD16, KCTD8 was not able to associate with both 14-3-3 ε and γ (Fig. 1D). Together, these data
show that KCTD16, but not KCTD8 or 12, interacts with 14-3-3 ε and γ through its C-terminal H2domain.
In order to map the minimal binding site of KCTD16 for 14-3-3 proteins, we co-expressed truncations
of the chimeric 12-16H2 protein in COS-1 cells for co-immunoprecipitation studies. Whereas the
deletion of the N-terminal part of the H2-domain of 12-16H2 (deletion of amino acid residues 328362; 12-16H2ΔN; Fig. 2A) did not affect the interaction with 14-3-3 ε or γ (Fig. 2B), deletions of the Cterminal part of the H2-domain of 12-16H2 affected the binding properties to 14-3-3 proteins (Fig. 2B
and C). It was of interest to see that the deletion of the last 60 amino acid residues in 12-16H2Δ60
abolished the binding to both 14-3-3 isoforms, whereas the deletion of the last 39 amino acid
residues in 12-16H2Δ39 interfered with the binding to 14-3-3 ε but not to 14-3-3 γ. As 14-3-3
proteins mostly bind to phosphorylated serines/threonins, we mutated selected serines/threonins,
which are present within the C-terminal part of the H2-domain of KCTD16 but not in the H2-domain
of KCTD8. However, the mutation of T369, S375 or S379 to alanine did not prevent the binding of 143-3 proteins (data not shown). These data indicate that 14-3-3 binding to KCTD16 is either
phosphorylation-independent or that 14-3-3 binding is ensured by more than one binding site.

14-3-3 binding regulates KCTD16 protein expression
To assess the functional relevance of such interaction, we measured the expression levels of KCTD16
in the presence of 14-3-3 proteins. We observed that 14-3-3 protein co-expression affected the
expression levels of the interaction partner KCTD16. Whereas 14-3-3 ε increased the protein levels of
KCTD16, 14-3-3 γ decreased the expression of KCTD16 (Fig. 3A). These effects were dependent on
direct interaction since both 14-3-3 isoforms did not affect protein levels of KCTD12 (Fig. 3B).
Furthermore, the protein levels of KCTD16 truncation mutants were changed only if they were able
to bind 14-3-3 proteins. The expression of the KCTD16 truncation mutant 16H2Δ39, which lacks the
last 39 amino acid residues of the H2-domain equivalent to 12-16H2Δ39 and binds 14-3-3 γ but not
14-3-3 ε, is regulated exclusively by 14-3-3 γ (Fig. 3C). On the other hand, the expression level of the
KCTD16 truncation mutant 16H2Δ60, which lacks the last 60 amino acid residues of the H2-domain
equivalent to 12-16H2Δ60 and binds neither 14-3-3 isoforms, was unaffected by 14-3-3 coexpression (Fig. 3D). Together, these data show that direct binding is obligatory for 14-3-3 ε and γ to
regulate the expression levels of KCTD proteins.

14-3-3 γ shifts the degradation of KCTD16 from the proteasome to the lysosome
14-3-3 proteins are well known to regulate the degradation of their binding partners (LeBron et al.,
2006, Kasahara et al., 2010). Therefore, we investigated whether decreased protein levels of KCTD16
in the presence of 14-3-3 γ correspond to increased degradation of KCTD16. To test this hypothesis,
we incubated COS-1 cells expressing either KCTD16 alone or together with 14-3-3 γ with inhibitors of
the lysosome, chloroquine (CHQ), or proteasome, epoxomicine (EPO) or MG132 (MG). In cells coexpressing KCTD16 and 14-3-3 γ we observed a down-regulation of KCTD16 to ~55% which was
inhibited in the presence of lysosome inhibitor (w/o vs. CHQ; Fig. 4A and B). In contrast, incubation
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with proteasome inhibitors did not prevent the reduction in KCTD16 expression induced by 14-3-3 γ
(~30-40% down-regulation of KCTD16 in the presence of DMSO, EPO and MG). These data suggest
that 14-3-3 γ promotes KCTD16 degradation through the lysosome. It is interesting to note that in
the absence of 14-3-3 γ the expression of KCTD16 increased ~2 fold when applying EPO or MG (Fig.
4C), which indicates proteasomal degradation of KCTD16. The expression of KCTD16 was unchanged
upon CHQ incubation.

14-3-3 ε increases the stability of KCTD16 and its affinity to form tetramers
The ability of proteins to form dimers or oligomers is a well described mechanism to control protein
stability and activity (Mateu, 2002, Li et al., 2006, Freeman et al., 2013). As KCTD proteins are a
family of tetramerizing proteins, we investigated whether increased expression levels of KCTD16
induced by 14-3-3 ε correlate with higher stability of KCTD16 resulting from enhanced
tetramerization. We used BRET donor saturation assays to study the formation of KCTD16 homotetramers. Binding of the donor fusion protein Rluc-KCTD16 to the acceptor fusion protein VenusKCTD16 induces specific BRET that allows studying the affinity and degree of tetramerization.
Expression of increasing amounts of Venus-KCTD16 with a fixed amount of Rluc-KCTD16 results in
hyperbolic BRET donor saturation curves (Fig. 5A, up), consistent with KCTD16 being able to form
tetramers as described earlier (Schwenk et al., 2010). When co-expressing fixed amounts of 14-3-3 ε
we could still observe a specific BRET donor saturation curve suggesting that 14-3-3 ε does not
prevent KCTD16 tetramer formation. However, compared to experiments without 14-3-3 ε, the BRET
donor saturation curves were shifted towards (i) lower half-maximal BRET (BRET50) and (ii) lower
maximal BRET (BRETmax). The BRET50 reflects how much BRET acceptor is required to reach 50% of the
BRETmax signal. Therefore, a left shift of the BRET donor saturation curve, as observed, is indicative
for an increased affinity between the donor fusion protein and the acceptor fusion protein. At the
same time, the decreased BRETmax likely reflects a conformational rearrangement in the KCTD16
tetramer upon 14-3-3 ε binding. To test whether these effects arise specifically from direct
interaction between KCTD16 and 14-3-3 ε, we conducted the same BRET donor saturation curves
with Rluc-KCTD12 and Venus-KCTD12. As expected, we obtained hyperbolic BRET donor saturation
curves confirming that also KCTD12 forms tetramers (Fig. 5A, down). In the presence of 14-3-3 ε, the
BRET donor saturation curves were neither shifted in BRETmax nor in BRET50 suggesting that 14-3-3 ε
specifically increases the affinity to form tetramers for its binding partner KCTD16 but not for noninteracting KCTD proteins.
To address the question whether 14-3-3 ε increases the amount of KCTD16 tetramers, we coimmunoprecipitated myc-KCTD16 with flag-KCTD16 in the presence and absence of 14-3-3 ε. Mycand flag-tagged KCTD16 were enriched in the input as well as in the immunoprecipitation (Fig. 5B),
which suggests that 14-3-3 ε increases the amount of tetramerized KCTD16. Additionally, we
performed Native PAGE experiments to study if (i) KCTD16 per se exists as monomer and (ii) if 14-3-3
ε co-expression raises the amount of KCTD16 tetramers relative to KCTD16 monomers. Under native
conditions, co-expression of 14-3-3 ε increased the amount of KCTD16 tetramers (Fig. 5C). However,
KCTD16 seems to exist exclusively as tetramer as no monomer signal was observed. Altogether,
these data indicate that 14-3-3 ε increases the stability of KCTD16 by enhancing its affinity to form
tetramers.

5

KCTD16 links 14-3-3 proteins to GABAB receptors, which consequently regulates the expression of the
GABAB2 subunit
Distinct 14-3-3 isoforms, ζ and η, are known interactors of the GABAB1 subunit (Couve et al., 2001,
Brock et al., 2005, Laffray et al., 2012). Still, no 14-3-3 isoforms were yet shown to interact with the
GABAB2 subunit. Based on our findings that 14-3-3 ε and γ are binding partners of KCTD16, we asked
the question whether the same 14-3-3 isoforms associate with the GABAB2 subunit as well or
whether they are part of the receptor complex solely in the presence of KCTD16. We found that both
14-3-3 ε and γ did not directly interact with the GABAB2 subunit (Fig. 6A, up). However, when KCTD16
was co-expressed, 14-3-3 ε and γ were able to co-precipitate both KCTD16 and the GABAB2 subunit
(Fig. 6A, bottom) indicating that they are part of the receptor complex in the presence of KCTD16.
Furthermore, when co-expressing KCTD16, both 14-3-3 isoforms regulated the expression of the
GABAB2 subunit in the same way as they regulate the expression of KCTD16 (Fig. 6B). These data
suggest that 14-3-3 ε and γ are part of the GABAB receptor/KCTD16 complex and that they
simultaneously regulate the expression of KCTD16 and GABAB2.

14-3-3 proteins regulate the Gα-signaling of GABAB/KCTD16 receptors
Cell surface targeting of GABAB receptors is a precisely regulated process (Margeta-Mitrovic et al.,
2000, Calver et al., 2001, Pagano et al., 2001). Whereas GABAB1 homodimers are retained in the ER
through their ER retention signal, GABAB1/2 heterodimers reach the cell surface and form functional
receptors. The expression of the GABAB2 subunit determines therefore the rate of functional
receptors at the cell membrane. To test if 14-3-3 proteins control the level of functional membrane
GABAB receptors we investigated whether the signaling of GABAB receptors is changed in the
presence of 14-3-3 proteins. The Gα-signaling of GABAB receptors can be monitored by a proteinfragment complementation (PLC) assay in which split variants of the Renilla luciferase are fused to
the regulatory (R) and the catalytic (C) subunit of the protein kinase-A (PKA) (Fig. 7A). High
bioluminescence corresponds to inactive PKA composed of an R/C subunit heterodimer. High
intracellular cAMP levels induce the dissociation of the R subunit from the C subunit leading to the
activation of PKA, which accordingly corresponds to low bioluminescence. As GABAB receptors are
Gαi/o-coupled receptors, applying baclofen to CHO-K1 cells stably expressing GABAB1 and GABAB2
subunits results in PKA inhibition and hence to an increase in bioluminescence (Fig. 7B). Coexpression of 14-3-3 ε, KCTD16 or KCTD16 together with 14-3-3 ε significantly increased the Gαsignaling of GABAB receptors (Fig. 7C). In contrast, co-expression of KCTD16 together with 14-3-3 γ
decreased the Gα-signaling of GABAB receptors whereas co-expression of 14-3-3 γ alone was without
effect. These data suggest that 14-3-3 proteins regulate the expression of functional GABAB receptors
at the cell surface to control GABAB receptor signaling in the presence of KCTD16.

14-3-3 proteins affect the binding of KCTD16 to CUL3
Some members of the KCTD protein family were reported to bear cullin adaptor function (Bayon et
al., 2008, Azizieh et al., 2011, Correale et al., 2011, De Smaele et al., 2011, Balasco et al., 2014). It was
not shown yet that the GABAB receptor interacting KCTD proteins 8, 12 and 16 share this function. To
answer this question we expressed KCTD 8, 12 and 16 (KCTD16 alone and in the presence of 14-3-3 ε
or γ) in COS-1 cells and performed immunoprecipitations against endogenous CUL3. We found that
CUL3 was able to co-precipitate KCTD8 as well as KCTD16 (Fig. 8A). In the presence of 14-3-3 ε and γ,
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the intensity of co-precipitated KCTD16 with CUL3 was greatly reduced (Fig. 8B). When normalizing
the amount of co-precipitated KCTD16 to the input of KCTD16 it becomes obvious that 14-3-3 ε
almost fully blocks KCTD16-CUL3 binding (Fig. 8C). Together, these data suggest that KCTD16 serves
as substrate adaptor for CUL3 and that this function is regulated by 14-3-3 proteins.

DISCUSSION
Members of the KCTD protein family (8, 12, 12b, and 16) were reported to be auxiliary subunits of
the GABAB receptor with KCTD12 being the most studied KCTD protein. It has been suggested that
KCTD12 renders GABAB-mediated signaling more precisely as it promotes fast desensitization of
GABAB-mediated responses but at the same time increases cell surface expression and stability of
GABAB receptors (Schwenk et al., 2010, Ivankova et al., 2013, Adelfinger et al., 2014). KCTD8 was
recently shown to reduce the basal G-protein activation mediated by GABAB receptors but not by
other GPCRs like adenosine receptors 1 (Rajalu et al., 2014). Here, we identified members of the 143-3 protein family as a class of interaction partners that specifically bind to KCTD16, which might help
to elucidate the function of KCTD16 on GABAB receptor signaling. The 14-3-3 isoforms ε and γ bind to
the H2-domain of KCTD16 with each 14-3-3 isoform occupying a distinct binding site. Mutations of
single serines or threonines in the H2-domain of KCTD16 did not abolish 14-3-3 interaction
suggesting that 14-3-3 proteins have more than one binding site on KCTD16. Additionally, more
studies are needed to elucidate whether 14-3-3 binding to KCTD16 is phosphorylation-dependent or independent. Both 14-3-3 isoforms are associated specifically with the H2-domain of KCTD16 as they
did not interact with KCTD8, which contains a H2-domain as well. The finding that the H2-domain
harbors binding sites for other proteins - and 14-3-3s may not be the only binding partners - provides
a first functional implication of the H2-domain besides its antagonizing effect on fast desensitization
of GABAB-activated K+ currents (Seddik et al., 2012).
Moreover, we found that 14-3-3 binding affects the expression level of KCTD16. 14-3-3 proteins are
well studied regulators of many eukaryotic proteins (for a review see (van Heusden, 2005)). They
were shown to modulate protein localization, degradation, stability and activity as well as proteinprotein interactions. This study shows that the co-expression of 14-3-3 γ shifts KCTD16 degradation
from the proteasome to the lysosome. This switch might be mediated by 14-3-3 γ masking the PEST
sequence that is localized in the H2-domain of KCTD16 (Suppl. fig. 1). The PEST sequence is a signal
peptide responsible for protein degradation (Rogers et al., 1986) and would explain why KCTD16
shows a very low basal expression compared to KCTD12 or KCTD8 that do not contain such a
sequence. Furthermore, it may be possible that 14-3-3 binding promotes the translocation of KCTD16
from the cytosol to the plasma membrane. Consequently, cytosolic KCTD16 would be rapidly
degraded by the proteasome while membrane located KCTD16 - probably part of the GABAB receptor
complex - would be degraded by the lysosome. This model would agree with earlier findings that
KCTD proteins remain associated with the GABAB receptor during internalization (Ivankova et al.,
2013).
On the other hand, 14-3-3 ε seemed to have a positive effect on KCTD16 expression. Co-expression
of 14-3-3 ε strongly increased protein levels of KCTD16. This observation was not exceptional as 14-33 proteins were not only shown to affect the degradation of their binding partners but also to
increase the stability or activity of their binding partners (Zheng et al., 2003, Winge et al., 2008,
Woodcock et al., 2009, Barbash et al., 2011). SCFFbx4 activity, for example, is higher when interacting
with 14-3-3 proteins as a result of augmented SCFFbx4 dimerization. Other 14-3-3 binding partners,
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like AANAT and tryptophan hydroxylase, were found to form oligomers or contain dimer interfaces
(Mockus et al., 1998, Khalil et al., 1999, Tenner et al., 2007) which might indicate that also these
proteins are more stable upon 14-3-3-mediated dimerization although this is not proven yet. The
results from BRET donor saturation assays in this study suggest that the effect of 14-3-3 ε on KCTD16
expression is mediated by enhancing the affinity of KCTD16 to form tetramers. In this assay, 14-3-3 ε
did not elevate KCTD16 expression levels, yet shifting the binding curves for KCTD16 tetramers
towards lower BRET50 values. The lack of 14-3-3-mediated changes in KCTD16 levels might result as
this assay was performed 24 h after transfection compared to the expression or coimmunoprecipitation studies that were done 48 h after transfection. Co-immunoprecipitations and
Native PAGE experiments support the hypothesis of 14-3-3 ε enhancing KCTD16 self-assembly
(stronger signals of co-precipitated KCTD16 in Figure 5B and of tetrameric KCTD16 in Figure 5C). The
detection of non-denatured KCTD16 in the presence of 14-3-3 ε reveals a defined signal at the height
of ~220 kDa correlating to the height of a KCTD16 tetramer while the signal is more diffuse towards
bigger complexes in the absence of 14-3-3 ε. This suggests that KCTD16 is able to build higher forms
of multimers but the formation of distinct tetramers is promoted by 14-3-3 ε. Native PAGE
experiments further indicate that KCTD16 forms exclusively multimers due to the lack of monomeric
KCTD16 in Figure 5C.
Until now, KCTD16 could not be assigned to a distinct function in GABAB signaling. This study reveals
that KCTD16 serves as linker between the GABAB receptor and 14-3-3 proteins, which enables the
regulation of GABAB2 expression mediated by 14-3-3 proteins. This regulation very likely affects the
number of cell surface receptors as the Gα-mediated signaling of GABAB receptors was found to be
altered upon KCTD16 and 14-3-3 co-expression. The results of the PKA PCA assay are in accordance
with the results of the Western blot analysis. In the presence of KCTD16, 14-3-3 ε up-regulates
GABAB2 expression as well as GABAB receptor-mediated PKA inhibition while 14-3-3 γ has the
opposite effect. However, co-expression of 14-3-3 ε alone already increased the Gα-signaling of
GABAB receptors. In contrast to 14-3-3 γ, which forms both homodimers and heterodimers
preferentially with 14-3-3 ε, 14-3-3 ε does not form homodimers but heterodimers with most other
14-3-3 isoforms (Chaudhri et al., 2003). As CHO cells endogenously express 14-3-3 proteins (Feng et
al., 2000, Rowland et al., 2011), heterodimerization of 14-3-3 ε with other 14-3-3 isoforms might give
unspecific effects. Furthermore, GABAB receptors containing KCTD16 showed more inhibition of PKA
compared to receptors without KCTD16 (Fig. 7B-C). This result might indicate that either
endogenously expressed 14-3-3 ε is sufficient to display the same effect as overexpression of 14-3-3
ε or that KCTD16 alone increases the amount of cell surface GABAB receptors. Previous data show
already a slight increase in cell surface GABAB receptors when co-expressed with KCTD16 (Ivankova
et al., 2013). The Gα-signaling of GABAB receptors containing KCTD16 is not potentiated in the
presence of 14-3-3 ε, which would indicate that PKA is already fully inhibited by GABAB receptors in
the presence of either KCTD16 or 14-3-3 ε.
KCTD proteins belong to the family of BTB (bric-a-brac, tramtrak and broad complex)/POZ (poxvirus
zinc finger) domain-containing proteins. Some of those members have been shown to serve as
substrate adaptors for cullin ubiquitin ligases. KCTD5, 6, 7, 11 and 21 were identified to interact with
CUL3, one of seven cullins that is known to bind BTB proteins (Furukawa et al., 2003, Geyer et al.,
2003, Pintard et al., 2004, Bayon et al., 2008, Canettieri et al., 2010, Azizieh et al., 2011, Correale et
al., 2011, De Smaele et al., 2011, Balasco et al., 2014). Here we show that KCTD16, and further
KCTD8, is able to bind CUL3 which suggests a role for KCTD16 as a substrate adaptor for CUL3.
However the substrate is not known yet, it is tempting to postulate that GABAB receptors might be
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the substrate for the CUL3-KCTD16 complex as some steps of GABAB receptor degradation are still
unknown. GABAB receptor degradation is initiated through two major pathways. Newly synthetized
receptors in the ER are degraded by the endoplasmic reticulum-associated degradation (ERAD)
(Zemoura et al., 2013). Misfolded GABAB receptors are K48-linked polyubiquitinated on GABAB2K767/771 by the ERAD E3 ubiquitin ligase Hrd1 and constitutively directed to proteasomal
degradation. The ERAD-mediated degradation of GABAB receptors determines the cell surface
expression of functional receptors as it limits the forward trafficking of receptors to the plasma
membrane. Cell surface GABAB receptors on the other hand are constitutively internalized via the
dynamin- and clathrin-dependent pathway to be recycled in endosomes or eventually degraded in
lysosomes (Grampp et al., 2007, Grampp et al., 2008). The phosphorylation of distinct sites on
GABAB1 and GABAB2 determines whether GABAB receptors are directed to endosomes or lysosomes
(Guetg et al., 2010, Terunuma et al., 2010). However, it is not known yet how GABAB receptors are
designated for lysosomal degradation. In general, K63-linked polyubiquitination was shown to
stimulate endocytosis and subsequent degradation (Galan and Haguenauer-Tsapis, 1997). The
analysis of the brain ubiquitome revealed two putative ubiquitination sites on the GABAB2 subunit
(Na et al., 2012). One of them, K771, was already confirmed to be K48-linked polyubiquitinated as
described above (Zemoura et al., 2013). The other site, K800, has not been studied yet and it is
possible that this site is K63-linked polyubiquitinated to serve as a signal for lysosomal degradation.
In principal, K63-linked polyubiquitination can be achieved by CUL3 (Jin et al., 2009, Han et al., 2010),
which would fit to our hypothesis that GABAB receptors are substrates of CUL3.
In conclusion, we propose that the complex formation of KCTD16 with 14-3-3 proteins determines
the localization and fate of KCTD16 and the amount of functional GABAB receptors in the cell surface
(Fig. 9). In the absence of 14-3-3 proteins and GABAB receptors, KCTD16 is mostly localized in the
cytosol and rapidly degraded by the proteasome via its PEST-sequence. In the presence of GABAB
receptors, KCTD16 is part of the receptor complex and located at the cell surface. 14-3-3 proteins
may strengthen this interaction by either promoting the translocation of KCTD16 from the cytosol to
the cell membrane or by stabilizing the binding through conformational changes. Dependent on the
14-3-3 isoform, GABAB receptors and KCTD16 are either stabilized or degraded. 14-3-3 γ enhances
lysosomal degradation of the GABAB-KCTD16 complex by cullin-mediated ubiquitination of the GABAB
receptor. In contrast, 14-3-3 ε binding to KCTD16 stabilizes the GABAB-KCTD16 complex. It promotes
KCTD16 stability by increasing the affinity for KCTD16 tetramer formation while at the same time
interfering with the binding of KCTD16 to CUL3. This in turn increases cell surface GABAB receptor
levels resulting in elevated receptor signaling. Together, this model would show for the first time
how cell surface GABAB receptors are regulated by their auxiliary subunit KCTD16 and how they are
targeted to lysosomes for degradation. It further includes that the lysosomal degradation of GABAB
receptors is highly dependent on the expression pattern of KCTD proteins as well as 14-3-3 proteins.
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FIGURE LEGENDS
FIGURE 1. KCTD16 associates with 14-3-3 proteins through its C-terminal H2-domain. Direct cell
lysates (input) and co-immunoprecipitations of COS-1 cells transfected with 14-3-3 proteins and wildtype or chimeric KCTD proteins. KCTD proteins were immunoprecipitated with myc-, flag- or KCTD
specific-antibodies as indicated. (A) Schematic figure showing the full-length KCTD proteins 12, 8, and
16 with their T1-, H1-, and H2-domain. KCTD12 lacks the H2-domain. The BTB/POZ domain is
indicated in blue. (B) 14-3-3 γ and ε co-precipitate with KCTD16 but not with KCTD12. The addition of
the H2-domain of KCTD16 to KCTD12 (myc-12-16H2) results in 14-3-3 binding, whereas the deletion
of the H2-domain in KCTD16 (myc-16ΔH2) leads to 14-3-3 un-binding. (C) The isolated H2-domain of
KCTD16 (myc-16H2) is sufficient to bind 14-3-3 proteins. The asterisk likely indicates an unspecific
signal in the input that is absent in the immunoprecipitation. (D) 14-3-3 proteins bind specifically to
the H2-domain of KCTD16 as they do not interact with KCTD8. IP, immunoprecipitation.
FIGURE 2. Mapping of 14-3-3 binding sites in the H2-domain of KCTD16. Direct cell lysates (input)
and co-immunoprecipitations of COS-1 cells transfected with 14-3-3 proteins and chimeric KCTD
proteins. KCTD proteins were immunoprecipitated with myc- or KCTD12 specific-antibodies as
indicated. (A) Schematic figure showing the chimeric KCTD proteins. The H2-domain of KCTD16 was
added to the C-terminus of KCTD12 (12-16H2). Based on this construct, the following deletion
mutants were generated: 12-16H2Δ60 (Δ416-475), 12-16H2Δ39 (Δ437-475) and 12-16H2ΔN (Δ328362). (B) 14-3-3 γ and ε co-precipitate with the N-terminal deletion mutant (12-16H2ΔN) but not with
the mutant lacking half of the H2-domain (12-16H2Δ60). (C) 14-3-3 γ, but not 14-3-3 ε, coprecipitates with the C-terminal deletion mutant 12-16H2Δ39. IP, immunoprecipitation.
FIGURE 3. 14-3-3 proteins regulate the expression level of KCTD16. Direct cell lysates of COS-1 cells
transfected with 14-3-3 proteins and KCTD16 (A), KCTD12 (B), 16H2Δ39 (C) or 16H2Δ60 (D). The
binding of 14-3-3 ε increases the expression of its interaction partner KCTD16 (A), whereas the
binding of 14-3-3 γ decreases the expression of its interaction partners KCTD16 (A) and 16H2Δ39 (C).
Binding-deficient KCTDs, like KCTD12 (B), 16H2Δ39 (deficient in 14-3-3 ε binding, C) or 16H2Δ60
(deficient in 14-3-3 ε and γ binding, D) do not show changes in expression upon 14-3-3 protein coexpression. Blots are representative of 3-4 independent experiments. Bar graphs on the right
summarize the amount of KCTD expression (in %) normalized to the loading control actin on the
same blot. Data are means ± SEM, n = 3-4. *, p < 0.05; **, p < 0.01; t test.
FIGURE 4. 14-3-3 γ promotes lysosomal degradation of KCTD16. Direct cell lysates of COS-1 cells
expressing KCTD16 with and without 14-3-3 γ. Cells were untreated (lane 1 and 2, w/o, as a control
for CHQ) or treated for 18 h with the lysosome-inhibitor chloroquine (100 μM, lane 3 and 4, CHQ),
DMSO (lane 5 and 6, as a control for EPO and MG) or the proteasome-inhibitors epoxomicine (2 μM,
lane 7 and 8, EPO) or MG132 (10 μM, lane 9 and 10, MG). Adding the lysosome-inhibitor blocks 14-33 γ-mediated knock-down of KCTD16 expression. Increased total ubiquitin levels ensure the
effectiveness of the treatment. Blots are representative of four independent experiments. The bar
graph summarizes the amount of KCTD16 expression (in %) normalized to the loading control actin
on the same blot. Data are means ± SEM, n = 4. *, p < 0.05; **, p < 0.01; t test.
FIGURE 5. 14-3-3 ε increases the affinity for KCTD16 to form tetramers. (A) BRET donor saturation
curves from COS-1 cells expressing fixed amounts of Rluc-KCTD16 and increasing amounts of VenusKCTD16 (up) or fixed amounts of Rluc-KCTD12 and increasing amounts of Venus-KCTD12 (down) in
the presence (open circles) and absence (filled circles) of 14-3-3 ε. 14-3-3 ε affects the binding
properties of KCTD16 - but not KCTD12 - to form tetramers. BRET is expressed as milli BRET units
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(mBU) determined as net BRET × 1000. Data points are means ± SEM of technical quadruplicates of a
representative experiment, n = 5-8. (B) Direct cell lysates (input) and co-immunoprecipitations of
COS-1 cells expressing flag- and myc-KCTD16 with and without 14-3-3 ε. In the presence of 14-3-3 ε,
the amount of co-immunoprecipitated myc-KCTD16 with flag-KCTD16 is increased. (C) Native PAGE of
cell lysates from COS-1 cells expressing myc-KCTD16 with and without 14-3-3 ε. The amount of
KCTD16 tetramers is increased when 14-3-3 ε is co-expressed. KCTD16 can be detected in a high
molecular weight complex. 14-3-3 ε can be detected as monomer and in a high molecular weight
complex. A short (left) and long (right) exposure of the immunoblot against myc is shown. IP,
immunoprecipitation; IB, immunoblot.
FIGURE 6. KCTD16 links 14-3-3 proteins to GABAB receptors, which leads to changes in GABAB2
expression. Direct cell lysates (input) and co-immunoprecipitations (A) and direct cell lysates (B) of
COS-1 cells transfected with 14-3-3 proteins and GABAB2 (GB2) with and without KCTD16. 14-3-3
proteins were immunoprecipitated with myc- or HA-antibodies as indicated. (A) 14-3-3 proteins do
not directly interact with GABAB2 (up) but are part of the GABAB receptor complex in the presence of
KCTD16 (down). (B) 14-3-3 proteins slightly decrease the expression of GABAB2 in the absence of
KCTD16. In the presence of KCTD16, 14-3-3 proteins show the same regulation of GABAB2 expression
as observed for KCTD16 expression. Blots are representative of 6-14 independent experiments. The
bar graphs on the right summarize the amount of GABAB2 expression normalized to the loading
control actin on the same blot. Data are means ± SEM, n = 6-14. *, p < 0.05; t test.
FIGURE 7. 14-3-3 proteins affect the Gα-signaling of GABAB receptors. (A) Scheme of the proteinfragment complementation assay. Split variants of the Rluc-donor are fused to the regulatory and the
catalytic subunit (R and C) of the protein kinase A (PKA). High bioluminescence results from low PKA
activity due to the tetrameric structure of the kinase. Increasing intracellular cAMP levels caused by
forskolin (FSK) activates PKA leading to a dissociation of R and C, which results in low
bioluminescence. (B) Real-time kinetics (normalized to control Reg/Reg) in response to baclofen (100
μM) of Reg/Cat recorded from CHO-K1 cells stably expressing GABAB1 and GABAB2 and transiently
expressing pCI-empty (w/o), 14-3-3 ε, 14-3-3 γ, KCTD16 or the combinations KCTD16 + 14-3-3 ε, and
KCTD16 + 14-3-3 γ. Increased PKA inhibition is detected with 14-3-3 ε, KCTD16 and KCTD16 + 14-3-3
ε. Decreased PKA inhibition is detected with KCTD16 + 14-3-3 γ. Changes in bioluminescence are
expressed in relative luminescence (in % of Reg/Reg). One representative experiment is shown. (C)
The bar graph summarizes the changes of Reg/Cat (in % of Reg/Reg). Data are means ± SEM, n = 4. *,
p < 0.05; **, p < 0.01; t test.
FIGURE 8. KCTD16-CUL3 interaction is reduced in the presence of 14-3-3 proteins. (A) Direct cell
lysates (input) and co-immunoprecipitations of COS-1 cells expressing KCTD proteins and 14-3-3
proteins as indicated. Endogenous CUL3 was immunoprecipitated with a cullin3-specific antibody.
KCTD16 and KCTD8 co-precipitated with CUL3. The amount of co-precipitated KCTD16 is decreased in
the presence of 14-3-3 proteins. IP, immunoprecipitation. (B) The bar graph summarizes the amount
of co-precipitated KCTD16 (in %). Data are means ± SEM, n = 2.
FIGURE 9. Degradation pathway of cell surface GABAB receptors and KCTD16. KCTD16 is a cytosolic
protein that is rapidly degraded by the proteasome (1). Degradation is mediated by the PEST
sequence in the H2-domain of KCTD16. The binding of 14-3-3 proteins masks the PEST sequence in
KCTD16, which inhibits proteasomal degradation of KCTD16 (2). KCTD16 harbors the function as an
adaptor protein for cullin3 (CUL3). The binding of the KCTD16-CUL3 complex to GABAB receptors (3)
leads to ubiquitination and subsequent degradation of the receptor (4). This process is limited by low
15

expression of KCTD16 due to its rapid proteasomal degradation. Binding of 14-3-3 γ to KCTD16
promotes the lysosomal degradation of GABAB receptors (5). As KCTD16 constitutively binds to
GABAB receptors, its degradation is shifted from the proteasome to the lysosome. The binding of 143-3 ε to KCTD16 enhances the stability of the GABAB/KCTD16 complex by interfering with the
KCTD16-CUL3 complex (6).
SUPPL. FIGURE 1. KCTD16 contains a PEST sequence. (A) Schematic figure showing the PEST
sequence in KCTD16 and its conservation throughout different species. The PEST sequence was
identified using emboss.bioinformatics.nl.

16

A

C

KCTD12
KCTD8
KCTD16

myc-KCTD16
myc-16ΔH2
myc-16H2
HA-14-3-3
ε

T1

H1

H2

IP: myc
+

+
+

+
+

input
+
+

+

+
+

IP: myc

myc-KCTD12
myc-KCTD16
myc-12-16H2
myc-16ΔH2
HA-14-3-3 γ

+

+
+

+
+

input
+
+

+
+

+

+
+

+
+

16ΔH2
+
+

+
+

16H2
14-3-3 ε

D

12-16H2
KCTD16

IP: myc

KCTD12
16ΔH2

myc-KCTD8
myc-KCTD16
HA-14-3-3
γ

14-3-3 γ

+

+
+

input
+
+

+

+
+

+
+

KCTD8
KCTD16

IP: KCTD
myc-KCTD12
myc-KCTD16
myc-12-16H2
myc-16ΔH2
myc-14-3-3 ε

+

+
+

+
+

+
+

input
+
+

+

+
+

+
+

14-3-3 γ
+
+

+
+

IP: flag
flag-KCTD8
flag-KCTD16 myc-14-3-3 ε +

12-16H2
KCTD16

KCTD8

KCTD12
14-3-3 ε
16ΔH2

KCTD16
14-3-3 ε

FIGURE 1

17

+
+

*

KCTD16

B

+
+

+
+

input
+
+

+

+
+

+
+

A
12-16H2
12-16H2Δ60
12-16H2Δ39
12-16H2ΔN

B

IP: myc

myc-12-16H2
myc-12-16H2Δ60
myc-12-16H2ΔN
HA-14-3-3 γ

+

+
+

+
+

input
+
+

+

+
+

+
+

IP: 12
+
+

myc-12-16H2
myc-12-16H2Δ60
myc-12-16H2ΔN
myc-14-3-3 ε

12-16H2
12-16H2ΔN
12-16H2Δ60

12-16H2
12-16H2ΔN
12-16H2Δ60

14-3-3 γ

14-3-3 ε

C
myc-12-16H2
myc-12-16H2Δ60
myc-12-16H2Δ39
HA-14-3-3 γ

IP: myc
+

+
+

+
+

+

input
+
+

+

+
+

+
+

+
+

+
+

input
+
+

+

IP: 12
+
+

myc-12-16H2
myc-12-16H2Δ60
myc-12-16H2Δ39
myc-14-3-3 ε
12-16H2
12-16H2Δ39
12-16H2Δ60
14-3-3 ε

12-16H2
12-16H2Δ39
12-16H2Δ60
14-3-3 γ

FIGURE 2

18

+

+
+

+
+

+
+

+
+

+
+

input
+
+

+

+
+

+
+

+
+

KCTD16
14-3-3 ε
14-3-3 γ

+
-

+
+
-

+
+
ε/γ
ε/γ

KCTD16
actin
14-3-3 ε

KCTD16
protein expression (%)

A

+
+
-

+
+

actin
14-3-3 ε

KCTD12
protein expression (%)

+
-

KCTD12

40

**

20

120
100
80
60
40
20

+
-

+
+
-

+
+

γ
γ

16H2ΔC
actin
14-3-3 ε

16H2Δ39
protein expression (%)

alone 14-3-3 ε 14-3-3 γ

ε
ε

16H2Δ39
14-3-3 ε
14-3-3 γ

60

0

14-3-3 γ

C

80

alone 14-3-3 ε 14-3-3 γ

ε/γ
ε/γ

KCTD12
14-3-3 ε
14-3-3 γ

**

0

14-3-3 γ

B

450
400
350
100

120
100
80

*

60
40
20
0

14-3-3 γ

alone 14-3-3 ε 14-3-3 γ

16H2Δ60
14-3-3 ε
14-3-3 γ

+
-

+
+
-

+
+

ε/γ
ε/γ

D

16H2ΔC2
actin
14-3-3 ε
14-3-3 γ

16H2Δ60
protein expression (%)

120
100
80
60
40
20
0
alone 14-3-3 ε 14-3-3 γ

FIGURE 3

19

A

CHQ DMSO EPO
+ + + + + +
- + - + - +

w/o
KCTD16 + +
14-3-3 γ - +

MG
+ +
- +

KCTD16

Ubiquitin

14-3-3 γ

actin

KCTD16 expression (%)

B
100
80
60

*

**

*

40
20
0
w/o

CHQ DMSO EPO

C
KCTD16 expression (%)
(w/o 14-3-3 γ co-expressed)

*

**

300
250

*

200
150
100
50
0

ctl

CHQ EPO MG

FIGURE 4

20

MG

B

A

IP: flag

BRET ratio (mBU)

1200
1000

flag-KCTD16
myc-KCTD16
HA-14-3-3 ε

+ 14-3-3 ε

800
600

+
-

+
+
-

+
+

+
-

input

+
+
+

+
-

+
+
-

+
+
+

flag-KCTD16
myc-KCTD16

w/o 14-3-3 ε

400

14-3-3 ε

200

C
0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

myc-KCTD16
HA-14-3-3 ε

Venus-KCTD16/Rluc-KCTD16

440
232

IB: myc

140

800

66

+ 14-3-3 ε

short
exposure

600
400

440
232

w/o 14-3-3 ε

140

200
0
0.00

long
exposure

IB: HA

BRET ratio (mBU)

1000

0.04

0.08

0.12

66

0.16

Venus-KCTD12/Rluc-KCTD12

FIGURE 5

21

A
IP: myc
HA-GB2
myc-14-3-3
ζ
myc-14-3-3
ε

+
-

+
+
-

IP: HA

input
+
-

+
+

+
+
-

+
+

myc-GB2
HA-14-3-3 γ

+
-

+
+

input
+
-

+
+

GB2
GB2
14-3-3 γ
14-3-3 ε
14-3-3 ζ

IP: myc
HA-GB2
flag-KCTD16
myc-14-3-3 ε

+
+
-

+
+
+

IP: HA

input
+
+
-

myc-GB2
flag-KCTD16
HA-14-3-3 γ

+
+
+

GB2

GB2

KCTD16

KCTD16

14-3-3 ε

14-3-3 γ

+
+
-

+
+
+

input
+
+
-

B
+
-

+
+
-

+
+

GB2
Actin

100

GB2 protein
expression (%)

GB2
14-3-3 ε
14-3-3 γ

14-3-3 ε
14-3-3 γ

80

*

60
40
20
0
alone 14-3-3 ε 14-3-3 γ

GB2
KCTD16

+
+
-

+
+
+
-

+
+
+

250

GB2 protein
expression (%)

GB2
KCTD16
14-3-3 ε
14-3-3 γ

*

200
150
100

*

50

Actin

0
alone 14-3-3 ε 14-3-3 γ

14-3-3 ε
14-3-3 γ

+ KCTD16

FIGURE 6

22

+
+
+

A
+ FSK

AC

AC

R

R

C

C

R luc

R luc

R
C

cAMP

ATP

coelenterazine

R luc

coelenterazine

R
C

R luc

cAMP

ATP

High bioluminescence Low bioluminescence
High PKA activity
Low PKA activity

B
Relative luminescence
(% of Reg/Reg)

5
4
3

100 μM
baclofen

w/o
14-3-3 ε
14-3-3 γ
KCTD16
KCTD16+14-3-3 ε
KCTD16+14-3-3 γ

2
1
500 s

120

*

**

*

100

*

80
60
40
20

3
3-

3KC

TD

16

+1

4-

4+1

16
TD
KC

FIGURE 7

23

γ

ε
3

16
TD

KC

-3
14

-3
14

-3

-3

γ

ε

/o

0

w

Relative luminescence
(% of Reg/Reg)

C

myc-KCTD16
myc-KCTD8
myc-KCTD12
HA-14-3-3 ε
HA-14-3-3 γ
KCTD8
KCTD16
KCTD12
Cullin 3

+
-

+
+
-

+
+

+
-

input
+
-

+
-

+
+
-

+
+

+
-

+
-

C
Amount of co-precipitated
KCTD16 (% of input)

IP: Cullin 3

Amount of co-precipitated
KCTD16 (% of CUL3 IP)

B

A

100
80
60
40
20
0
alone 14-3-3 ε 14-3-3 γ

14-3-3 ε
14-3-3 γ

+ KCTD16

FIGURE 8

24

100
80
60
40
20
0
alone 14-3-3 ε 14-3-3 γ

+ KCTD16

E2

6

E2

3

4

E2

5
1
2
Lysosome

Proteasome
GABAB
receptor

KCTD16

E2

CUL3

FIGURE 9

25

14-3-3 γ

14-3-3 ε

BTB/POZ

PEST

γ ε

0
30
0
33
4
36
8
38
9
42
7

28

1
16

9
11

1

27

KCTD16

Score: +8.22
GESGTSCNDLSTSSCDSQSEASSPQETVICGPVT
H. sapiens
M. musculus GESGTSCNDLSTSSCDSQSEASSPQETVICGPVT
R. norwegicus GESGTSCNDLSTSSCDSQSEASSPQETVICGPVT
GESGTSCNDLSTSSCDSQSEASSPQETVICGPVT
B. taurus
GESGTSCNDLSTSSCDSQSEASSPQETVICGPVT
M. mulatta

SUPPL. FIGURE 1

26

Table 1. Parameters from BRET saturation curves with Rluc-KCTD16/YFP-KCTD16 and RlucKCTD12/YFP-KCTD12.
BRET donor saturation assays were performed in COS-1 cells transfected with fixed amounts of HA14-3-3 ε and Rluc-KCTD16/12 (donor) and increasing amounts of YFP-KCTD16/12 (acceptor). The
BRETmax is the maximal BRET signal obtained for a given donor/acceptor pair and the BRET50
corresponds to the amount of acceptor needed to obtain 50% of the BRETmax. Data are presented as
the mean ± SEM of the indicated number of independent experiments and were derived from data as
presented in Fig. 5A. ***, p < 0.001 *, p < 0.05; compared to KCTD16, w/o 14-3-3 ε; t test.
BRETmax

± SEM

BRET50

± SEM

n

KCTD16, w/o 14-3-3 ε

1267.0

30.3

0.03317

0.00571

8

KCTD16, + 14-3-3 ε

1096.0***

18.4

0.01681*

0.00326

8

KCTD12, w/o 14-3-3 ε

900.5

24.4

0.02522

0.00535

5

KCTD12, + 14-3-3 ε

870.5

17.7

0.01972

0.00396

5

27

SUPPLEMENTARY TABLE 1: Antibody information
Antibody information
Antibody and
Product # and Supplier
species
anti-myc
sc-40, Santa Cruz
(mouse)

Application and corresponding figure
IP
WB
1-1.5 μg (Protein G-Agarose
or Dynabeads Protein-G)
Figures: 1D-E, 2B-D, 3B

anti-myc
(rabbit)

C3956, Sigma Aldrich

1 μg (Dynabeads Protein-G)
Figures: 3C

anti-HA
(mouse)

MMS-101P, Covance

n/a

anti-HA
(rabbit)
anti-HA
(rat)

RHGT-45A-Z, ICL

1 μg (Dynabeads Protein-G)
Figures: 1D-E
n/a

anti-flag
(mouse)

F1804, Sigma Aldrich

anti-flag
(rabbit)
anti-actin
(mouse)
anti-actin
(rabbit)

F7425, Sigma Aldrich

1-1.2 μg (Protein G-Agarose
or Dynabeads Protein-G)
Figures: 2D, 6B
n/a

MAB1501, Millipore

n/a

4970, Cell signaling

n/a

anti-KCTD16
(rabbit)
anti-KCTD16
(guinea pig)
anti-KCTD12
(rabbit)
anti-KCTD12
(guinea pig)
anti-14-3-3
(rabbit)

Metz et al., 2011

n/a

Metz et al., 2011

2.5 μl (Protein A-Agarose)
Figures: 2B
2.5 μl (Dynabeads Protein-G)
Figures: 3B-C
2.5 μl (Protein A-Agarose)
Figures: 2B
n/a

11867423001, Roche

Metz et al., 2011
Metz et al., 2011
sc-629, Santa Cruz

anti-ubiquitin
BML-PW8810-0100,
(mouse)
Enzo Life Science
anti-cullin 3
ab75851, Abcam
(rabbit)
anti-GABAB2
AGB-002, Alomone
(rabbit)
anti-GABAB2
AB5394, Millipore
(guinea pig)
IP, Immunoprecipitation; WB, Western blot

n/a
2 μl (Dynabeads Protein-G)
Figures: 8
n/a
n/a
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General discussion & future perspectives

3 GENERAL DISCUSSION & FUTURE PERSPECTIVES
GABAB receptors play a fundamental role in modulating the synaptic transmission of inhibitory signals.
Presynaptic GABAB receptors suppress evoked and spontaneous neurotransmitter release from synaptic
clefts by inhibiting voltage‐gated Ca2+ channels and adenylyl cyclase. Postsynaptic GABAB receptors
decrease neuronal excitability by activating G protein‐coupled inwardly rectifying potassium (GIRK)
channels, which underlies the generation of slow inhibitory postsynaptic potentials. It is therefore of
high importance to explore mechanisms that precisely control the activity of these receptors. Great
interest lies in the fine‐tuning of GABAB receptor‐mediated signaling that allows slight changes in signal
intensity dependent on localization, compartmentalization and complex composition. The discovery of
auxiliary GABAB receptor subunits was already a significant progress in elucidating the discrepancies
between recombinant and native GABAB receptor responses. And yet, a lot more mechanisms of
receptor regulation are most likely unexplored until today. This dissertation aims to better understand
the KCTD12‐induced K+ current desensitization and to describe new mechanisms that regulate the
signaling of GABAB receptors.
The first part of this thesis unravels the mechanism of KCTD12‐induced K+ current desensitization. We
show that this desensitization is activity‐dependent, reversible, operates upstream of the GIRK channel
and requires the interaction of KCTD12 with the G‐protein. Although all KCTDs constitutively bind the G‐
protein and accelerate the rise time of GABAB responses, exclusively KCTD12 induces desensitization. We
show that KCTD12, in contrast to KCTD8 and KCTD16, dynamically binds the G‐protein, which involves an
additional activity‐dependent binding to Gβγ besides its constitutive binding. The activity‐dependent
binding interferes with the interaction of Gβγ to the GIRK channel leading to the inactivation of the
channel and the termination of the ion flux. Interestingly, there are two additional mechanisms of fast
desensitization of GABAB‐activated K+ currents that are mediated by other proteins acting at the G‐
protein. Regulators of G‐protein signaling (RGS) promote desensitization by binding to Gα and enhancing
the GTPase activity (Chuang et al., 1998, Ross and Wilkie, 2000, Jeong and Ikeda, 2001, Bender et al.,
2004, Mutneja et al., 2005). On the other hand, GPCR kinase 2 (GRK2) induces desensitization by binding
to Gβγ similar to KCTD12 (Raveh et al., 2010, Turecek et al., 2014). The desensitization induced by GRK2
differs to the one induced by KCTD12 in its irreversibility. GRK2 scavenges free Gβγ from channels by
binding to the “hot spot” region of Gβ, which sequesters the heterotrimeric G‐protein and renders the
desensitization irreversible (Raveh et al., 2010). In contrast, KCTD12 enables a fast and reversible
desensitization by avoiding the “hot spot” and shielding the channel binding site of Gβγ but allowing the
heterotrimeric G‐protein to reassemble and to enter a new activation cycle.
Another important aspect of fast desensitization is its lack in receptor specificity as it is induced on the
postreceptor level. Indeed, we show that KCTD12 promotes desensitization not only of GABAB receptors
but also of adenosine and metabotropic glutamate receptors. However, native KCTD12 exclusively binds
GABAB receptors making its desensitization highly specific for GABAB receptors.
A further observation in this study was the acceleration of GABAB receptor responses induced by
KCTD12. Generally, the association between receptor and G‐protein is slow and limited by diffusion. As
KCTD12 binds the receptor as well as the G‐protein, it pulls both proteins together. This dual binding
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might therefore explain the accelerated receptor response since it should overcome the slow diffusion‐
limited association between receptor and G‐protein.
In summary, KCTD12 may allow to regulate the influence of GABAB receptors on synaptic transmission as
it precisely times the activation kinetics and the desensitization of GABAB receptor responses. KCTD12
might thereby also prevent excessive GIRK channel activity, which is a molecular phenotype in mouse
models of epilepsy, Down syndrome or addiction (Best et al., 2007, Federici et al., 2009, Beenhakker and
Huguenard, 2010, Best et al., 2012). Therefore, future directions could investigate the effect of KCTD12‐
mediated fine modulation of GABAB receptor‐activated K+ current responses on diseases in which GABAB
receptors or GIRK channels play a key part. It would be interesting to study whether such reduced GIRK
currents prevent seizures in absence epilepsy or counteract the increased GIRK activity found in a mouse
model of Down syndrome.
The second part of this work describes the interplay between two mechanisms that regulate GABAB
receptor responses. One of these mechanisms was previously described to decrease slow GABAB
receptor desensitization by increasing GABAB receptor stability upon PKA phosphorylation of the GABAB2
subunit at S892 (Couve et al., 2002, Fairfax et al., 2004). The other one is a much faster process that is
induced by the auxiliary GABAB receptor subunit KCTD12, which leads to a rapid desensitization of GABAB
receptor‐activated K+ currents. We show that S892 phosphorylation regulates not only the slow GABAB
receptor desensitization but as well the fast type of receptor desensitization. S892 phosphorylation
rearranges KCTD12 at the receptor thereby slowing KCTD12‐induced desensitization. This observation
was evident in heterologous cells as well as in hippocampal neurons, where knock‐in mice with a S892 to
alanine mutation show an accelerated K+ current desensitization compared to wild‐type mice. The
assembly of KCTD12 with the receptor in turn increases tonic S892 phosphorylation promoting GABAB
receptor stability in the cell surface. These results indicate that the mechanism of slow and fast
desensitization influence each other.
Hippocampal GABAB receptors desensitize only moderately despite a high expression of KCTD12, which
might be explained by the above described phosphorylation‐dependency of GABAB receptor
desensitization and a high tonic activity of PKA in the hippocampus (Couve et al., 2002). As GABAB
receptors are negatively coupled to adenylyl cylase and thereby decrease PKA activity, repeated receptor
activation sharpens the K+ current response due to a feedback loop to its own phosphorylation. In
addition to this homologous regulation of desensitization, other GPCRs that stimulate the cAMP/PKA
signaling might regulate GABAB receptor desensitization in a heterologous manner. Furthermore,
neuronal processes that affect PKA activity, like learning and memory, aging, seizures or NMDA‐
mediated synaptic plasticity (Jay et al., 1998, Vázquez et al., 2000, Thibault et al., 2001, Liu et al., 2010),
may equally contribute to the regulation of GABAB receptor desensitization.
S892 might further be a potential binding site for interaction partners that bind or unbind dependent on
its phosphorylation. Examples for such proteins are the multi‐PDZ domain protein 1 (MUPP1) and 14‐3‐3
proteins (Fu et al., 2000, Parker et al., 2003, Balasubramanian et al., 2007, Jones et al., 2009). Binding of
MUPP1 was shown to affect the signaling of 5‐HT2CRs and GABAB receptors, whereas 14‐3‐3 proteins
function as dimeric scaffolding proteins to enable the recruitment of different constituents into large
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protein complexes. It is therefore possible that phosphorylation of S892 in GABAB2 promotes the binding
of such interaction partners to modulate the signaling of GABAB receptors.
The C‐terminus of GABAB2 is not only the platform for protein interactions but is also important for the
activation of the G‐protein (Margeta‐Mitrovic et al., 2001, Schwenk et al., 2010, Turecek et al., 2014). As
KCTD12‐induced K+ current desensitization is activity‐dependent, a conformational rearrangement
between the GABAB receptor and the G‐protein upon S892 phosphorylation might reduce the rate of G‐
protein activation and thereby its kinetics. The physiological relevance of the phosphorylation‐
dependent regulation of GABAB receptor desensitization may be the modulation of slow inhibitory
postsynaptic potentials (IPSPs). Synaptic activation of GABAB receptors in dendrites produces slow IPSPs
that are carried by GIRK channels (Luscher and Slesinger, 2010). GABAB receptors and GIRK channels are
primarily localized peri‐ or extrasynaptically (Lopez‐Bendito et al., 2002, Kulik et al., 2003, Kulik et al.,
2006) and the kinetic of slow IPSPs is predominantly determined by the diffusion of GABA into the
extrasynaptic space and its reuptake by GABA transporters (Thompson and Gahwiler, 1992, Isaacson et
al., 1993, Scanziani, 2000, Beenhakker and Huguenard, 2010). The duration of slow IPSPs is on the order
of hundreds of milliseconds and even fast K+ current desensitization in the presence of KCTD12 is unlikely
to contribute significantly to the kinetic of individual slow IPSPs. However, activation of postsynaptic
GABAB receptors usually requires the concerted action of multiple interneurons or repetitive stimulation
(Dutar and Nicoll, 1988, Isaacson et al., 1993, Scanziani, 2000, Kulik et al., 2006) and it is therefore
important to consider desensitization during sustained activation. Given that KCTD12‐mediated
desensitization persists for seconds (Turecek et al., 2014), it is expected that repetitive activation of
GABAB receptors, as it is occurring during in vivo firing pattern, will produce slow IPSPs with a reduced
amplitude. While further work is needed to investigate whether the temporal regulation of K+ current
desensitization by KCTD12 influences physiological processes, the present results provide the first
evidence that this mechanism is controlled by second messenger kinases.
The third part investigates the allosteric influence of auxiliary KCTD subunits on pharmacological
properties of GABAB receptors. KCTDs bind to both receptor and G‐protein. Therefore, it is possible that
they allosterically regulate the signaling of GABAB receptors. KCTDs as well as positive allosteric
modulators (PAMs) bind to the GABAB2 subunit making an interplay or interference very likely. KCTDs
were shown to increase the potency of GABA (Schwenk et al., 2010). The PAM GS39783 increases both
agonist binding‐affinity and efficacy of the receptor response indicating a modulatory effect of GS39783
on both the orthosteric agonist binding‐site and the G‐protein activation (Urwyler et al., 2003, May et al.,
2007). Here we show that both effects of GS39783 are independent on the presence of the KCTD
proteins. In general, all KCTDs had almost no allosteric influence on G‐protein activation or on the
orthosteric agonist binding‐site, which supports that the KCTDs mainly modulate the receptor response
at the level of the G‐protein. Furthermore, we found that GABAB receptor associated KCTD8 reduces the
basal activation of G‐proteins. This was observed in the [35S]GTPγS binding assay as well as in BRET
experiments and is possibly induced by a conformational rearrangement in the G‐protein that interferes
with the G‐protein activation by the receptor. This study revealed the first functional difference between
KCTD8 and KCTD16.
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The fourth part focuses on new protein‐protein interactions within the GABAB receptor complex and
their potential to influence receptor signaling. This work revealed that the auxiliary GABAB receptor
subunit KCTD16 interacts with two members of the 14‐3‐3 protein family, ε and γ. 14‐3‐3 proteins
regulate the expression of KCTD16 by promoting lysosomal degradation (mediated by 14‐3‐3 γ) and
enhancing the dimerization and stabilization of KCTD16 (mediated by 14‐3‐3 ε). Additionally, the GABAB2
expression is modulated by 14‐3‐3 proteins when KCTD16 is co‐expressed resulting in altered GABAB
receptor signaling as observed in an assay that monitors PKA activity. 14‐3‐3 proteins furthermore seem
to interfere with the interaction between KCTD16 and cullin3 (CUL3), another newly described
interaction.
The auxiliary GABAB receptor subunits were first described in 2010 and the research to uncover their
functions is still ongoing (Schwenk et al., 2010). Until now, the best described member of this family is
KCTD12. In contrast to KCTD12, which was shown to drastically affect GABAB receptor signaling and G‐
protein activation, an important function for KCTD16 was not shown so far. The current study
characterizes a protein‐protein interaction specific for KCTD16 and gives a first impression about its
importance for the signaling of GABAB receptors. KCTD16 binds 14‐3‐3 proteins with its H2‐domain.
These interactions are specific for the H2‐domain of KCTD16 as KCTD8, which also contains an H2‐
domain, does not bind 14‐3‐3 proteins. Besides the antagonizing effect of the H2‐domain on fast GABAB‐
activated K+ current desensitization, this domain was not assigned to any function yet. The result that 14‐
3‐3 proteins bind this domain may indicate that it also offers additional binding sites for other proteins
specific for KCTD16. Another finding, and difference to KCTD8, is the presence of a PEST sequence in the
H2‐domain of KCTD16. This sequence is described to promote rapid protein degradation. Although it is
still under investigation whether this sequence is functional in KCTD16, it would explain the poor
heterologous expression of KCTD16 and why its expression is improved by the deletion of the H2‐
domain. Future experiments will determine the half‐life of KCTD16 and will compare the stability of wild‐
type KCTD16 to a KCTD16 mutant that lacks the PEST sequence. The observation that KCTD16 protein
levels increase in the presence of proteasomal inhibitors support the hypothesis of a PEST‐dependent
degradation of KCTD16. However, co‐expressing 14‐3‐3 γ redirected the degradation pathway for
KCTD16 from the proteasome to the lysosome. Taking into account that cytosolic proteins are mainly
degraded by the proteasome and membrane‐bound proteins by the lysosome, we propose the following
model. In the absence of 14‐3‐3 γ, KCTD16 is located in the cytosol and is rapidly degraded by the
proteasome, which is initiated by the PEST‐sequence. The binding of 14‐3‐3 γ to KCTD16 masks the PEST
sequence and translocates KCTD16 to the membrane to facilitate GABAB receptor interaction. Once
bound to the GABAB receptor, the whole receptor complex is degraded by the lysosome as we also see
decreased GABAB2 levels in the presence of 14‐3‐3 γ. The potential underlying mechanism will be
discussed in the last paragraph of this chapter.
Whereas the above mentioned mechanism is defined for cell types or brain areas of high 14‐3‐3 γ
expression, areas of high 14‐3‐3 ε expression show increased stability of both KCTD16 and GABAB
receptors. 14‐3‐3 ε stabilizes KCTD16 by masking the PEST‐sequence on one hand (as 14‐3‐3 γ) and by
promoting the tetramerization of KCTD16 on the second hand. All KCTDs contain a tetramerization
domain and were shown to bind the GABAB receptor in a ratio of 4:1, which confirms their ability to form
tetramers (Schwenk et al., 2010). Nevertheless, it was never addressed whether KCTD proteins
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exclusively form tetramers or whether their functionality depends on tetramer formation. The present
study suggests that KCTD16 does not exist as monomers but forms higher‐order oligomers. 14‐3‐3 ε
further stabilizes the GABAB receptor itself (only when KCTD16 is co‐expressed) by elevating the
expression levels of GABAB2. The following paragraph will also aim to address this mechanism.
The impact of the KCTD16/14‐3‐3 interaction on the signaling of GABAB receptors is at this stage still
under investigation. First data already indicate that KCTD16 together with 14‐3‐3 proteins affects the
expression of GABAB receptors and their signaling through Gα. This suggests a change in the number of
functional GABAB receptors at the plasma membrane. Still, it is necessary to further underline this
hypothesis by quantifying the amount of membrane‐bound GABAB receptors by cell surface ELISA. The
question arises how this regulation is achieved. We found that KCTD16 interacts with CUL3, a member of
the cullin‐RING ubiquitin ligase family. Other members of the KCTD family were already shown to
interact with cullins providing them with an adaptor function for cullin‐mediated ubiquitination and
degradation (De Smaele et al., 2011). Therefore, it can be assumed that KCTD16 is an adaptor protein for
CUL3 and GABAB receptors a substrate for cullin‐mediated degradation. In this scenario, CUL3 would be
recruited to GABAB receptors by KCTD16 to ubiquitinate the receptor. K800 in GABAB2 was shown to be a
putative ubiquitination site and might be the required target ubiquitination site (Na et al., 2012). As K63‐
linked polyubiquitination can be achieved by CUL3 (Jin et al., 2009, Han et al., 2010) and as it is the signal
for lysosomal degradation, it would promote the degradation of the whole GABAB/KCTD16 complex. The
role of 14‐3‐3 proteins would be the following dependent on their isoform. 14‐3‐3 ε would interfere with
the interaction between KCTD16 and CUL3 resulting in higher expression of GABAB receptors due to an
inhibition of degradation. On the other hand, 14‐3‐3 γ would drive the lysosomal degradation of the
GABAB receptor/KCTD16 complex as its binding to KCTD16 is not mutually exclusive with the binding of
CUL3. To validate these hypotheses, it is necessary to show that CUL3 exists in a complex with GABAB
receptors containing KCTD16 and that GABAB2 K800 is K63‐linked polyubiquitinated by CUL3. More
experiments are also needed to underlay the finding that 14‐3‐3 ε indeed blocks the interaction between
KCTD16 and CUL3 and to further characterize the binding between KCTD16 and CUL3.
Finally, it is important to note that GABAB receptors are not only modulated by other proteins, they can
also regulate the signaling of their interaction partners. An ongoing project, in collaboration with the
group of Jan Siemens, focuses on the modulation of TRPV1 sensitization by GABAB receptors. The
capsaicin receptor TRPV1 is a nonselective cation channel that is mainly expressed in somatosensory,
nociceptive neurons (Caterina et al., 1997). TRPV1s are sensitive to noxious stimuli and initiates
protective reflexes to prevent tissue damage. Sensitization of TRPV1, which manifests in a low activation
threshold of receptors, leads to hyperalgesia and pain hypersensitivity (Caterina et al., 2000).
Antagonists that block TRPV1 have analgesic properties but concurrently produce hyperthermia (Julius,
2013). Drugs that prevent or counteract the sensitization of TRPV1 are therefore a more promising
approach for pain therapy. Current data of this project reveal so far that activation of GABAB receptors
inhibits TRPV1 sensitization to various inflammatory stimuli without affecting TRPV1 activity. The
discovery of the underlying mechanism would be of high added value as inhibiting the sensitization of
TRPV1s is esteemed to be one of the most promising approaches for pain therapy.

112

References

4 REFERENCES
Adelfinger L, Turecek R, Ivankova K, Jensen AA, Moss SJ, Gassmann M, Bettler B (2014) GABAB receptor
phosphorylation regulates KCTD12‐induced K+ current desensitization. Biochem Pharmacol 91:369‐
379.
Aitken A, Howell S, Jones D, Madrazo J, Patel Y (1995) 14‐3‐3 alpha and delta are the phosphorylated
forms of raf‐activating 14‐3‐3 beta and zeta. In vivo stoichiometric phosphorylation in brain at a Ser‐
Pro‐Glu‐Lys MOTIF. The Journal of biological chemistry 270:5706‐5709.
Ando Y, Hojo M, Kanaide M, Takada M, Sudo Y, Shiraishi S, Sumikawa K, Uezono Y (2011) S(+)‐ketamine
suppresses desensitization of gamma‐aminobutyric acid type B receptor‐mediated signaling by
inhibition of the interaction of gamma‐aminobutyric acid type B receptors with G protein‐coupled
receptor kinase 4 or 5. Anesthesiology 114:401‐411.
Arulpragasam A, Magno AL, Ingley E, Brown SJ, Conigrave AD, Ratajczak T, Ward BK (2012) The adaptor
protein 14‐3‐3 binds to the calcium‐sensing receptor and attenuates receptor‐mediated Rho kinase
signalling. Biochem J 441:995‐1006.
Balasubramanian S, Fam SR, Hall RA (2007) GABAB receptor association with the PDZ scaffold Mupp1
alters receptor stability and function. The Journal of biological chemistry 282:4162‐4171.
Barbash O, Lee EK, Diehl JA (2011) Phosphorylation‐dependent regulation of SCFFbx4 dimerization and
activity involves a novel component, 14‐3‐3 . Oncogene 30:1995‐2002.
Bardwell VJ, Treisman R (1994) The POZ domain: a conserved protein‐protein interaction motif. Genes &
development 8:1664‐1677.
Bartoi T, Rigbolt KT, Du D, Kohr G, Blagoev B, Kornau HC (2010) GABAB receptor constituents revealed by
tandem affinity purification from transgenic mice. The Journal of biological chemistry 285:20625‐
20633.
Beenhakker MP, Huguenard JR (2010) Astrocytes as gatekeepers of GABAB receptor function. The Journal
of neuroscience : the official journal of the Society for Neuroscience 30:15262‐15276.
Bender K, Wellner‐Kienitz MC, Bosche LI, Rinne A, Beckmann C, Pott L (2004) Acute desensitization of
GIRK current in rat atrial myocytes is related to K+ current flow. J Physiol 561:471‐483.
Benke D, Zemoura K, Maier PJ (2012) Modulation of cell surface GABAB receptors by desensitization,
trafficking and regulated degradation. World J Biol Chem 3:61‐72.
Benzinger A, Popowicz GM, Joy JK, Majumdar S, Holak TA, Hermeking H (2005) The crystal structure of
the non‐liganded 14‐3‐3sigma protein: insights into determinants of isoform specific ligand binding
and dimerization. Cell research 15:219‐227.
Best TK, Cramer NP, Chakrabarti L, Haydar TF, Galdzicki Z (2012) Dysfunctional hippocampal inhibition in
the Ts65Dn mouse model of Down syndrome. Experimental neurology 233:749‐757.
Best TK, Siarey RJ, Galdzicki Z (2007) Ts65Dn, a mouse model of Down syndrome, exhibits increased
GABAB‐induced potassium current. J Neurophysiol 97:892‐900.
Bettler B, Kaupmann K, Mosbacher J, Gassmann M (2004) Molecular structure and physiological
functions of GABAB receptors. Physiol Rev 84:835‐867.
Blein S, Ginham R, Uhrin D, Smith BO, Soares DC, Veltel S, McIlhinney RA, White JH, Barlow PN (2004)
Structural analysis of the complement control protein (CCP) modules of GABAB receptor 1a: only one
of the two CCP modules is compactly folded. The Journal of biological chemistry 279:48292‐48306.
Bonifacino JS, Lippincott‐Schwartz J (2003) Coat proteins: shaping membrane transport. Nat Rev Mol Cell
Biol 4:409‐414.
Boston PF, Jackson P, Thompson RJ (1982) Human 14‐3‐3 protein: radioimmunoassay, tissue distribution,
and cerebrospinal fluid levels in patients with neurological disorders. Journal of neurochemistry
38:1475‐1482.
113

References
Bowery NG, Bettler B, Froestl W, Gallagher JP, Marshall F, Raiteri M, Bonner TI, Enna SJ (2002)
International Union of Pharmacology. XXXIII. Mammalian ‐aminobutyric acidB receptors: structure
and function. Pharmacol Rev 54:247‐264.
Bright NA, Reaves BJ, Mullock BM, Luzio JP (1997) Dense core lysosomes can fuse with late endosomes
and are re‐formed from the resultant hybrid organelles. Journal of cell science 110 ( Pt 17):2027‐
2040.
Brock C, Boudier L, Maurel D, Blahos J, Pin JP (2005) Assembly‐dependent surface targeting of the
heterodimeric GABAB Receptor is controlled by COPI but not 14‐3‐3. Molecular biology of the cell
16:5572‐5578.
Campbell V, Berrow N, Dolphin AC (1993) GABAB receptor modulation of Ca2+ currents in rat sensory
neurones by the G protein G0: antisense oligonucleotide studies. J Physiol 470:1‐11.
Caterina MJ, Leffler A, Malmberg AB, Martin WJ, Trafton J, Petersen‐Zeitz KR, Koltzenburg M, Basbaum
AI, Julius D (2000) Impaired nociception and pain sensation in mice lacking the capsaicin receptor.
Science 288:306‐313.
Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D (1997) The capsaicin receptor:
a heat‐activated ion channel in the pain pathway. Nature 389:816‐824.
Celis JE, Gesser B, Rasmussen HH, Madsen P, Leffers H, Dejgaard K, Honore B, Olsen E, Ratz G, Lauridsen
JB, et al. (1990) Comprehensive two‐dimensional gel protein databases offer a global approach to the
analysis of human cells: the transformed amnion cells (AMA) master database and its link to genome
DNA sequence data. Electrophoresis 11:989‐1071.
Chalifoux JR, Carter AG (2010) GABAB receptors modulate NMDA receptor calcium signals in dendritic
spines. Neuron 66:101‐113.
Chalifoux JR, Carter AG (2011) GABAB receptor modulation of voltage‐sensitive calcium channels in
spines and dendrites. J Neurosci 31:4221‐4232.
Charles KJ, Deuchars J, Davies CH, Pangalos MN (2003) GABAB receptor subunit expression in glia.
Molecular and cellular neurosciences 24:214‐223.
Chau V, Tobias JW, Bachmair A, Marriott D, Ecker DJ, Gonda DK, Varshavsky A (1989) A multiubiquitin
chain is confined to specific lysine in a targeted short‐lived protein. Science 243:1576‐1583.
Chebib M (2004) GABAC receptor ion channels. Clinical and experimental pharmacology & physiology
31:800‐804.
Cho CH, Kim E, Lee YS, Yarishkin O, Yoo J, Park JY, Hong SG, Hwang E (2014) Depletion of 14‐3‐3 inverted
question mark reduces the surface expression of Transient Receptor Potential Melastatin 4b
(TRPM4b) Channels and attenuates TRPM4b‐mediated glutamate‐induced neuronal cell death.
Molecular brain 7:52.
Chuang HH, Yu M, Jan YN, Jan LY (1998) Evidence that the nucleotide exchange and hydrolysis cycle of G
proteins causes acute desensitization of G‐protein gated inward rectifier K+ channels. Proc Natl Acad
Sci U S A 95:11727‐11732.
Coblitz B, Shikano S, Wu M, Gabelli SB, Cockrell LM, Spieker M, Hanyu Y, Fu H, Amzel LM, Li M (2005) C‐
terminal recognition by 14‐3‐3 proteins for surface expression of membrane receptors. The Journal
of biological chemistry 280:36263‐36272.
Cohen BD, Nechamen CA, Dias JA (2004) Human follitropin receptor (FSHR) interacts with the adapter
protein 14‐3‐3tau. Molecular and cellular endocrinology 220:1‐7.
Couve A, Moss SJ, Pangalos MN (2000) GABAB receptors: a new paradigm in G protein signaling.
Molecular and cellular neurosciences 16:296‐312.
Couve A, Thomas P, Calver AR, Hirst WD, Pangalos MN, Walsh FS, Smart TG, Moss SJ (2002) Cyclic AMP‐
dependent protein kinase phosphorylation facilitates GABAB receptor‐effector coupling. Nat Neurosci
5:415‐424.
Cruz HG, Ivanova T, Lunn ML, Stoffel M, Slesinger PA, Luscher C (2004) Bi‐directional effects of GABAB
receptor agonists on the mesolimbic dopamine system. Nat Neurosci 7:153‐159.
114

References
Curtis DR, Phillis JW, Watkins JC (1959) Chemical excitation of spinal neurones. Nature 183:611‐612.
Davies CH, Starkey SJ, Pozza MF, Collingridge GL (1991) GABA autoreceptors regulate the induction of
LTP. Nature 349:609‐611.
De Smaele E, Di Marcotullio L, Moretti M, Pelloni M, Occhione MA, Infante P, Cucchi D, Greco A,
Pietrosanti L, Todorovic J, Coni S, Canettieri G, Ferretti E, Bei R, Maroder M, Screpanti I, Gulino A
(2011) Identification and characterization of KCASH2 and KCASH3, 2 novel Cullin3 adaptors
suppressing histone deacetylase and Hedgehog activity in medulloblastoma. Neoplasia 13:374‐385.
Deng L, Wang C, Spencer E, Yang L, Braun A, You J, Slaughter C, Pickart C, Chen ZJ (2000) Activation of the
IkappaB kinase complex by TRAF6 requires a dimeric ubiquitin‐conjugating enzyme complex and a
unique polyubiquitin chain. Cell 103:351‐361.
Deng PY, Xiao Z, Yang C, Rojanathammanee L, Grisanti L, Watt J, Geiger JD, Liu R, Porter JE, Lei S (2009)
GABAB receptor activation inhibits neuronal excitability and spatial learning in the entorhinal cortex
by activating TREK‐2 K+ channels. Neuron 63:230‐243.
Durkin MM, Gunwaldsen CA, Borowsky B, Jones KA, Branchek TA (1999) An in situ hybridization study of
the distribution of the GABAB2 protein mRNA in the rat CNS. Brain research Molecular brain research
71:185‐200.
Dutar P, Nicoll RA (1988) A physiological role for GABAB receptors in the central nervous system. Nature
332:156‐158.
Fairfax BP, Pitcher JA, Scott MG, Calver AR, Pangalos MN, Moss SJ, Couve A (2004) Phosphorylation and
chronic agonist treatment atypically modulate GABAB receptor cell surface stability. The Journal of
biological chemistry 279:12565‐12573.
Fanger GR, Widmann C, Porter AC, Sather S, Johnson GL, Vaillancourt RR (1998) 14‐3‐3 proteins interact
with specific MEK kinases. The Journal of biological chemistry 273:3476‐3483.
Federici M, Nistico R, Giustizieri M, Bernardi G, Mercuri NB (2009) Ethanol enhances GABAB‐mediated
inhibitory postsynaptic transmission on rat midbrain dopaminergic neurons by facilitating GIRK
currents. Eur J Neurosci 29:1369‐1377.
Ferguson SS (2001) Evolving concepts in G protein‐coupled receptor endocytosis: the role in receptor
desensitization and signaling. Pharmacol Rev 53:1‐24.
Finley D, Sadis S, Monia BP, Boucher P, Ecker DJ, Crooke ST, Chau V (1994) Inhibition of proteolysis and
cell cycle progression in a multiubiquitination‐deficient yeast mutant. Molecular and cellular biology
14:5501‐5509.
Foord SM, Bonner TI, Neubig RR, Rosser EM, Pin JP, Davenport AP, Spedding M, Harmar AJ (2005)
International Union of Pharmacology. XLVI. G protein‐coupled receptor list. Pharmacol Rev 57:279‐
288.
Foster AC, Kemp JA (2006) Glutamate‐ and GABA‐based CNS therapeutics. Curr Opin Pharmacol 6:7‐17.
Freed E, Symons M, Macdonald SG, McCormick F, Ruggieri R (1994) Binding of 14‐3‐3 proteins to the
protein kinase Raf and effects on its activation. Science 265:1713‐1716.
Fritschy JM, Meskenaite V, Weinmann O, Honer M, Benke D, Mohler H (1999) GABAB‐receptor splice
variants GB1a and GB1b in rat brain: developmental regulation, cellular distribution and
extrasynaptic localization. Eur J Neurosci 11:761‐768.
Fu H, Subramanian RR, Masters SC (2000) 14‐3‐3 proteins: structure, function, and regulation. Annual
review of pharmacology and toxicology 40:617‐647.
Fukui M, Nakamichi N, Yoneyama M, Ozawa S, Fujimori S, Takahata Y, Nakamura N, Taniura H, Yoneda Y
(2008) Modulation of cellular proliferation and differentiation through GABAB receptors expressed by
undifferentiated neural progenitor cells isolated from fetal mouse brain. J Cell Physiol 216:507‐519.
Furukawa M, He YJ, Borchers C, Xiong Y (2003) Targeting of protein ubiquitination by BTB‐Cullin 3‐Roc1
ubiquitin ligases. Nature cell biology 5:1001‐1007.

115

References
Futter CE, Pearse A, Hewlett LJ, Hopkins CR (1996) Multivesicular endosomes containing internalized
EGF‐EGF receptor complexes mature and then fuse directly with lysosomes. J Cell Biol 132:1011‐
1023.
Gainetdinov RR, Premont RT, Bohn LM, Lefkowitz RJ, Caron MG (2004) Desensitization of G protein‐
coupled receptors and neuronal functions. Annual review of neuroscience 27:107‐144.
Galvez T, Parmentier ML, Joly C, Malitschek B, Kaupmann K, Kuhn R, Bittiger H, Froestl W, Bettler B, Pin
JP (1999) Mutagenesis and modeling of the GABAB receptor extracellular domain support a venus
flytrap mechanism for ligand binding. The Journal of biological chemistry 274:13362‐13369.
Galvez T, Prezeau L, Milioti G, Franek M, Joly C, Froestl W, Bettler B, Bertrand HO, Blahos J, Pin JP (2000)
Mapping the agonist‐binding site of GABAB type 1 subunit sheds light on the activation process of
GABAB receptors. The Journal of biological chemistry 275:41166‐41174.
Garcia‐Guzman M, Dolfi F, Russello M, Vuori K (1999) Cell adhesion regulates the interaction between
the docking protein p130(Cas) and the 14‐3‐3 proteins. The Journal of biological chemistry 274:5762‐
5768.
Gardino AK, Smerdon SJ, Yaffe MB (2006) Structural determinants of 14‐3‐3 binding specificities and
regulation of subcellular localization of 14‐3‐3‐ligand complexes: a comparison of the X‐ray crystal
structures of all human 14‐3‐3 isoforms. Seminars in cancer biology 16:173‐182.
Gassmann M, Bettler B (2012) Regulation of neuronal GABAB receptor functions by subunit composition.
Nature reviews Neuroscience 13:380‐394.
Gassmann M, Haller C, Stoll Y, Aziz SA, Biermann B, Mosbacher J, Kaupmann K, Bettler B (2005) The RXR‐
type endoplasmic reticulum‐retention/retrieval signal of GABAB1 requires distant spacing from the
membrane to function. Molecular pharmacology 68:137‐144.
Gassmann M, Shaban H, Vigot R, Sansig G, Haller C, Barbieri S, Humeau Y, Schuler V, Muller M, Kinzel B,
Klebs K, Schmutz M, Froestl W, Heid J, Kelly PH, Gentry C, Jaton AL, Van der Putten H, Mombereau C,
Lecourtier L, Mosbacher J, Cryan JF, Fritschy JM, Luthi A, Kaupmann K, Bettler B (2004) Redistribution
of GABAB1 protein and atypical GABAB responses in GABAB2‐deficient mice. The Journal of
neuroscience : the official journal of the Society for Neuroscience 24:6086‐6097.
Glickman MH, Ciechanover A (2002) The ubiquitin‐proteasome proteolytic pathway: destruction for the
sake of construction. Physiol Rev 82:373‐428.
Godde NJ, D'Abaco GM, Paradiso L, Novak U (2006) Efficient ADAM22 surface expression is mediated by
phosphorylation‐dependent interaction with 14‐3‐3 protein family members. Journal of cell science
119:3296‐3305.
Godt D, Couderc JL, Cramton SE, Laski FA (1993) Pattern formation in the limbs of Drosophila: bric a brac
is expressed in both a gradient and a wave‐like pattern and is required for specification and proper
segmentation of the tarsus. Development 119:799‐812.
Gonzalez‐Maeso J, Wise A, Green A, Koenig JA (2003) Agonist‐induced desensitization and endocytosis of
heterodimeric GABAB receptors in CHO‐K1 cells. Eur J Pharmacol 481:15‐23.
Grampp T, Notz V, Broll I, Fischer N, Benke D (2008) Constitutive, agonist‐accelerated, recycling and
lysosomal degradation of GABAB receptors in cortical neurons. Molecular and cellular neurosciences
39:628‐637.
Grampp T, Sauter K, Markovic B, Benke D (2007) ‐aminobutyric acid type B receptors are constitutively
internalized via the clathrin‐dependent pathway and targeted to lysosomes for degradation. The
Journal of biological chemistry 282:24157‐24165.
Greif GJ, Sodickson DL, Bean BP, Neer EJ, Mende U (2000) Altered regulation of potassium and calcium
channels by GABAB and adenosine receptors in hippocampal neurons from mice lacking Go. J
Neurophysiol 83:1010‐1018.

116

References
Guetg N, Abdel Aziz S, Holbro N, Turecek R, Rose T, Seddik R, Gassmann M, Moes S, Jenoe P, Oertner TG,
Casanova E, Bettler B (2010) NMDA receptor‐dependent GABAB receptor internalization via CaMKII
phosphorylation of serine 867 in GABAB1. Proc Natl Acad Sci U S A 107:13924‐13929.
Guetg N, Seddik R, Vigot R, Turecek R, Gassmann M, Vogt KE, Brauner‐Osborne H, Shigemoto R, Kretz O,
Frotscher M, Kulik A, Bettler B (2009) The GABAB1a isoform mediates heterosynaptic depression at
hippocampal mossy fiber synapses. The Journal of neuroscience : the official journal of the Society
for Neuroscience 29:1414‐1423.
Han J, Li Q, McCullough L, Kettelkamp C, Formosa T, Zhang Z (2010) Ubiquitylation of FACT by the cullin‐
E3 ligase Rtt101 connects FACT to DNA replication. Genes & development 24:1485‐1490.
Hannan S, Wilkins ME, Dehghani‐Tafti E, Thomas P, Baddeley SM, Smart TG (2011) Gamma‐aminobutyric
acid type B (GABAB) receptor internalization is regulated by the R2 subunit. The Journal of biological
chemistry 286:24324‐24335.
Henriksson ML, Francis MS, Peden A, Aili M, Stefansson K, Palmer R, Aitken A, Hallberg B (2002) A
nonphosphorylated 14‐3‐3 binding motif on exoenzyme S that is functional in vivo. European journal
of biochemistry / FEBS 269:4921‐4929.
Heusser K, Yuan H, Neagoe I, Tarasov AI, Ashcroft FM, Schwappach B (2006) Scavenging of 14‐3‐3
proteins reveals their involvement in the cell‐surface transport of ATP‐sensitive K+ channels. Journal
of cell science 119:4353‐4363.
Ichimura T, Isobe T, Okuyama T, Takahashi N, Araki K, Kuwano R, Takahashi Y (1988) Molecular cloning of
cDNA coding for brain‐specific 14‐3‐3 protein, a protein kinase‐dependent activator of tyrosine and
tryptophan hydroxylases. Proc Natl Acad Sci U S A 85:7084‐7088.
Isaacson JS, Scanziani M (2011) How inhibition shapes cortical activity. Neuron 72:231‐243.
Isaacson JS, Solis JM, Nicoll RA (1993) Local and diffuse synaptic actions of GABA in the hippocampus.
Neuron 10:165‐175.
Ivankova K, Turecek R, Fritzius T, Seddik R, Prezeau L, Comps‐Agrar L, Pin JP, Fakler B, Besseyrias V,
Gassmann M, Bettler B (2013) Up‐regulation of GABAB receptor signaling by constitutive assembly
with the K+ channel tetramerization domain‐containing protein 12 (KCTD12). The Journal of biological
chemistry 288:24848‐24856.
Jay TM, Gurden H, Yamaguchi T (1998) Rapid increase in PKA activity during long‐term potentiation in
the hippocampal afferent fibre system to the prefrontal cortex in vivo. Eur J Neurosci 10:3302‐3306.
Jeong SW, Ikeda SR (2001) Differential regulation of G protein‐gated inwardly rectifying K+ channel
kinetics by distinct domains of RGS8. J Physiol 535:335‐347.
Jin Z, Li Y, Pitti R, Lawrence D, Pham VC, Lill JR, Ashkenazi A (2009) Cullin3‐based polyubiquitination and
p62‐dependent aggregation of caspase‐8 mediate extrinsic apoptosis signaling. Cell 137:721‐735.
Jones KA, Borowsky B, Tamm JA, Craig DA, Durkin MM, Dai M, Yao WJ, Johnson M, Gunwaldsen C, Huang
LY, Tang C, Shen Q, Salon JA, Morse K, Laz T, Smith KE, Nagarathnam D, Noble SA, Branchek TA,
Gerald C (1998) GABAB receptors function as a heteromeric assembly of the subunits GABABR1 and
GABABR2. Nature 396:674‐679.
Jones KA, Srivastava DP, Allen JA, Strachan RT, Roth BL, Penzes P (2009) Rapid modulation of spine
morphology by the 5‐HT2A serotonin receptor through kalirin‐7 signaling. Proc Natl Acad Sci U S A
106:19575‐19580.
Julius D (2013) TRP channels and pain. Annual review of cell and developmental biology 29:355‐384.
Kanaide M, Uezono Y, Matsumoto M, Hojo M, Ando Y, Sudo Y, Sumikawa K, Taniyama K (2007)
Desensitization of GABAB receptor signaling by formation of protein complexes of GABAB2 subunit
with GRK4 or GRK5. Journal of cellular physiology 210:237‐245.
Kanczewska J, Marco S, Vandermeeren C, Maudoux O, Rigaud JL, Boutry M (2005) Activation of the plant
plasma membrane H+‐ATPase by phosphorylation and binding of 14‐3‐3 proteins converts a dimer
into a hexamer. Proc Natl Acad Sci U S A 102:11675‐11680.
117

References
Kantamneni S, Holman D, Wilkinson KA, Correa SA, Feligioni M, Ogden S, Fraser W, Nishimune A, Henley
JM (2008) GISP binding to TSG101 increases GABA receptor stability by down‐regulating ESCRT‐
mediated lysosomal degradation. Journal of neurochemistry 107:86‐95.
Kaupmann K, Malitschek B, Schuler V, Heid J, Froestl W, Beck P, Mosbacher J, Bischoff S, Kulik A,
Shigemoto R, Karschin A, Bettler B (1998) GABAB‐receptor subtypes assemble into functional
heteromeric complexes. Nature 396:683‐687.
Koch U, Magnusson AK (2009) Unconventional GABA release: mechanisms and function. Curr Opin
Neurobiol 19:305‐310.
Kulik A, Nakadate K, Nyiri G, Notomi T, Malitschek B, Bettler B, Shigemoto R (2002) Distinct localization of
GABAB receptors relative to synaptic sites in the rat cerebellum and ventrobasal thalamus. Eur J
Neurosci 15:291‐307.
Kulik A, Vida I, Fukazawa Y, Guetg N, Kasugai Y, Marker CL, Rigato F, Bettler B, Wickman K, Frotscher M,
Shigemoto R (2006) Compartment‐dependent colocalization of Kir3.2‐containing K+ channels and
GABAB receptors in hippocampal pyramidal cells. The Journal of neuroscience 26:4289‐4297.
Kulik A, Vida I, Lujan R, Haas CA, Lopez‐Bendito G, Shigemoto R, Frotscher M (2003) Subcellular
localization of metabotropic GABAB receptor subunits GABAB1a/b and GABAB2 in the rat hippocampus.
The Journal of neuroscience : the official journal of the Society for Neuroscience 23:11026‐11035.
Kuner R, Kohr G, Grunewald S, Eisenhardt G, Bach A, Kornau HC (1999) Role of heteromer formation in
GABAB receptor function. Science 283:74‐77.
Kuramoto N, Wilkins ME, Fairfax BP, Revilla‐Sanchez R, Terunuma M, Tamaki K, Iemata M, Warren N,
Couve A, Calver A, Horvath Z, Freeman K, Carling D, Huang L, Gonzales C, Cooper E, Smart TG,
Pangalos MN, Moss SJ (2007) Phospho‐dependent functional modulation of GABAB receptors by the
metabolic sensor AMP‐dependent protein kinase. Neuron 53:233‐247.
Laffray S, Bouali‐Benazzouz R, Papon MA, Favereaux A, Jiang Y, Holm T, Spriet C, Desbarats P, Fossat P, Le
Feuvre Y, Decossas M, Heliot L, Langel U, Nagy F, Landry M (2012) Impairment of GABAB receptor
dimer by endogenous 14‐3‐3zeta in chronic pain conditions. The EMBO journal 31:3239‐3251.
Laffray S, Tan K, Dulluc J, Bouali‐Benazzouz R, Calver AR, Nagy F, Landry M (2007) Dissociation and
trafficking of rat GABAB receptor heterodimer upon chronic capsaicin stimulation. Eur J Neurosci
25:1402‐1416.
Lee MC, Miller EA, Goldberg J, Orci L, Schekman R (2004) Bi‐directional protein transport between the ER
and Golgi. Annual review of cell and developmental biology 20:87‐123.
Leffers H, Madsen P, Rasmussen HH, Honore B, Andersen AH, Walbum E, Vandekerckhove J, Celis JE
(1993) Molecular cloning and expression of the transformation sensitive epithelial marker stratifin. A
member of a protein family that has been involved in the protein kinase C signalling pathway. J Mol
Biol 231:982‐998.
Leung LS, Peloquin P (2006) GABAB receptors inhibit backpropagating dendritic spikes in hippocampal
CA1 pyramidal cells in vivo. Hippocampus 16:388‐407.
Liu J, Maurel D, Etzol S, Brabet I, Ansanay H, Pin JP, Rondard P (2004) Molecular determinants involved in
the allosteric control of agonist affinity in the GABAB receptor by the GABAB2 subunit. The Journal of
biological chemistry 279:15824‐15830.
Liu JX, Tang YC, Liu Y, Tang FR (2010) Status epilepticus alters hippocampal PKAβ and PKAγ expression in
mice. Seizure 19:414‐420.
Lopez‐Bendito G, Shigemoto R, Kulik A, Paulsen O, Fairen A, Lujan R (2002) Expression and distribution of
metabotropic GABA receptor subtypes GABABR1 and GABABR2 during rat neocortical development.
Eur J Neurosci 15:1766‐1778.
Luscher C, Slesinger PA (2010) Emerging roles for G protein‐gated inwardly rectifying potassium (GIRK)
channels in health and disease. Nature reviews Neuroscience 11:301‐315.

118

References
Maier PJ, Marin I, Grampp T, Sommer A, Benke D (2010) Sustained Glutamate Receptor Activation Down‐
regulates GABAB Receptors by Shifting the Balance from Recycling to Lysosomal Degradation. Journal
of Biological Chemistry 285:35606‐35614.
Malitschek B, Schweizer C, Keir M, Heid J, Froestl W, Mosbacher J, Kuhn R, Henley J, Joly C, Pin JP,
Kaupmann K, Bettler B (1999) The N‐terminal domain of gamma‐aminobutyric AcidB receptors is
sufficient to specify agonist and antagonist binding. Mol Pharmacol 56:448‐454.
Mann EO, Kohl MM, Paulsen O (2009) Distinct roles of GABAA and GABAB receptors in balancing and
terminating persistent cortical activity. J Neurosci 29:7513‐7518.
Margeta‐Mitrovic M, Jan YN, Jan LY (2000) A trafficking checkpoint controls GABAB receptor
heterodimerization. Neuron 27:97‐106.
Margeta‐Mitrovic M, Jan YN, Jan LY (2001) Function of GB1 and GB2 subunits in G protein coupling of
GABAB receptors. Proceedings of the National Academy of Sciences 98:14649‐14654.
Margeta‐Mitrovic M, Mitrovic I, Riley RC, Jan LY, Basbaum AI (1999) Immunohistochemical localization of
GABAB receptors in the rat central nervous system. J Comp Neurol 405:299‐321.
Martin H, Patel Y, Jones D, Howell S, Robinson K, Aitken A (1993) Antibodies against the major brain
isoforms of 14‐3‐3 protein. An antibody specific for the N‐acetylated amino‐terminus of a protein.
FEBS letters 331:296‐303.
Martin H, Rostas J, Patel Y, Aitken A (1994) Subcellular localisation of 14‐3‐3 isoforms in rat brain using
specific antibodies. Journal of neurochemistry 63:2259‐2265.
Masters SC, Pederson KJ, Zhang L, Barbieri JT, Fu H (1999) Interaction of 14‐3‐3 with a
nonphosphorylated protein ligand, exoenzyme S of Pseudomonas aeruginosa. Biochemistry 38:5216‐
5221.
May LT, Leach K, Sexton PM, Christopoulos A (2007) Allosteric modulation of G protein‐coupled
receptors. Annual review of pharmacology and toxicology 47:1‐51.
McKinsey TA, Zhang CL, Olson EN (2001) Identification of a signal‐responsive nuclear export sequence in
class II histone deacetylases. Molecular and cellular biology 21:6312‐6321.
Melnick A, Ahmad KF, Arai S, Polinger A, Ball H, Borden KL, Carlile GW, Prive GG, Licht JD (2000) In‐depth
mutational analysis of the promyelocytic leukemia zinc finger BTB/POZ domain reveals motifs and
residues required for biological and transcriptional functions. Molecular and cellular biology 20:6550‐
6567.
Mohler H (2006) GABAA receptor diversity and pharmacology. Cell and tissue research 326:505‐516.
Mombereau C, Kaupmann K, Froestl W, Sansig G, van der Putten H, Cryan JF (2004a) Genetic and
pharmacological evidence of a role for GABAB receptors in the modulation of anxiety‐ and
antidepressant‐like behavior. Neuropsychopharmacology 29:1050‐1062.
Mombereau C, Kaupmann K, Gassmann M, Bettler B, van der Putten H, Cryan JF (2005) Altered anxiety
and depression‐related behaviour in mice lacking GABAB2 receptor subunits. Neuroreport 16:307‐
310.
Mombereau C, Kaupmann K, van der Putten H, Cryan JF (2004b) Altered response to benzodiazepine
anxiolytics in mice lacking GABAB1 receptors. Eur J Pharmacol 497:119‐120.
Moore BW, Perez VJ (1967) Specific acidic proteins of the nervous system. In: Physiological and
Biochemical Aspects of Nervous Integration 343‐359.
Morrisett RA, Mott DD, Lewis DV, Swartzwelder HS, Wilson WA (1991) GABAB‐receptor‐mediated
inhibition of the N‐methyl‐D‐aspartate component of synaptic transmission in the rat hippocampus. J
Neurosci 11:203‐209.
Mullock BM, Bright NA, Fearon CW, Gray SR, Luzio JP (1998) Fusion of lysosomes with late endosomes
produces a hybrid organelle of intermediate density and is NSF dependent. J Cell Biol 140:591‐601.
Muslin AJ, Tanner JW, Allen PM, Shaw AS (1996) Interaction of 14‐3‐3 with signaling proteins is mediated
by the recognition of phosphoserine. Cell 84:889‐897.
119

References
Mutneja M, Berton F, Suen KF, Luscher C, Slesinger PA (2005) Endogenous RGS proteins enhance acute
desensitization of GABAB receptor‐activated GIRK currents in HEK‐293T cells. Pflugers Arch 450:61‐
73.
Na CH, Jones DR, Yang Y, Wang X, Xu Y, Peng J (2012) Synaptic protein ubiquitination in rat brain
revealed by antibody‐based ubiquitome analysis. Journal of proteome research 11:4722‐4732.
Ng GY, Clark J, Coulombe N, Ethier N, Hebert TE, Sullivan R, Kargman S, Chateauneuf A, Tsukamoto N,
McDonald T, Whiting P, Mezey E, Johnson MP, Liu Q, Kolakowski LF, Jr., Evans JF, Bonner TI, O'Neill
GP (1999) Identification of a GABAB receptor subunit, gb2, required for functional GABAB receptor
activity. The Journal of biological chemistry 274:7607‐7610.
Nufer O, Hauri HP (2003) ER export: call 14‐3‐3. Current biology : CB 13:R391‐393.
O'Kelly I, Butler MH, Zilberberg N, Goldstein SA (2002) Forward transport. 14‐3‐3 binding overcomes
retention in endoplasmic reticulum by dibasic signals. Cell 111:577‐588.
Obsil T, Ghirlando R, Klein DC, Ganguly S, Dyda F (2001) Crystal structure of the 14‐3‐3zeta:serotonin N‐
acetyltransferase complex. a role for scaffolding in enzyme regulation. Cell 105:257‐267.
Okamoto Y, Shikano S (2011) Phosphorylation‐dependent C‐terminal binding of 14‐3‐3 proteins
promotes cell surface expression of HIV co‐receptor GPR15. The Journal of biological chemistry
286:7171‐7181.
Oldham WM, Hamm HE (2008) Heterotrimeric G protein activation by G‐protein‐coupled receptors. Nat
Rev Mol Cell Biol 9:60‐71.
Olsen RW, DeLorey TM (1999) Chapter 16: GABA and Glycine. Basic neurochemistry: molecular, cellular,
and medical aspects (Sixth ed.). Philadelphia: Lippincott‐Raven.
Otmakhova NA, Lisman JE (2004) Contribution of Ih and GABAB to synaptically induced
afterhyperpolarizations in CA1: a brake on the NMDA response. J Neurophysiol 92:2027‐2039.
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, Bettler B (2001) C‐
terminal interaction is essential for surface trafficking but not for heteromeric assembly of GABAB
receptors. The Journal of neuroscience 21:1189‐1202.
Parker LL, Backstrom JR, Sanders‐Bush E, Shieh BH (2003) Agonist‐induced phosphorylation of the
serotonin 5‐HT2C receptor regulates its interaction with multiple PDZ protein 1. The Journal of
biological chemistry 278:21576‐21583.
Perez‐Garci E, Gassmann M, Bettler B, Larkum ME (2006) The GABAB1b isoform mediates long‐lasting
inhibition of dendritic Ca2+ spikes in layer 5 somatosensory pyramidal neurons. Neuron 50:603‐616.
Perroy J, Adam L, Qanbar R, Chenier S, Bouvier M (2003) Phosphorylation‐independent desensitization of
GABAB receptor by GRK4. The EMBO journal 22:3816‐3824.
Petosa C, Masters SC, Bankston LA, Pohl J, Wang B, Fu H, Liddington RC (1998) 14‐3‐3zeta binds a
phosphorylated Raf peptide and an unphosphorylated peptide via its conserved amphipathic groove.
The Journal of biological chemistry 273:16305‐16310.
Pontier SM, Lahaie N, Ginham R, St‐Gelais F, Bonin H, Bell DJ, Flynn H, Trudeau LE, McIlhinney J, White
JH, Bouvier M (2006) Coordinated action of NSF and PKC regulates GABAB receptor signaling efficacy.
The EMBO journal 25:2698‐2709.
Pooler AM, Gray AG, McIlhinney RA (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.
Raiborg C, Stenmark H (2009) The ESCRT machinery in endosomal sorting of ubiquitylated membrane
proteins. Nature 458:445‐452.
Rajalu M, Fritzius T, Adelfinger L, Jacquier V, Besseyrias V, Gassmann M, Bettler B (2014) Pharmacological
characterization of GABA receptor subtypes assembled with auxiliary KCTD subunits.
Neuropharmacology.
120

References
Rajan S, Preisig‐Muller R, Wischmeyer E, Nehring R, Hanley PJ, Renigunta V, Musset B, Schlichthorl G,
Derst C, Karschin A, Daut J (2002) Interaction with 14‐3‐3 proteins promotes functional expression of
the potassium channels TASK‐1 and TASK‐3. J Physiol 545:13‐26.
Raveh A, Cooper A, Guy‐David L, Reuveny E (2010) Nonenzymatic rapid control of GIRK channel function
by a G protein‐coupled receptor kinase. Cell 143:750‐760.
Richter MA, de Jesus DR, Hoppenbrouwers S, Daigle M, Deluce J, Ravindran LN, Fitzgerald PB, Daskalakis
ZJ (2011) Evidence for Cortical Inhibitory and Excitatory Dysfunction in Obsessive Compulsive
Disorder. Neuropsychopharmacology Epub ahead of print.
Rittinger K, Budman J, Xu J, Volinia S, Cantley LC, Smerdon SJ, Gamblin SJ, Yaffe MB (1999) Structural
analysis of 14‐3‐3 phosphopeptide complexes identifies a dual role for the nuclear export signal of
14‐3‐3 in ligand binding. Molecular cell 4:153‐166.
Roberts E, Frankel S (1950) ‐Aminobutyric acid in brain: its formation from glutamic acid. The Journal of
biological chemistry 187:55‐63.
Rondard P, Goudet C, Kniazeff J, Pin JP, Prezeau L (2011) The complexity of their activation mechanism
opens new possibilities for the modulation of mGlu and GABAB class C G protein‐coupled receptors.
Neuropharmacology 60:82‐92.
Rondard P, Huang S, Monnier C, Tu H, Blanchard B, Oueslati N, Malhaire F, Li Y, Trinquet E, Labesse G, Pin
JP, Liu J (2008) Functioning of the dimeric GABAB receptor extracellular domain revealed by glycan
wedge scanning. The EMBO journal 27:1321‐1332.
Ross EM, Wilkie TM (2000) GTPase‐activating proteins for heterotrimeric G proteins: regulators of G
protein signaling (RGS) and RGS‐like proteins. Annual Review of Biochemistry 69:795‐827.
Rost BR, Nicholson P, Ahnert‐Hilger G, Rummel A, Rosenmund C, Breustedt J, Schmitz D (2011) Activation
of metabotropic GABA receptors increases the energy barrier for vesicle fusion. J Cell Sci.
Sakaba T, Neher E (2003) Direct modulation of synaptic vesicle priming by GABAB receptor activation at a
glutamatergic synapse. Nature 424:775‐778.
Scanziani M (2000) GABA spillover activates postsynaptic GABAB receptors to control rhythmic
hippocampal activity. Neuron 25:673‐681.
Schuler V, Luscher C, Blanchet C, Klix N, Sansig G, Klebs K, Schmutz M, Heid J, Gentry C, Urban L, Fox A,
Spooren W, Jaton AL, Vigouret J, Pozza M, Kelly PH, Mosbacher J, Froestl W, Kaslin E, Korn R, Bischoff
S, Kaupmann K, van der Putten H, Bettler B (2001) Epilepsy, hyperalgesia, impaired memory, and loss
of pre‐ and postsynaptic GABAB responses in mice lacking GABAB1. Neuron 31:47‐58.
Schwenk J, Metz M, Zolles G, Turecek R, Fritzius T, Bildl W, Tarusawa E, Kulik A, Unger A, Ivankova K,
Seddik R, Tiao JY, Rajalu M, Trojanova J, Rohde V, Gassmann M, Schulte U, Fakler B, Bettler B (2010)
Native GABAB receptors are heteromultimers with a family of auxiliary subunits. Nature 465:231‐235.
Schwirtlich M, Emri Z, Antal K, Mate Z, Katarova Z, Szabo G (2010) GABAA and GABAB receptors of distinct
properties affect oppositely the proliferation of mouse embryonic stem cells through synergistic
elevation of intracellular Ca2+. FASEB J 24:1218‐1228.
Seimiya H, Sawada H, Muramatsu Y, Shimizu M, Ohko K, Yamane K, Tsuruo T (2000) Involvement of 14‐3‐
3 proteins in nuclear localization of telomerase. The EMBO journal 19:2652‐2661.
Sekimoto T, Fukumoto M, Yoneda Y (2004) 14‐3‐3 suppresses the nuclear localization of threonine 157‐
phosphorylated p27(Kip1). The EMBO journal 23:1934‐1942.
Shaban H, Humeau Y, Herry C, Cassasus G, Shigemoto R, Ciocchi S, Barbieri S, van der Putten H,
Kaupmann K, Bettler B, Luthi A (2006) Generalization of amygdala LTP and conditioned fear in the
absence of presynaptic inhibition. Nature Neurosci 9:1028‐1035.
Shikano S, Coblitz B, Sun H, Li M (2005) Genetic isolation of transport signals directing cell surface
expression. Nature cell biology 7:985‐992.
Sickmann T, Alzheimer C (2003) Short‐term desensitization of G‐protein‐activated, inwardly rectifying K+
(GIRK) currents in pyramidal neurons of rat neocortex. J Neurophysiol 90:2494‐2503.
121

References
Simon MI, Strathmann MP, Gautam N (1991) Diversity of G proteins in signal transduction. Science
252:802‐808.
Sodickson DL, Bean BP (1996) GABAB receptor‐activated inwardly rectifying potassium current in
dissociated hippocampal CA3 neurons. The Journal of Neuroscience 16:6374‐6385.
Stewart LS, Wu Y, Eubanks JH, Han H, Leschenko Y, Perez Velazquez JL, Cortez MA, Snead OC, 3rd (2009)
Severity of atypical absence phenotype in GABAB transgenic mice is subunit specific. Epilepsy &
behavior : E&B 14:577‐581.
Stogios PJ, Downs GS, Jauhal JJ, Nandra SK, Prive GG (2005) Sequence and structural analysis of BTB
domain proteins. Genome Biol 6:R82.
Tang SJ, Suen TC, McInnes RR, Buchwald M (1998) Association of the TLX‐2 homeodomain and 14‐3‐3eta
signaling proteins. The Journal of biological chemistry 273:25356‐25363.
Terunuma M, Vargas KJ, Wilkins ME, Ramírez OA, Jaureguiberry‐Bravo M, Pangalos MN, Smart TG, Moss
SJ, Couve A (2010) Prolonged activation of NMDA receptors promotes dephosphorylation and alters
postendocytic sorting of GABAB receptors. Proceedings of the National Academy of Sciences
107:13918‐13923.
Thibault O, Hadley R, Landfield PW (2001) Elevated postsynaptic [Ca2+]i and L‐type calcium channel
activity in aged hippocampal neurons: relationship to impaired synaptic plasticity. The Journal of
Neuroscience 21:9744‐9756.
Thompson SM, Gahwiler BH (1992) Effects of the GABA uptake inhibitor tiagabine on inhibitory synaptic
potentials in rat hippocampal slice cultures. J Neurophysiol 67:1698‐1701.
Turecek R, Schwenk J, Fritzius T, Ivankova K, Zolles G, Adelfinger L, Jacquier V, Besseyrias V, Gassmann M,
Schulte U, Fakler B, Bettler B (2014) Auxiliary GABAB receptor subunits uncouple G protein βγ
subunits from effector channels to induce desensitization. Neuron 82:1032‐1044.
Tutor AS, Delpón E, Caballero R, Gómez R, Núñez L, Vaquero M, Tamargo J, Mayor F, Penela P (2006)
Association of 14‐3‐3 Proteins to β1‐Adrenergic Receptors Modulates Kv11.1 K+ Channel Activity in
Recombinant Systems. Molecular biology of the cell 17:4666‐4674.
Urwyler S, Pozza MF, Lingenhoehl K, Mosbacher J, Lampert C, Froestl W, Koller M, Kaupmann K (2003)
N,N'‐Dicyclopentyl‐2‐methylsulfanyl‐5‐nitro‐pyrimidine‐4,6‐diamine (GS39783) and structurally
related compounds: novel allosteric enhancers of gamma‐aminobutyric acidB receptor function. J
Pharmacol Exp Ther 307:322‐330.
Vacher CM, Gassmann M, Desrayaud S, Challet E, Bradaia A, Hoyer D, Waldmeier P, Kaupmann K, Pevet
P, Bettler B (2006) Hyperdopaminergia and altered locomotor activity in GABAB1‐deficient mice.
Journal of neurochemistry 97:979‐991.
Van Der Hoeven PC, Van Der Wal JC, Ruurs P, Van Blitterswijk WJ (2000) Protein kinase C activation by
acidic proteins including 14‐3‐3. Biochem J 347 Pt 3:781‐785.
Vargas KJ, Terunuma M, Tello JA, Pangalos MN, Moss SJ, Couve A (2008) The Availability of Surface
GABAB Receptors Is Independent of γ‐Aminobutyric Acid but Controlled by Glutamate in Central
Neurons. Journal of Biological Chemistry 283:24641‐24648.
Vázquez SI, Vázquez A, Peña de Ortiz S (2000) Different hippocampal activity profiles for PKA and PKC in
spatial discrimination learning. Behavioral Neurosci 114:1109‐1118.
Vembar SS, Brodsky JL (2008) One step at a time: endoplasmic reticulum‐associated degradation. Nat
Rev Mol Cell Biol 9:944‐957.
Vigot R, Barbieri S, Brauner‐Osborne H, Turecek R, Shigemoto R, Zhang YP, Lujan R, Jacobson LH,
Biermann B, Fritschy JM, Vacher CM, Muller M, Sansig G, Guetg N, Cryan JF, Kaupmann K, Gassmann
M, Oertner TG, Bettler B (2006) Differential compartmentalization and distinct functions of GABAB
receptor variants. Neuron 50:589‐601.
Wang B, Yang H, Liu YC, Jelinek T, Zhang L, Ruoslahti E, Fu H (1999) Isolation of high‐affinity peptide
antagonists of 14‐3‐3 proteins by phage display. Biochemistry 38:12499‐12504.
122

References
Ward DM, Pevsner J, Scullion MA, Vaughn M, Kaplan J (2000) Syntaxin 7 and VAMP‐7 are soluble N‐
ethylmaleimide‐sensitive factor attachment protein receptors required for late endosome‐lysosome
and homotypic lysosome fusion in alveolar macrophages. Molecular biology of the cell 11:2327‐2333.
Wells CA, Betke KM, Lindsley CW, Hamm HE (2012) Label‐free detection of G protein‐SNARE interactions
and screening for small molecule modulators. ACS Chem Neurosci 3:69‐78.
Wetherington JP, Lambert NA (2002) GABAB receptor activation desensitizes postsynaptic GABAB and A1
adenosine responses in rat hippocampal neurones. J Physiol 544:459‐467.
White JH, Wise A, Main MJ, Green A, Fraser NJ, Disney GH, Barnes AA, Emson P, Foord SM, Marshall FH
(1998) Heterodimerization is required for the formation of a functional GABAB receptor. Nature
396:679‐682.
Wilker EW, Grant RA, Artim SC, Yaffe MB (2005) A structural basis for 14‐3‐3sigma functional specificity.
The Journal of biological chemistry 280:18891‐18898.
Wilkins ME, Li X, Smart TG (2008) Tracking cell surface GABAB receptors using an ‐bungarotoxin tag. The
Journal of biological chemistry 283:34745‐34752.
Winge I, McKinney JA, Ying M, D'Santos CS, Kleppe R, Knappskog PM, Haavik J (2008) Activation and
stabilization of human tryptophan hydroxylase 2 by phosphorylation and 14‐3‐3 binding. Biochem J
410:195‐204.
Woodcock SA, Jones RC, Edmondson RD, Malliri A (2009) A modified tandem affinity purification
technique identifies that 14‐3‐3 proteins interact with Tiam1, an interaction which controls Tiam1
stability. Journal of proteome research 8:5629‐5641.
Wu Y, Chan KF, Eubanks JH, Guin Ting Wong C, Cortez MA, Shen L, Che Liu C, Perez Velazquez J, Tian
Wang Y, Jia Z, Carter Snead O, 3rd (2007) Transgenic mice over‐expressing GABABR1a receptors
acquire an atypical absence epilepsy‐like phenotype. Neurobiology of disease 26:439‐451.
Yaffe MB, Rittinger K, Volinia S, Caron PR, Aitken A, Leffers H, Gamblin SJ, Smerdon SJ, Cantley LC (1997)
The structural basis for 14‐3‐3:phosphopeptide binding specificity. Cell 91:961‐971.
Yan Y, Xu Y, Gao YY, Zong ZH, Zhang Q, Li C, Wang HQ (2013) Implication of 14‐3‐3  and 14‐3‐3theta/in
proteasome inhibition‐induced apoptosis of glioma cells. Cancer science 104:55‐61.
Yoon EJ, Gerachshenko T, Spiegelberg BD, Alford S, Hamm HE (2007) G interferes with Ca2+‐dependent
binding of synaptotagmin to the soluble N‐ethylmaleimide‐sensitive factor attachment protein
receptor (SNARE) complex. Mol Pharmacol 72:1210‐1219.
Yuan H, Michelsen K, Schwappach B (2003) 14‐3‐3 dimers probe the assembly status of multimeric
membrane proteins. Current biology : CB 13:638‐646.
Zemoura K, Benke D (2014) Proteasomal degradation of gamma‐aminobutyric acidB receptors is
mediated by the interaction of the GABAB2 C terminus with the proteasomal ATPase Rtp6 and
regulated by neuronal activity. The Journal of biological chemistry 289:7738‐7746.
Zemoura K, Schenkel M, Acuna MA, Yevenez GE, Zeilhofer HU, Benke D (2013) Endoplasmic Reticulum
Associated Degradation (ERAD) Controls Cell Surface Expression of GABAB Receptors. Journal of
Biological Chemistry.
Zhai J, Lin H, Shamim M, Schlaepfer WW, Canete‐Soler R (2001) Identification of a novel interaction of
14‐3‐3 with p190RhoGEF. The Journal of biological chemistry 276:41318‐41324.
Zollman S, Godt D, Prive GG, Couderc JL, Laski FA (1994) The BTB domain, found primarily in zinc finger
proteins, defines an evolutionarily conserved family that includes several developmentally regulated
genes in Drosophila. Proc Natl Acad Sci U S A 91:10717‐10721.
Zuzarte M, Heusser K, Renigunta V, Schlichthorl G, Rinne S, Wischmeyer E, Daut J, Schwappach B, Preisig‐
Muller R (2009) Intracellular traffic of the K+ channels TASK‐1 and TASK‐3: role of N‐ and C‐terminal
sorting signals and interaction with 14‐3‐3 proteins. J Physiol 587:929‐952.

123

Acknowledgements

5 ACKNOWLEDGEMENTS
My very first “Thank you” goes to Benny. From the first moment in my interview, you gave me the
feeling that I am very welcome in your lab, that you believe in me and that I will not regret my decision
to come to Basel. Throughout my whole PhD, your door was always open for me, no matter how busy
you were, giving me plenty of scientific and non‐scientific advices. I was always glad to have a boss like
you.
I also thank Peter and Markus for being members of my thesis committee, Peter for being my Co‐Referee
and Markus for being my Chairman. I appreciate the time you spent for fruitful discussions, for giving me
the feeling to be in good hands and funny lift rides.
Next I want to thank Martin for all his help, support, discussions and all the good times. I’m not sure
whether you know how valuable you are to this lab! Thanks for keeping me in the loop about the FC
Basel matches and for sharing so many funny stories about your kids!
Ramona, thank you so much for you being you! I don’t know what I would have done without you! This
page is not long enough to thank you for everything you did for me! Thank you so much!
Further, I want to thank the whole Bettler lab, especially the former lab members, for a nice atmosphere
at work, the crowded lunch times at our small table and the Friday afternoon Schnaps sessions!
Thanks to Dominik, Nura, Max and David for proofreading my thesis.
A big thanks goes to my lunch group, climbing buddies and close friends Alain, Nura, Max, Roland, Julia
and Ricardo. If I had known you earlier… You definitely made the second half of my PhD! Alain, thank you
so much for our great lunch times while swimming in the Rhine or doing yoga! I will miss that!
I want to thank my family for their support and love. Although you were first not very happy about my
decision to become a biologist (“Where and what are biologists even working?”), you soon believed in
me to make my way. Thanks for that!
The last and greatest thanks is for Dominik. I know the last almost four years were not easy but you did
so great to support me throughout the whole time. I want to thank you for all the long and intensive
discussions about my projects, for allaying my doubts and concerns, and that I could always share my joy
about my successes with you. Thank you for being on my side!

124

Curriculum vitae

6 CURRICULUM VITAE
Lisa Adelfinger, Dipl. Biol.
Contact address
Telephone
E‐mail address
Date of birth
Nationality

Murbacherstr. 18, CH‐4056 Basel
+41 (0) 76 414 92 33
lisa.adelfinger@unibas.ch
20/12/1985
German

EDUCATION
10/2014 ‐ 11/2014

02/2011 ‐ 10/2014

12/2009 ‐ 10/2010

10/2005 ‐ 10/2010
09/1996 ‐ 06/2005

Postdoctoral Fellow
Department of Biomedicine, University of Basel, CH
Laboratory: Prof. Dr. Bernhard Bettler
PhD thesis in Neurobiology
Department of Biomedicine, University of Basel, CH
Laboratory: Prof. Dr. Bernhard Bettler
Diploma thesis in Cell biology
University of Regensburg, GER
Laboratory: Prof. Dr. Peter J. Flor
Diploma study in Biology, grade: 1.2 (1 = best)
University of Regensburg, GER
Abitur, grade: 2.0 (1 = best)
Christoph‐Scheiner‐Gymnasium, Ingolstadt, GER

PUBLICATIONS AND SCIENTIFIC CONTRIBUTIONS
Publications
 Rajalu M, Fritzius T, Adelfinger L, Jacquier V, Besseyrias V, Gassmann M and Bettler B;
Pharmacological characterization of GABAB receptor subtypes assembled with auxiliary KCTD
subunits; Neuropharmacology. 2014 Sep 6. pii: S0028‐3908(14)00303‐7.
 Adelfinger L*, Turecek R*, Ivankova K, Jensen AJ, Moss SJ, Gassmann M, Bettler B; GABAB
receptor phosphorylation regulates KCTD12‐induced K+‐current desensitization; Biochem
Pharmacol. 2014 Oct 1;91(3):369‐79.
 Turecek R, Schwenk J, Fritzius T, Ivankova K, Zolles G, Adelfinger L, Jacquier V, Besseyrias V,
Gassmann M, Schulte U, Fakler B and Bettler B; Auxiliary GABAB receptor subunits uncouple G
protein βγ subunits from effector channels to induce desensitization; Neuron. 2014 Jun
4;82(5):1032‐44.
Scientific talks
 PhD Retreat Biozentrum, CH (’13)
 PhD Retreat Department of Biomedicine, CH (’13)
Poster presentation
 PhD Retreat Department of Biomedicine, CH (’14)
 Society for Neuroscience Meeting, US (’13)
 PhD Retreat Biozentrum, CH (’12)
125

