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Abstract

GABA , receptors, the key mediators of fast synaptic inhibition in the brain, are predominantly constructedfresh 8(1-3), y(1-3),
ands subunit classes. Phosphorylation by cAMP-dependent protein kinase (PKA) differentially regulates receptor function dependent upon
B subunit identity, but how this kinase is selectively targeted to GABéceptor subtypes remains unresolved. Here we establish that the
A-kinase anchoring protein 150 (AKAP150), directly binds to the recepioand 83, but not toal, a2, a3, a6, B2, y2, or 6 subunits.
Furthermore, AKAP79/150 is critical for PKA-mediated phosphorylation of the rec@®a@ubunit. Together, our observations suggest a
mechanism for the selective targeting of PKA to GABPeceptor subtypes containing tg& or 83 subunits dependent upon AKAP150.
Therefore, the selective interaction@®bBubunits with AKAP150 may facilitate GABAreceptor subtype-specific functional modulation by
PKA activity which may have profound local effects on neuronal excitation.
© 2003 Elsevier Science (USA). All rights reserved.

Introduction and y2 subunits are the substrates of a number of protein
kinases including cAMP-dependent protein kinase (PKA),
GABA, receptors are the major sites of fast inhibitory and protein kinase C (PKC) (Moss et al., 1992a, 1992b;
neurotransmission in the brain (Rabow et al., 1995). TheseKrishek et al., 1994; McDonald and Moss, 1997; McDonald
receptors are heteropentamers that can be assembled fromet al., 1998). GABA, receptorg subunits are all phosphor
wide range of receptor subunitg(1-6), 3(1-3), v(1-3), 5, ylated by PKC on conserved serine (S) residues (S409 in the
e, 0, and m (Rabow et al., 1995; Davies et al., 1997; B1 andB3 subunits and S410 if2) (Krishek et al., 1994;
Hedblom and Kirkness, 1997; Bonnert et al., 1999). Most McDonald et al., 1998). Phosphorylation of these residues
GABA, receptor subtypes in the brain however are be has been directly correlated with functional modulation
lieved to be composed af, B, andy2 subunits (Rabow et (Kellenberger et al., 1992; Kishek et al., 1994; Lin et al.,
al., 1995). 1996) for recombinant receptors. Studies in neurons have
Direct receptor phosphorylation is a mechanism of major revealed that recepto subunits are phosphorylated by
significance for controlling the functional properties of PpKC activity, and directly interact with both tfg#l isoform
GABA, receptors (Moss and Smart, 2001; Brandon et al., of PKC and the receptor for activated C-kinase (RACK-1;
2002a, 2002b). It is evident that the GABAeceptorpf1-3 Brandon et al., 1999, 2002a, 2002b).
GABA , receptorf subunits are also selective substrates
+ Corresponding author, Fas 44-2076787805 of EKA; the Bl subunjt is .phosphorylated by PKA on serine
E-mail address: steve.moss@UCL.ac.uk (S'J"Moss)' residue 409 (S409) in vivo whlle th@3 subunit is phos-
1 Current address: Merck Sharp and Dohme, Neuroscience ResearchPhorylated on both serine residues 408 and 409 (S409/8) by
Centre, Terlings Park, Harlow, Essex, UK. PKA in vivo (McDonald et al., 1998). In contrast the anal-
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ogousresidue in B2, $410, is not phosphorylated by PKA in
vivo (McDonald et a., 1998). Functionaly, phosphoryla-
tion by PKA has differing effects on GABA, receptors
depending upon subunit composition; B1 containing
GABA , receptors are inhibited by phosphorylation of S409
by PKA. In contrast the function of B3 containing receptors
is enhanced by PKA-dependent phosphorylation of S408/9
(McDonald et al., 1998). Similar divergent modulation of
neuronal GABA , receptor function by PKA activity has
been widely observed (Brandon et al., 2002a). However, the
mechanisms underlying this differential regulation of
GABA , receptors by PKA activity remain unknown.

Here we have examined the targeting of PKA to GABA
receptors, focusing on A-kinase anchoring proteins
(AKAPs), which bind the regulatory (RIl) subunit dimer of
PKA, directing this kinase to specific subcellular sites (Col-
ledge and Scott, 1999). We demonstrate in this report that
neuronal AKAP, AKAP79/150, is intimately associated
with GABA , receptor subtypes containing either the g1 or
the B3 but not the B2 subunits. In the case of the 83 subunit,
AKAP79/150 binding is critical in mediating PKA-depen-
dent phosphorylation of key regulatory sites within the
intracellular loop of this protein. Together our results pro-
vide a molecular mechanism for the selective modulation of
GABA, receptor subtypes by PKA-dependent signaling
pathways via differential association with AKAP79/150.

Results

Phosphorylation of GABAA receptors by PKA activity in
neurons

GABA , receptor regulation by PKA activity has largely
been examined in heterologous expression systems or in
vitro (Brandon et a., 2002a). To address the phosphoryla-
tion of receptor B subunits by PKA in neurons a phos-
phospecific antiserum against S408/9 in the B3 subunit
(ant-pB3) was utilized in Western blots of cultured striatal
neurons treated with a range of kinase activators. This
antiserum we have previously established recognizes the 83
subunit when phosphorylated on S408 and $409 (Jovanovic
et a., 2000; Brandon et al., 2002). In this system, basal
phosphorylation of the 83 subunit on S408/9 was evident
(Fig. 1A lane 1), and phosphorylation of these residues
could be increased on exposure to two distinct membrane-
permeable activators of PKA, forskolin or sp8-bromo-
cAMP (Fig. 1B, 184.7 = 9.9 and 186.4 = 9.1%, respec-
tively). These values were both significantly different from
control (P < 0.01; n = 3). In addition, phosphorylation of
these residues was enhanced upon the activation of PKC
using phorbol dibutyrate (PDBu; Fig. 1B) which produced a
larger increase in phosphorylation of S408/409 (345.4 +
22.8%; P < 0.01, n = 3) than seen with PKA activators.
This confirms earlier observations examining PKC-medi-
ated phosphorylation of GABA, receptors in cortical neu-
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Fig. 1. Phosphorylation of the GABA , receptor 83 subunit upon activation
of PKA in neurons. (A) Cultured striatal neurons (10 DIV) were treated
with forskolin (+F, 20 uM), sp8-bromo-cAMP (Sp-cAMP; 10 uM), PDBu
(100 nM), or vehicle aone (Con). Cultures were then lysed, subjected to
SDS-PAGE, and blotted with anti-pp3 specific for diphospho 408/9 in the
83 subunit (upper panel) or anti-B3 (lower panel) followed by 2°I-Protein
A. (B) Phosphorylation of the 83 subunit in striatal neurons was quantified
using a phosphoimager with values normalized for total 83 subunit levels.
Data were then compared to untreated cultures, which were given a value
of 100%. Forskolin (+F) produced a 186.7 + 9.97% increase, sp8-bromo-
CAMP (Sp-cAMP) a 186.4 + 9.1% increase, and PDBu a 345 + 22.8%
increase in the phosphorylation of S408/9. * indicates significantly differ-
ent from control (P < 0.01, Student’s t-test, n = 4). (C) GST-B3 (upper
panel) or GST alone (lower panel) was exposed to solubilized neuronal rat
brain extracts and after extensive washing bound material was subjected to
in vitro kinase assays in the absence or presence of 100 nM PKC,, 100 nM
PKC, + 50 uM cAMP, 100 nM PKC, + 5 uM cAMP + 50 nM PKI
peptide. Phosphorylation of the fusion proteins was then analyzed by
SDS-PAGE followed by autoradiography. (D) The phosphorylation of
GST-B3 in (C) was quantified using a phosphoimager. Data were normal-
ized to the level of phosphorylation of GST-B3 seen with PKC, aone,
which was given a value of 100%. * indicates significantly different from
control (P < 0.01; Student's t-test, n = 4).

rons using labelling with 3*P-orthophosphoric acid (Bran-
don et al., 2000). Together, these results demonstrate that
the phosphorylation of functionally important residues
within the 83 subunit (McDonald et a., 1998) is stimulated
upon the activation of PKA in neurons. This effect may be
mediated via enhanced direct receptor phosphorylation by
PKA or alternatively via PK A/DARPP-32-mediated inhibi-
tion of PP1 (Greengard et al., 1999).

GABA, receptors associated with PKA activity in neurons

To begin to address how PKA activity is targeted to
GABA, receptors, affinity purification assays using the
intracellular domain of the B3 subunit expressed as a GST
fusion protein was utilized (GST-B3; Brandon et al., 1999).
GST-B3 was incubated with brain extracts and extensively
washed. Bound material was then subject to in vitro kinase
assays in the presence of a range of kinase activators or
inhibitors. Under basal conditions GST-B3 was rapidly
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phosphorylated by an associating kinase activity, which
could be largely inhibited by a specific PKC inhibitor pep-
tide (PKC,g_ss Fig. 1C). This observation is in agreement
with the direct binding of PKC isoforms to GABA , recep-
tor B subunits (Brandon et al., 1999, 2000, 2002b). How-
ever, in the presence of CAMP there was a significant
increase in phosphorylation of GST-B3 in the presence of
PKC inhibitor (Fig. 1C) which could be blocked by PKI
peptide, a specific PKA inhibitor (Fig. 1C). The effects of
CAMP on GST-83 phosphorylation were quantified using a
phosphoimager. cAMP produced an enhancement of 350 *+
30%, which was significantly different from control (Fig.
1D; P > 0.01, n = 4). PKI blocked this enhanced phos-
phorylation of GST-B3 in the presence of cAMP to below
control levelsin some experiments (Fig. 1D), suggesting the
presence of a free PKA catalytic subunit; however, this
effect was not statistically significant (Fig. 1D). There was
no detectable phosphorylation of GST under any of these
conditions as detailed previously (Brandon et al., 1999).
Phosphoamino acid analysis revealed that 2P incorporation
occurred only on serine residues in all of these assays (data
not shown). The robust enhancement of fusion protein phos-
phorylation strongly suggests the association of PKA ho-
loenzyme with the B3 subunit intracellular domain.

To further examine the interaction of GABA , receptors
with PKA, we isolated RIl subunit—-AKAP complexes from
rat brain extracts by affinity chromatography on cAMP
agarose and looked for a co-purifying GABA , receptor 33
subunit. Under these conditions binding of the receptor 83
subunits as defined by aband of 58 kDa (Tretter et al., 1997;
McDonald et a., 1998) to CAMP agarose was detected in
the absence but not in the presence of an excess of CAMP
(Fig. 2A). Together these results reveal that PKA activity
can bind to and phosphorylate the intracellular domain of
the GABA 4 receptor 83 subunit in vitro and it is probable
that this is mediated by an A-kinase anchoring protein
consistent with a predominant role for anchored PKA in
controlling the phosphorylation status of the 83 subunit in
neurons.

AKAP150 interacts with the intracellular domain of
GABA,, receptor $3 subunit

Recently it has become evident that PKA is targeted to
specific subcellular sites by interactions with proteins
known as A-kinase anchoring proteins (AKAPs,; Colledge
and Scott, 1999). These proteins can bind a range of sig-
naling molecules, but a common feature is their ability to
bind dimers of the regulatory RIl subunits of PKA. The
isolation of GABA, receptors with cAMP agarose from
brain extracts (Fig. 1) suggests that PKA activity may be
targeted to these receptors via an AKAP. Therefore, to
identify interactions of GABA, receptor subunits with
AKAPs we utilized a combination of GST affinity purifica-
tion (Brandon et a., 1999) and RII overlay assays (Hausken
et a., 1998). Materia binding to either GST-B3 or GST
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Fig. 2. Interaction of the intracellular domain of the GABA , receptor with
AKAP150. (A) Solubilized neuronal extracts were incubated with cAMP-
agarose aone (-cAMP) or in the presence of 5mM cAMP (+cAMP). After
incubation overnight and extensive washing, bound material was separated
by SDS-PAGE, transferred to a nitrocellulose membrane, and blotted with
anti-B3 antibody to visualize GABA ,, receptor binding. “In” represents 1%
of the input used. (B) GST- B3 or GST was incubated with neuronal
extracts and bound material was resolved by SDS-PAGE, transferred to
nitrocellulose, and overlayed with the RII subunit of PKA Iabeled with 32P.
RII binding proteins were then visuaized by autoradiography. “In” repre-
sents 50 g of brain extract revealing the presence of multiple AKAPs in
this tissue. (C) GST-B3 was exposed to neuronal lysates and transferred to
a nitrocellulose membrane as described in (B). The membrane was then
overlayed with radiolabeled RII but in the presence of Ht 31 peptide or a
scrambled control (Con) peptide as indicated. RIl binding proteins were
then visualised by autoradiography. (D) GST-B83 or GST was exposed to
neuronal lysates. Bound material was separated by SDS-PAGE, trans-
ferred to anitocellulose membrane, probed with antiseraagainst AKAP150
via Western blotting, and visualized by ECL.

from adult rat brain extracts was separated by SDS-PAGE,
transferred to a membrane, and overlaid with **P-radiola-
beled RII subunit of PKA. Under these conditions RII
bound to a number of proteins in brain lysates (Fig. 2B;
Colledge and Scott, 1999). One of these proteins of approx-
imately 150 kDa interacted strongly with GST-B3 but not
with GST aone (Fig. 2B). AKAPs bind the RII subunit via
a common structural motif and a peptide corresponding to
this domain, Ht 31, has been extensively used to block the
recruitment of the RII subunit by AKAPs (Colledge and
Scott, 1999; Diviani and Scott, 2000). Inclusion of Ht 31
(Carr et d., 1992) in the overlay assays blocked the binding
of RII subunit to the 150-kDa protein that binds to GST-33,
but a scrambled control peptide had no effect (Fig. 2C).
These results strongly suggest that the RIl binding protein
that interacts with GST-33 is an AKAP. An AKAP of this
molecular mass (AKAP150) has been shown to play an
important role in targeting PKA activity to a number of ion
channels and is enriched at excitatory synapses (Carr et al.,
1992; Gao et al., 1997; Fraser and Scott, 1999; Colledge et
al., 2000). To test the ability of AKAP150 to bind to
GABA 4 receptor subunits, material bound to GST-B3 was
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Fig. 3. AKAP150 and AKAP79 selectively interact with the intracellular
domains of the GABA, receptor B1 and B3 subunits. (A) Solubilized
neuronal lysates were passed over the respective GABA , receptor subunit
intracellular domains expressed as GST fusion proteins or GST aone
immobilized on glutathione agarose. Bound material was subjected to
SDS-PAGE and AKAP150 binding was detected via Western blotting and
visualized by ECL. “In” represents 10% of the input used. (B) The direct
binding of AKAP79 labeled with *°S-methionine with the intracellular
domains of the GABA , receptors was examined. Receptor subunit intra-
cellular domains expressed as GST fusion proteins or GST alone immo-
bilized on GST agarose were exposed to °S-methionine-radiolabeled
AKAP79. Bound material was then separated by SDS-PAGE and visual-
ized by autoradiography. “In” represents 10% of the input used in each
experiment.

probed with antisera specific for this protein (Colledge et
al., 2000). AKAP150 bound specifically to GST-83, but not
to GST aone (Fig. 2D). Together, our results suggest that
AKAP150 may play a specific role in targeting PKA activ-
ity to GABA , receptors.

Direct and specific interaction of AKAP150 with GABA,
receptor B1 and B3 subunits

To examine the subunit specificity of AKAP150 interac-
tion with GABA , receptors GST-affinity purification assays
were utilized with a range of receptor subunit intracellular
domains. Brain lysate was passed over these fusion proteins
immobilized on agarose and after extensive washing inter-
action with AKAP150 was tested by immunoblotting. As
demonstrated previously (Fig. 2B) AKAP150 bound ro-
bustly to GST-B3 but not to GST aone (Fig. 3A). In
addition strong binding was also detected to the intracellular
domain of the B1 subunit (GST-B1; Fig. 3A). In contrast,
AKAP150 did not bind to the intracellular domains of the
GABA, receptor a1, o2, 3, 2, and y2 subunits or the
intracellular domain of the & subunit (Fig. 3A). Similar
results were seen in four separate experiments.

To confirm these observations, we also measured the
interaction of AKAP79, the human ortholog of AKAP150,
with GABA, receptor subunits. This protein lacks the ro-
dent-specific repeat sequences in the central domain of
AKAP150, but otherwise appears to be functionally identi-
cal to AKAP150 (Bergmann et a., 1989; Carr et al., 1992).
AKAP79 was trandated in vitro and labeled using *°S-
methionine, and binding of this protein with GABA , recep-
tor subunit intracellular domains was then analyzed. Using
this approach it was evident that the AKAP79 could only

directly bind to the intracellular domains of the GABA
receptor B1 and B3 subunits, confirming our results with
AKAPI150 from brain extracts (Fig. 3B). Identical results
were seen in three other experiments. Given the ability of
AKAP79/150 to selectively interact with receptor 8 sub-
units this protein may facilitate the recruitment of PKA to
GABA , receptors. To test this, brain lysates were passed
over the intracellular domains of GABA, receptor 31-3
subunits immobilized on agarose and binding of the PKA
catalytic subunit was then measured by Western blotting.
This approach revealed that the catalytic subunit of PKA
interacts with GST-B3 and GST-B1 but not with GST-2 or
GST aone (Fig. 4A) from brain lysates. In our experiments
two bands for PKA catalytic subunit were routinely ob-
served in brain lysates consistent with multiple forms of this
protein in the brain (Uhler et a., 1986). However, there was
no consistent specific association of either of these bands
with individual GABA 5 receptor 8 subunits in three differ-
ing experiments. To examine if the catalytic subunit is
capable of interacting directly with GABA , receptors gel
overlay assays were used (Fig. 4D). The intracellular do-
mains of receptor B subunits were probed with a biotinyl-
ated catalytic subunit of PKA followed by detection with
streptavidin-HRP. While binding of the catalytic subunit to
low levels of purified RIl was easily detected, no interaction
with the GABA, receptor B1, B2, or B3 subunits was
observed. Therefore, our results strongly suggest that PKA
is targeted indirectly to receptor subunits, most likely via
AKAP79/150.
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Fig. 4. PKA and PKC but not PP2B interact with GABA, receptor 3
subunits. Neuronal lysate was passed over the intracellular domains of the
GABA , receptor 81, B2, and B3 subunits expressed as GST fusion protein
or GST aone, immobilized on glutathione agarose. After extensive wash-
ing bound material was separated by SDS-PAGE and probed with anti-
bodies against the catalytic subunit of PKA (A), the « isoform of PKC (B)
or PP2B (C), and visualized by ECL. “In” represents 10% of the input used
in each respective experiment. (D) Five micrograms of the respective
GABA , receptor subunit intracellular domains and 10 ng of purified RII
subunit were separated by SDS-PAGE, transferred to a nitocellulose mem-
brane, and incubated with the catalytic subunit of PKA labeled with biotin.
The binding of the catalytic subunit of PKA was then visualized using
HRP-conjugated streptavidin followed by ECL.
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Fig. 5. GABA, receptors containing the B1 and/or B3 subunits are inti-
mately associated with AKAP150 in neurons. (A) Solubilized neuronal
lysates were immunoprecipitated with control 1gG, anti-p2, anti-B3, or
anti-B1/3 antibodies coupled to Protein A Sepharose. After extensive
washing, bound material was separated by SDS-PAGE and transferred to
anitrocellulose membrane. Precipitated material was then Western blotted
with anti-AKAP150 antisera (upper panel) or a monoclona antibody
against the B2/3 subunits (lower panel) and visudized by ECL. “In”
represents 2% of the material used in the immunoprecipitations. (B) Sol-
ubilized neuronal lysates were immunoprecipitated with anti-B2 or control
1gG (Con) coupled to Protein A Sepharose, separated by SDS-PAGE, and
transferred to a nitrocellulose membrane. Precipitated material was then
probed with anti-AKAP150 antisera (upper panel) or monoclonal antisera
against the receptor 32/3 subunits (lower panel) and visualized by ECL.
Lane 1 represents 2% of the material used for the immunoprecipitations in
each case.

It is well characterized that AKAP79/150 provides a
scaffold for two other second messenger regulated enzymes,
PKC and calcineurin (PP2B) (Coghlan et a., 1995; Klauck
et al, 1996; Colledge and Scott, 1999; Diviani and Scott,
2000) in addition to PKA. We tested using GST affinity
purification whether the two latter enzymes were able to
interact with GABA, B1/3 subunits. In contrast to our
observations with PKA, PKC can robustly interact with the
intracellular domains of all three receptor 8 subunits, (Fig.
4B) consistent with the direct interaction of this kinase with
the B1, B2, and B3 subunits as demonstrated previously
(Brandon et al., 1999). We were unable to identify an
interaction with PP2B, although this protein could be de-
tected in neurona extracts (Fig. 4C).

Complexes of AKAP150 and GABA,, receptors are found
in neurons

To examine the existence of complexes containing both
GABA, receptors and AKAP150 in neurons we utilized
immunoprecipitation from detergent-solubilized neuronal
lysates. Using antisera against the 81, 83, or 81/83 subunits
resulted in co-immunoprecipitation of AKAP150 as defined
by a band of 150 kDa (Fig. 5A). In some of these experi-

ments a weak nonspecific band of similar molecular mass
was seen precipitating with control rabbit 1gG when probed
with the AKAP antibody; however, the intensity of this
band did not prevent robust detection of AKAP150 in ex-
perimental samples. Precipitated material was aso probed
for the presence of the 82 and 33 subunits using a selective
monoclonal antibody against these two subunits Bd17.
Bands representing the correct molecular mass for these
receptor subunits could be seen immunoprecipiating with
anti-B3, and anti-B1/3 antisera but not with antisera against
the B2 subunit or control 1gG (Fig. 5A). These results
suggest that AKAP150 is able to associate with GABA
receptors containing either the B1 or the B3 but not the B2
subunits in neurons. To further investigate this we specifi-
cally immunoprecipitated receptors containing the 82 sub-
unit (Benke et al., 1994; McDonald et al., 1998) from brain
extracts and measured the presence of interaction of
AKAP150 viaimmunoblotting. Using this approach the g2
subunit was efficiently immunoprecipitated with anti-B82
(Fig. 5B), but the levels of AKAP150 co-purifying this
subunit were minimal compared to those seen with the 81 or
B3 subunits (Fig. 5B).

The subcellular distribution of GABA, receptors and
AKAP150 was compared by immunofluorescence in cul-
tured hippocampal neurons. AKAP150 exhibited a punctate
distribution in these neurons with high levels of immuno-
reactivity being detected in the cell body and neuronal
processes (Fig. 6, AKAP150), consistent with earlier studies
demonstrating the presence of this protein at excitatory
synapses (Colledge et al., 2000). The expression of the
GABA, receptor B2 and B3 subunits, which are compo-
nents of most CNS receptor subtypes (Benke et al., 1994),
was also analyzed using a monoclonal antibody specific for
these proteins (Fig. 6, B2/3). We were unable to perform
double immunofluorescence using the specific rabbit an-
ti-B3 antisera used for immunoprecipitation as the
AKAP150 antibody was also raised in rabbits. GABA,
receptor immunoreactivity was found to have a punctate
distribution in these neurons, consistent with previous stud-
ies showing enrichment of these receptors at inhibitory
synapses (Pirker et a., 2000; Moss and Smart, 2001). To
compare the possible co-localization of GABA , receptors
with AKAP150, red puncta were counted representing
GABA , receptor 32/3 subunits and the percentage of these
structures that contained green AKAP150 immunofluores-
cence was scored. This was then expressed as a percentage
of the total red puncta counted. From this approach it was
evident that 45 = 8% (SEM, n = 400) of B2/3 subunit-
positive puncta aso contained immunoreactivity for
AKAP150 (Fig. 6, merge). Given that the GABA, B2
subunit does not interact with AKAP150, but is abundantly
expressed in hippocampal neurons (Pirker et al., 2000), our
results strongly suggest that AKAP150 is intimately asso-
ciated with the GABA , receptors in hippocampa neurons.
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Fig. 6. Localization of AKAP150 and GABA , receptor 32/3 subunit immunoreactivity in cultured hippocampal neurons. Cultured hippocampal neurons (21
DIV) were fixed, permesabilized in 4% paraformaldehyde, and stained with Bd17 to visualize the GABA , receptor 82/3 subunits (82/3) coupled to Texas
red and anti-AKAP150 coupled to FITC (AKAP150) as indicated in the respective panels. Images were collected from stained neurons by confocal
microscopy and merged in the respective color image. The lower panel represents a higher power image of a selected area (white box) of neuronal processes
shown in the merged color image. The arrows indicate puncta that contain both staining for GABA , receptors and AKAP150. Scale bar, 10 uM.

Functional significance of AKAP79/150 interaction with
GABA, receptors

Heterologous expression in Cos 7 cells was used to
examine the role of AKAP79/150 in facilitating GABA 5
receptor phosphorylation. Recombinant expression was
used for these experiments as it is possible to produce
receptors of defined subunit composition; this issue is im-
portant as neurons often express multiple numbers of recep-
tor B subunits (Pirker et a., 2000). Therefore GABA,
receptor a1l and B3 subunits were co-expressed in Cos 7
cells as this subunit combination can access the cell surface
efficiently producing GABA-activated chloride currents.
Moreover, it is possible to overexpress dominant negative
reagents to block AKAP79/150 protein—protein interactions
(Colledge et al., 2000), facilitating biochemical studies of
receptor phosphorylation. Similar experiments are at
present difficult to perform in neurons. To test the effects of
AKAP79/150 in facilitating GABA , receptor phosphoryla-
tion by PKA, a1B3 receptors were co-expressed with either
wild-type AKAP79 or a mutated version of this protein in
which residues 388—409 have been deleted (AKAP79-
PKA). This deletion has been previously shown to prevent
the binding of the RIl subunit, so effectively preventing the
recruitment of PKA to AKAP79. The tagging with GFP of
these proteins is functionally silent (Gao et al., 1997; Del-

IAcqua et al., 1998; Colledge et a., 2000). The effects of
these constructs on forskolin-stimulated phosphorylation of
$408/9 in the B3 subunit were assessed using anti-pB3
antisera. These residues have been previously shown to be
the major PKA substrates in «183- or a1B3y2-containing
receptors and are phosphorylated in neurons by PKA activ-
ity (McDonald and Moss, 1997; McDonald et a., 1998;
Brandon et a., 2000; Jovanovic et al., 2001). While basal
levels of phosphorylation of S408/9 were variable between
cells expressing differing receptor and AKAP constructs, in
cells expressing «1/33 receptors alone, forskolin caused a
reproducible 40 + 4.2% (P < 0.01, n = 4) enhancement in
408/409 phosphorylation compared to untreated cells (Fig.
7A and B). In cells expressing wild-type AKAP79 with
a1/B3 receptors, forskolin caused a similar enhancement of
phosphorylation (Fig. 7A and B). In contrast, co-expression
of AKAP79-PKA with «1/B83 receptors effectively abol-
ished PKA-dependent phosphorylation of S408/9 in the B3
subunit (Fig. 7A and B). The expression levels of the
AKAPT9 constructs in Cos 7 cells were evaluated by im-
munabl otting with antisera against GFP, which is present in
both AKAP79 constructs. Both constructs appeared to be
expressed at similar levelsin Cos 7 cells (Fig. 8A). How-
ever, a low molecular mass for AKAP79-PKA was ob-
served which is consistent with the deletion of residues
388—402 in this protein compared to wild type. Moreover,
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Fig. 7. AKAPT9 facilitates PK A-mediated phosphorylation of the GABA ,
receptor B3 subunit on S408/9. (A) GABA , receptor a1 and B3 subunits
were expressed in Cos 7 cells aone (a183) with AKAP79 («183/79) or
with the mutant AKAP79-PKA, (a1B3/79-P) or control untransfected cells
(Con). Cells transfected with each set of constructs were treated with the
PKA activator forskolin (+F; 20 min 10 uM) 48 h after transfection.
Expressing cells were then lysed in 2% SDS and fractionated by SDS-
PAGE. Receptor phosphorylation was then evaluated by immunoblot anal-
ysis with anti-pB3 (upper panel) while total 83 subunit levels were mea-
sured using anti-B3 (lower panel) followed by incubation with *2°|-Protein
A and quantification using a phosphoimager. (B) The relative phosphory-
lation of S408/9 in each experimental condition was then expressed as a
percentage of phosphorylation of S408/9 under basal conditions (-forskolin
treatment) for cells expressing receptors alone («1B3+F) or coexpressed
with AKAP79 («1B3/79+F) or with AKAP79-PKA (a1B3/79+F). Data
for cells expressing AKAP79 or AKAP79-PKA were then compared to
cells expressing receptor subunits alone;* significantly different from con-
trol $408/9 phosphorylation (P < 0.001, n = 3-4).

both wild-type and mutant forms of AKAP79 were equally
capable of binding to GST-B3 as judged by affinity purifi-
cation assays (data not shown). To measure if AKAP79 is
endogenously expressed by Cos 7 cellsimmunoblotting was
utilized, which confirmed the expression of AKAP 79 in this
cell line (Fig. 8B). Presumably the presence of endogenous
AKAPY9 in Cos 7 cells is sufficient to promote efficient
PKA-mediated phosphorylation of S408/9 in the B3 sub-
unit, explaining the lack of effect of overexpressing
AKAPTY9 in this system. However, AKAP79-PKA appears
to act as a dominant negative reagent blocking PKA-medi-
ated phosphorylation of the GABA, receptor 33 subunit.
This action of AKAP79-PKA as a dominant negative is
consistent with earlier observations on the PKA-mediated
phosphorylation of both glutamate receptors and Ca?"
channels when expressed in mammalian cells (Gao et d.,
1997; Colledge et al., 2000).

Discussion

While the modulation of GABA , receptor function has
been clinically exploited by exogenous agents such as ben-
zodiazepines and barbiturates (Rabow et a., 1995), the
endogenous mechanisms used by neurons to regulate the
function of these critically important receptors remains
poorly understood. However, accumulating evidence has
suggested that direct phosphorylation of the intracellular
domains of receptor B and y2 subunits by both serine/
threonine and tyrosine kinases is a diverse and ubiquitous
means of regulating receptor function (Brandon et al.,
2002a).

In the case of PKA, activation of this kinase can have
varying effects of GABA, receptor function ranging from
inhibition to enhancements or no clear effect dependent
upon the neuronal preparation studied (Porter et al., 1990;
Moss et a., 1992a; Veruki and Yeh, 1994; Kapur and
MacDonald, 1996; Y an and Surmeier, 1997; Poisbeau et &l .,
1999; Brunig et al., 1999; Brandon et a., 2002b). A possible
explanation for these observations has been provided by the
study of heteromeric recombinant receptors, where recep-
tors containing the B1 subunit have been shown to be
negatively regulated by PKA activity via phosphorylation of
409 in this protein (Moss et d., 1992; McDonald et al.,
1998). In contrast, receptors containing the B3 subunit are
positively regulated via PKA-mediated phosphorylation of
both S408 and S409 in this protein (McDonald et al., 1998).
Receptors containing the B2 subunit are not PKA substrates
(McDonald et a., 1998).

To investigate this possibility, we have examined the
targeting of PKA activity to GABA, receptors. In striatal
neurons using phosphospecific antisera it was possible to
demonstrate that the B3 subunit was phosphorylated on
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Fig. 8. Expression of recombinant and endogenous AKAPs in Cos 7 cells.
(A) Cos 7 cells expressing either AKAP79 or AKAP79-PKA (AKAP79-P)
tagged with GFP or control untransfected cells (Con) were lysed and
fractionated by SDS-PAGE, transferred to a membrane, blotted with an
anti-GFP antibody, and visualized by ECL. (B) SDS-soluble extracts of
Cos 7 cells were separated by SDS-PAGE, transferred to a membrane,
blotted with anti-AKAP79 antisera, and visualized by ECL.
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408/9 by PKA activity (McDonald et al., 1998) in keeping
with previous observations showing functional modulation
of receptors in these cells by PKA-dependent signaling
pathways (Yan and Surmeier, 1997; Flores-Hernandez et
al., 2000). Moreover, PKA activity from brain extracts was
shown to associate with the intracellular domain of the
GABA , receptor 83 subunit from brain extracts. This abil-
ity of GABA, receptors to interact with PKA RIl com-
plexes strongly suggests that PKA activity is targeted to
these receptors via an AKAP as all members of this family
of scaffold proteins have the ability to bind RIl dimers
(Colledge and Scott, 1999; Diviani and Scott, 2000). In
agreement with this, we were able to detect binding of
AKAP150 to the GABA , receptor 81 and 33 subunits but
not the «1-3, B2, or y2 subunit intracellular domains. Sim-
ilar results were aso obtained with AKAP79, the human
ortholog of AKAP150 (Colledge and Scott, 1999; Fraser
and Scott, 1999). In keeping with this observation the cat-
alytic subunit of PKA aso interacted with the intracellular
domains of only the GABA , receptor B1 and B3 subunits
from brain lysates using GST affinity purification. It is
likely that PKA is targeted to the B1 and B3 subunits via
AKAP150, as we were unable to detect a direct interaction
between the catalytic subunit of PKA and either of these
receptor subunits. In addition to binding PKA, AKAP79/
150 also binds PKC and PP2B (Colledge and Scott, 1999,
Diviani and Scott, 2000). PKC was detected binding to al
three B subunit intracellular domains. The role of AKAP79/
150 in targeting PKC to GABA , receptors is difficult to
ascertain. Thisis due to the ability of receptor B subunits to
directly bind the BIl isoform of PKC and RACK-1 (Bran-
don et a., 1999, 2002b). In contrast to PKC, PP2B could not
be detected binding to GABA 5 receptor subunits. This ob-
servation may suggest that GABA, receptor B subunits
bind to the same site as PP2B on AKAP150. Interestingly
this may be similar to the targeting of AKAP150 to gluta-
mate receptors viaMAGUK proteinswhich a so exclude the
interaction of PP2B to AKAP150 (Colledge et a., 2000).
Moreover these results also suggests that PP2B may not
play a prominent role in mediating dephosphorylation of
GABA , receptors. In agreement with this we have identi-
fied a prominent role for PP2A in dephosphorylation of
$408/9 in the receptor 33 subunit (Jovanovic et al., unpub-
lished observation).

Using detergent-solubilized neuronal extracts we were
able to demonstrate that AKAP150 co-immunoprecipiated
with GABA , receptors containing the 81 or 83 but not with
those containing B2 subunits. Significant co-localization of
GABA 4 receptors and AKAP150 staining was also evident
in cultured hippocampal neurons. Therefore our biochemi-
ca and immunohistochemical approaches suggest that
AKAP150 selectively binds to GABA, receptor subtypes
containing the B1 and B3 subunits.

To anayze the role that AKAP79/150 plays in control-
ling GABA, receptor phosphorylation expression of
GABA , receptors with wild-type and mutated AKAP79

constructs was utilized. Using a mutant AKAP79-PKA con-
struct which is unable to bind PKA (Gao et al., 1997,
Colledge et al., 2000) revealed that AKAP79/150 plays a
critical role in mediating PKA-dependent phosphorylation
of the GABA, receptor B3 subunit on $408/9, the only
PKA phosphorylation sites in this protein (McDonald et al.,
1998; Jovanovic et a., 2000). Previous studies have iden-
tified S408/9 in the B3 subunit and S409 in the B1 subunit
ascritical residues for the functional modulation of GABA 5
receptors by PKA activity. Therefore, these results strongly
suggest that AKAP79/150 plays acritical rolein facilitating
PKA-dependent phosphorylation and functional regulation
of GABA , receptors containing either the 81 or 83 subunits
by specifically targeting this kinase to these receptor com-
plexes at inhibitory synapses. The anatomical distribution of
AKAPI150 and 79 has been analyzed in rats and humans,
respectively, using both in situ hybridization and immuno-
histochemistry (Glantz et a., 1992). In some brain regions,
most notably the olfactory bulb and the forebrain, there is
abundant expression of AKAP150 coincident with GABA 5
receptor isoforms that contain the 81 or B3 subunits (Glantz
et a., 1992; Sik et al., 2000; Pirker et al., 2000). Interest-
ingly, GABA , receptor function in these structures is mod-
ulated by PKA activity (Brandon et al., 2002a). In other
brain regions such as the thalamus and hindbrain there are
lower levels of AKAP150 expression (Glantz et al., 1992;
Sik et a., 2002). Given that AKAP150 is member of a gene
superfamily it is possible that another AKAP is responsible
for targeting PKA to GABA, receptors in these brain re-
gions. Another interesting issue is that Sik et a. (2000)
reported that AKAP150 is present in only asymmetric ex-
citatory synapses. Whether the co-localization between
GABA, receptors containing the 82 or B3 subunits and
AKAP150 seen in our study is at synaptic sites remains to
be established. Together, tentatively, these results may sug-
gest that only extrasynaptic GABA, receptors are being
regulated by PKA activity, or aternatively another as yet
unidentified AKAP is responsible for controlling PKA-me-
diated phosphorylation of GABA, receptors at synaptic
sites.

It is evident from our studies that AKAP79/150 can
selectively interact with GABA , receptor 8 subunits and
plays a key role in facilitating the modulation of GABA »
receptor subtypes containing the 1 or 83 subunits by
PKA activity. This differential association of receptor
subunits with this key signaling scaffold molecule is
therefore likely to underlie the variable effects of PKA
activity on the function of GABA 4 receptors in neurons.
Finally, the differential association of GABA , receptors
dependent upon B subunit identity with AKAP79/150
may allow neurons to selectively regulate GABA , recep-
tor function by PKA-dependent signaling pathways,
which may have profound local effects of the efficacy of
synaptic inhibition.
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Experimental methods
Antibodies

A monoclonal antibody against the GABA, receptor
B2/3 subunits (Bd17) was obtained from Chemicon Ltd.
(Harrow, UK). A phosphospecific antiserum that recognizes
only diphospho $408/409 within the murine GABA 4 recep-
tor B3 subunit (anti-pB3) and anti-B3 antiserarasied against
the intracellular domain of this subunit have been described
previously (Tretter et a., 1997; Brandon et a., 1999; Jo-
vanovic et a., 2000; Brandon et al., 2002b), as have antisera
specific for the receptor 82, 81, and B1/3 subunits (Benke et
al., 1994; McDonald et al., 1998). Antisera against PKC «
isoform, catalytic subunit of PKA, cacineurin (PP2B),
AKAP150, and AKAP79 have al been detailed previously
(Brandon et a., 1999; Colledge et a., 2000; Bedford et al.,
2001). Anti-pB3 specifically recognizes only S408/409 in
the B3 subunit when both residues are phosphorylated (Jo-
vanovic et al., 2000; Brandon et a., 2002b). Mouse mono-
clonal anti-GFP antibody was obtained from Chemicon Ltd.

DNA expression constructs and fusion protein production

GST-fusion protein congtructs encoding the intracellular
domains of the GABA , receptor «1-3, B1-3, y2 and & sub-
unitsin addition to the GABA . receptor p1 and glycine recep-
tor B subunits have been previoudy described (Hanley et d.,
1999; Bedford et al., 2001). Fusion protein expression in Esch-
erichia coli BL21 and subsequent purification was performed
as described by Smith and Johnson (1988) and Bedford et al.
(2001). Expression constructs in PGW1 encoding the murine
GABA,, receptor a1 and 33 subunits cDNAS have been de-
scribed previoudly. In this vector subunit expression is under
the control of the cytomegalovirus promotor (Bedford et 4.,
2001). The AKAP79 and AKAP79-PKA expression con-
structs modified with green fluorescent protein (GFP) in
pPCDNA3 have also been described in previous publications
(Gao et d., 1997; DelAcqua et a., 1998; McDonad et a.,
1998; Colledge et d., 2000). AKAP-PKA isunableto bind the
RI1 subunit of PKA dueto the specific deletion of thisprotein’s
binding site between residues 388 and 409 (Carr et al., 1992;
DellAcqua et d., 1998).

GST protein affinity purification “ pull-down” assays and
immunopr ecipitation

Brains from adult Sprague-Dawley rats were homog-
inized in lysis buffer containing 10 mM triethanolamine, pH
7.6, 1% Nonidet P-40, 0.5% deoxycholate, 150 mM NaCl,
5 mM EGTA, 5 mM EDTA, 50 mM NaF, 1 mM Na
orthovanadate, 100 mM PMSF, 10 wg/ml leupeptin, pep-
statin, antipain, and aprotinin (Brandon et al., 1999). Insol-
uble material was removed by centrifugation (1 h,
100,0009). Lysates were exposed to GST fusion proteins on
glutathione—agarose beads at 4°C for 2 h. Beads were then

washed twice in 0.4% NP-40, 500 mM NaCl, 10 mM
triethanolamine, pH 7.6, 5mM EGTA, 5 mM EDTA, 1 mM
Na orthovanadate, 1 mM PMSF and then twice in the same
buffer supplemented with 150 mM NaCl. Proteins bound to
the beads were then separated by SDS-PAGE and analyzed
by Western blotting using the appropriate antibodies and
followed by detection via enhanced chemiluminescence
(ECL Amersham, UK; Brandon et al., 1999).

For immunoprecipitation assays, solubilzed brain lysates
in 10 mM triethanolamine, pH 7.6, 1% Nonidet P-40, 0.5%
deoxycholate, 150 mM NaCl, 5 mM EGTA, 5 mM EDTA,
50 mM NaF, 1 mM Na orthovanadate, 100 mM PMSF, 10
pg/ml leupeptin, pepstatin, antipain, and aprotinin (5 ug
total protein) were exposed to anti-B3, anti-B1, anti-BL/3,
anti-B2 antibodies or control 1gG (5 wg) coupled to Protein
A Sepharose (Brandon et al., 1999). After 18 hincubation at
4°C, bound material was extensively washed in lysis buffer
supplemented with 150 NaCl, separated by SDS-PAGE,
and probed with anti-AKAP150 antisera via Western blot-
ting followed by visualization with ECL.

In vitro transcription/translation

AKAP79 in pcDNA was translated in vitro using *°S-
methionine (1000 Ci/mmol; Amersham) using the TNT-
coupled trandation system (Promega Ltd., Southhampton,
UK.) For pull-down assays, 10% of a single 50-ul tranda
tion assay was mixed with 10 ug of the respective fusion
protein immobilized on GST and incubated for 6 h in a
buffer containing 10 mM triethanolamine, pH 7.6, 150 mM
NaCl, 5 mM EGTA, 5 mM EDTA, 50 mM NaF, 1 mM Na
orthovanadate, 100 mM PMSF, 10 wg/ml leupeptin, pep-
statin, antipain, and aprotinin. After extensive washing in
the same buffer supplemented with 500 mM NaCl, bound
material was separated by SDS-PAGE and visualized by
autoradiography.

In vitro kinase assays

To anayze the phosphorylaion of GABA 4 receptor sub-
unit intracel lular domains by associating protein kinases, beads
from pull-down assays were washed twice in kinase buffer (20
mM Tris, pH 7.4, 20 mM MgCl,, 1mM EDTA, 1 mM EGTA,
1 mM ouabain, 1 mM Naorthovanadate, 0.1 mM DTT, 2 mM
MnCl,) and resuspended findly in 50 wl kinase buffer, con-
taining 3-30 wCi[**yP]ATP (3000 mCi/mMol; Amersham).
This buffer was supplemented with 100 nM PKC inhibitor
peptide (PKC,g_s6), 50 MM cAMP, and/or 50 nM PK1 peptide
(a specific PKA inhibitor) The reactions were incubated at
30°C for 15 min. Beads were pelleted and bound materia was
separated by SDS-PAGE. In some experiments phosphoryla
tion of the intracellular domain of the 83 subunit was quanti-
fied using a Bio-Rad phosphoimager. Levels of phosphoryla
tion for PKA stimulation were compared to control seen in the
presence of PKC,5_s5 aone and significance was determined
using Student’s t-test.
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RII overlay assay

Material binding to GST-B3 or GST from solubilized
brain lysates (see section detailing GST affinity purification)
was separated by SDS-PAGE (4-15% gradient gels) and
transferred to a nitrocellulose membrane. PKA binding pro-
teins were detected by overnight exposure to 5 ug of 32P-
labeled RII subunit (220,000 cpm/ug) in 5 ml 0.1% Blotto
(TBST, 5% milk, and 0.1% BSA). The membrane was
washed extensively with TBST and RIl binding proteins
were visuaized by autoradiography. In some experiments
Ht 31 peptide or a scrambled control (Carr et a., 1992; Gao
et al., 1997) was also included at final concentrations of 100
uM, respectively.

For the catalytic subunit overlays, purified PKA catalytic
subunit (Promega) kinase was biotinylated using a kit from
Boehringer (Germany) which adds an average of one biotin
molecule per target protein; 1 ug of this protein was incu-
bated overnight with the appropriate membrane in Blotto in
which the milk has been replaced by BSA. The membrane
was then probed with HRP streptavidin and visualized using
ECL. As a positive control 10 ng of purified PKA RII
subunit was included in the overlay assays.

CAMP agarose purification

Solubilized rat brain extracts (see section detailing GST
affinity purification) in 10 mM triethanolamine, pH 7.6, 100
mM NaCl, , 1% Nonidet P-40, 0.5% deoxycholate, 150 mM
NaCl, 5 mM EGTA, 5 mM EDTA, 50 mM NaF, 1 mM Na
orthovanadate, 100 mM PMSF, 10 pg/ml leupeptin, pepstatin,
antipain, and aprotinin were incubated with CAMP agarose for
18 h at 4°C in the presence or absence of 5 MM cAMP. The
resin was washed twice in the above buffer supplemented with
500 mM NaCl and twicein buffer without NaCl. Proteinswere
eluted from the resin by incubation with 75 mM cAMPfor 1 h
at room temperature. Eluted proteins were precipitated with
TCA, resuspended in SDS sample buffer, and analyzed by
immunoblotting with anti-B3 antisera.

Cell culture experiments

Cos 7 cells were transfected with the appropriate expres-
sion constructsin equimolar ratios via el ectroporation (Con-
nolly et al., 1996; Bedford et al., 2001); 24—48 h after
transfection expressing cells were exposed to 20 uM fors-
kolin, 100 nM phorbol dibutyrate (PDBuU) or vehicle alone
for 10 min prior to lysis in 2% SDS. Five hundred micro-
grams of protein from each lysate was then resolved by
SDS-PAGE, transferred to nitrocellulose membranes, and
probed with either anti-pB3 or anti-B3 followed by *I-
Protein A. Phosphorylation of the 83 subunit on S408/9 was
then quantified using a Bio-Rad phosphoimager and cor-
rected for total B3 subunit levels. Cultured striatal neurons
were prepared from E17 rat embryos as described by Ven-
timiglia and Lindsay (1998) and maintained in culture for 7

days prior to treatment with kinase activators. Neurons were
then lysed in SDS sample buffer and 83 subunit phosphor-
ylation was assessed using anti-pB3 as described above.

Neuronal cultures and immunofluorescence

Cultures of hippocampal neurons from E18 rats were
prepared essentially as described by Kittler et a. (2000).
After 14-21 days in culture, the neurons were fixed in 4%
paraformaldehyde and then blocked in phosphate-buffered
saline (PBS) containing 10% fetal bovine serum, 0.5% bo-
vine serum albumin, and 0.2% Triton X-100 for 10 min.
Striatal neurons were aso prepared from E18 rats as de-
scribed by Yan and Surmeier (1997). Subsequent antibody
dilutions were performed in blocking solution and washes
were in PBS. Antibodies were used at the following con-
centrations; anti-GABA , receptor 82/83, 10 ug/ml (Bd17),
and anti-AKAP150, 2 ug/ml. Texas red- and FITC-conju-
gated anti-mouse and anti-rabbit secondary antibodies were
from Molecular Probes and Jackson and used at 1:400.
Coverdlips were examined using a confocal microscope
(MRC1000, Bio-Rad). To examine the co-localization of
AKAP150 with GABA , receptors, red puncta representing
GABA , receptor 82/3 subunits were counted and the per-
centage of these structures that contained green AKAP/79/
150 immunofluorescence was calculated. This was then
expressed as a percentage of the total red puncta counted.
We examined 400 GABA ,, receptor puncta on the dendrites
of eight differing neurons with pyramidal morphology.
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