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Abstract

M-type (KCNQ2/3) potassium channels are suppressed by activation of G/11-coupled receptors,
thereby increasing neuronal excitability. We show here that rat KCNQ?2 can bind directly to the
multivalent A-kinase-anchoring protein AKAP150. Peptides that block AKAP150 binding to the
KCNQ2 channel complex antagonize the muscarinic inhibition of the currents. A mutant form of
AKAP150, AKAP(AA), which is unable to bind protein kinase C (PKC), also attenuates the
agonist-induced current suppression. Analysis of recombinant KCNQ2 channels suggests that
targeting of PKC through association with AKAP150 is important for the inhibition.
Phosphorylation of KCNQ2 channels was increased by muscarinic stimulation; this was prevented
either by coexpression with AKAP(AA) or pretreatment with PKC inhibitors that compete with
diacylglycerol. These inhibitors also reduced muscarinic inhibition of M-current. Our data indicate
that AKAP150-bound PKC participates in receptor-induced inhibition of the M-current.

The M-current is a low-threshold, slowly activating potassium current that exerts negative
control over neuronal excitability. Activation of Gg11-coupled receptors suppresses the M-
current, creating a slow excitatory postsynaptic potential, enhancing excitability and
reducing spike-frequency adaptation:2. The M-type K* channel is a promising therapeutic
target, as the channel blocker linopirdine acts as a cognition enhancer3#4, and the channel
activator retigabine functions as an anticonvulsant>®. M-type channels are heteromeric
complexes of certain KCNQ-family potassium channel subunits (KCNQ2-5)7-10, KCNQ2
and KCNQ3 were the first members of this family identified as M-channel forming
subunits’. The KCNQ3 subunit is a core component that co-assembles with KCNQ2,
KCNQ4 and KCNQS5 to form functional M-type channels1f,
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Although the subunits that form M-type K* channels have been identified, the molecular
details of the signaling pathways that lead to suppression of the M-currents upon receptor
stimulation have not yet been fully defined?1, We know that inhibition results from
activation of G proteins of the Gg;11 family, with the a-subunit as the active moiety?13, and
that a ‘diffusible’ messenger is involved. That is, the receptor/G protein complex can be
physically remote from the channel415, Thus, closure most likely results from some
product of phospholipase C activity. M-type channels can be closed by raising intracellular
calcium?8, and there is evidence that this might be a ‘second messenger’ for bradykininl’
and nucleotides!®, but not for acetylcholinel’=20, Like many other ion channels, the activity
of KCNQ/M channels is regulated by membrane phosphatidylinositol-4,5-bisphosphate
(PIP,)21, such that recovery from muscarinic receptor—mediated inhibition requires
resynthesis of PIP,, but whether the process of inhibition itself results directly from PIP,
breakdown is unclear.

It is also apparent that phosphorylation processes are involved in the tonic regulation of
basal M-currents in neurons?, although the identity of the kinases and phosphatases that
mediate this process are not entirely clear. Two candidate enzymes are PKC and calcineurin
(a calcium/calmodulin-dependent protein phosphatase), as pharmacological stimulation of
either enzyme can inhibit the M-current?223, However, inhibitors of PKC (staurosporine,
H-7 and pseudosubstrate) or intracellular perfusion of the auto-inhibitory peptide of
calcineurin did not prevent transmitter-induced current inhibition®11.19.22

The types of channel regulation described above may involve macro-molecular signaling
complexes that precisely control the phosphorylation status of the M-current?4:25, Typical
examples are the A-kinase anchoring proteins (AKAPs), a functionally defined group of
proteins that bind to protein kinase A (PKA) and other second messenger regulated
enzymes; several AKAPs are known to target these enzymes to sub-membrane sites close to
channels26:27, For example, the protein yotiao associates with protein phosphatase-1, PKA
and the NR1A subunit of NMDA receptors to modulate receptor activity?8. Another
example is AKAP150, a rodent ortholog of human AKAP79. This protein is a scaffold
protein for PKA, calmodulin, PKC and calcineurin, and coordinates these enzymes at
postsynaptic sites in neurons29-31,

In the present study, we show that AKAP150 and its anchored pool of PKC have an
essential facilitatory role in the receptor-induced suppression of M-currents from rat superior
cervical ganglion (SCG) neurons. Biochemical evidence and mapping studies showed that
AKAP150 binds directly to an intracellular region of the KCNQ2 channel. We used whole-
cell current recording techniques to show that the interaction between KCNQ2 and
AKAP150 is important for signal transduction in Chinese hamster ovary (CHO) cells. We
also report that a dominant-interfering AKAP150 form, which lacks PKC binding sites,
reduced receptor-induced M-current suppression in neurons. Certain aspects of this effect
could be replicated by the application of certain PKC inhibitors. Phosphorylation of KCNQ2
channels expressed in CHO cells was increased by muscarinic stimulation and attenuated by
either coexpression of the mutant AKAP or by treatment with certain PKC inhibitors. Thus,
we propose that an anchored pool of PKC functions as a signaling component for M-current
regulation.

Interaction between KCNQ2 and AKAP150

The neuronal anchoring protein AKAP150 organizes the subcellular location of candidate
molecules proposed to modulate M-currents, including PKC, calcineurin, PIP, and
calmodulin?1-23.31.32 Therefore, we tested whether AKAP150 interacts with KCNQ2

Nat Neurosci. Author manuscript; available in PMC 2014 March 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hoshi et al.

Page 3

channels. FLAG-tagged KCNQ2 subunits were coexpressed with AKAP150 in HEK293
cells. The channel complex was immunoprecipitated with the FLAG antibody and co-
purification of AKAP150 was assessed by western blot (Fig. 1a). AKAP150 was detected in
the KCNQ2 precipitates but not in control conditions (Fig. 1a). Additional control
experiments showed that gravin, another multivalent AKAP, did not copurify with KCNQ2
channels by immunoprecipitation (Fig. 1b). To further define the specificity of this
interaction, we used a glutathione-S-transferase (GST) fusion protein containing the C-
terminal tail of the KCNQ?2 subunit to screen rat brain extracts for AKAP interaction.
Although there were several AKAPs in the starting material, only AKAP150 interacted with
the KCNQ channel fragment as assessed by the PKA type 1l regulatory subunit (RIIl) overlay
procedure?® (Fig. 1c).

Binding regions within KCNQ2 and AKAP150

In vitro mapping experiments were performed to define the interacting surfaces on the
KCNQ2 subunit and AKAP150 (Fig. 2). A GST-AKAP150 fusion protein was used as a
probe to screen a family of C-terminal fragments of the KCNQ?2 subunit that were fused to
the maltose binding protein (MBP) (Fig. 2a—c). AKAP binding was detected with a
polyclonal antibody against the anchoring protein (Fig. 2b). Fusion proteins containing
residues 321-499 of the KCNQ?2 channel bound to AKAP150, with the most intensive
signal from the Q2(321-499) fragment (Fig. 2b,c). A GST fusion construct encompassing
this fragment of the KCNQ2 subunit could also pull down AKAP150 from rat brain extract
(data not shown). These data indicate that a region of about 200 amino acids, which is
adjacent to the S6 transmembrane domain of KCNQ?2, interacts with AKAP150.

In reciprocal experiments, we mapped the site on AKAP150 that binds to the channel. A
family of recombinant GST-AKAP150 fragments were assayed for solid-phase binding to
the minimal interacting region of the KCNQ?2 channel (residues 321-499). Binding was
assessed by immunoblot using an antibody against the maltose-binding protein (MBP)
moiety (Fig. 2d-f). The channel binding site was mapped to the N-terminal region between
residues 1 and 143 of AKAP150. Attempts to narrow down the binding sites resulted in the
detection of multiple binding sites scattered in this region, mapping to the regions between
residues 31-110 and 113-143 (Supplementary Fig. 1 online).

Regulation of the KCNQ2 channel by AKAP150

To test the involvement of the AKAP150 signaling complex on agonist-dependent channel
inhibition, we attempted to displace AKAP150 from the KCNQ2 channel complex. To this
end, we used the minimal binding region of KCNQ2, Q2(321-499), as a soluble antagonist
of the AKAP150—channel interaction. Control experiments confirmed that expression of
green fluorescent protein (GFP)-tagged Q2(321-499) could displace AKAP150 from
KCNQ?2 in cells (Fig. 3a). Next, we used CHO hm1 cells, which stably express the human
M1 muscarinic acetylcholine receptor (mMAChR), as a model system to study muscarinic
regulation of KCNQ channels®33. We found that this cell line expresses an endogenous
Chinese hamster ortholog of AKAP150 (Fig. 3b). Therefore, we measured changes in the
KCNQ currents by whole-cell patch clamp recording techniques upon manipulation of
AKAP150 association. We applied 10 pM acetylcholine to cells coexpressing KCNQ2 and
GFP-Q2(321-499). Expression of GFP-Q2(321-499) reduced the channel inhibition by
acetylcholine, and this effect was partially reversed by expressing exogenous AKAP150
(Fig. 3c,d). These results suggest that AKAP150 and the associated signaling components
are involved in KCNQ2 current inhibition.
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Region A of AKAP150 required for inhibition

To examine the role of AKAP150 in mediating the inhibition of the M-current in rat SCG
neurons, we identified relevant domains within AKAP150. First, we established the
presence of AKAP150 in these neurons by immunoblotting (data not shown).
Electrophysiological techniques were used to measure the effect of overexpressing wild-type
AKAP150 or various deletion mutants on M-current inhibition by the mAChR agonist
oxotremorine-M (Oxo-M; Fig. 4a—c). Oxo-M inhibited the M-currents in both control SCG
neurons and in wild-type AKAP150-expressing cells, but this inhibition was strongly
reduced in cells expressing a mutant AKAP150 lacking residues 31-51, called the A-site
and designated AKAP(AA) (Fig. 4b—d). In contrast, the amount of M-current blocked by
linopirdine, a KCNQ channel inhibitor34, was unchanged (Fig. 4a,b). A similar inhibitory
effect was shown by the shortest truncation, AKAP(AA) (1-143) (Fig. 4c). In contrast, the
dominant-negative effect on mAChR-induced blockade was not seen in cells expressing
other deletion mutants of AKAP150, such as those lacking conserved basic regions B and
C34 (Fig. 4c).

The A site of AKAP150 has been previously identified as the PKC binding site3°. Therefore,
we examined whether KCNQ2 channels form a trimeric complex including AKAP150 and
PKC. We performed immunoprecipitation using anti-FLAG antibody from HEK293 cell
extract expressing KCNQ2-FLAG, AKAP150 and PKCpII. As expected, PKCBII
precipitated with KCNQ?2. Precipitation of PKCpII could be detected only in the presence of
AKAP150, suggesting that association of the kinase with the channel was through their
mutual interaction with the anchoring protein. Pulldown experiments confirmed that GST-
AKAP150, but not GST-AKAP(AA) resin, is associated with PKC from rat brain extract
(data not shown). The dominant-negative phenotype of AKAP(AA) suggests that this mutant
forms an M-channel complex that is deficient in PKC binding. To test this idea, GST-
Q2(321-499) beads were incubated with brain lysate in the presence of increasing
concentrations of purified AKAP(AA) (1-247), which lacks the epitope for the antibody
used in this assay. After extensive washing, the level of AKAP150 and PKC associated with
the GST-Q2(321-499) was assessed by immunoblot (Fig. 4e). As the concentration of
AKAP(AA) increased, retention of both AKAP150 and PKC decreased (Fig. 4e). This
competition assay also provided a rough estimate for the dissociation constant (Kq) value for
AKAP150 and GST-Q2(321-499): 14.1 £ 5.7 nM (n = 3). Together, our data suggest that
expression of AKAP(AA) exerts a dominant-negative effect through the reduction of PKC in
the M-channel complexes.

PKC involved in inhibition at low dose of Oxo-M

The data above suggested that PKC might be involved in mAChR-induced M-current
inhibition. According to previous reports, however, some PKC inhibitors such as
staurosporine have no effect on M-current suppression after agonist stimulation®11.19, We
suspect that the reason for the insensitivity of M-current suppression to such inhibitors is
that PKC is associated with AKAP150 at its catalytic core3°; accessibility of the catalytic
site to such agents would then be restricted. To test this hypothesis, we pretreated SCG
neurons with several inhibitors that act on different regions of the PKC enzyme and assessed
M-current inhibition. Bisindolylmaleimide I (structurally similar to staurosporine) and
chelerythrine act on the catalytic domain of PKC36:37 and we found that they had no effect
on current suppression (Fig. 5a,c). In contrast, calphostin C and safingol, which act on the
diacylglycerol binding site38:39, reduced the sensitivity to Oxo-M (Fig. 5a,b). This effect is
observed as a shift in the dose—response curve to the right (Fig. 5¢). Interestingly, the dose—
response curves from calphostin-C-treated cells and AKAP(AA) (1-143)-overexpressing
cells are almost identical (Fig. 5¢). Moreover, addition of calphostin C to AKAP(AA)-
expressing cells did not show a further shift (data not shown). These data strongly support
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the idea that an anchored pool of PKC is involved in M-current inhibition, especially at low
doses of agonists.

KCNQZ2 phosphorylation correlates with the inhibition

So far, our data indicate that AKAP150 anchoring of PKC promotes M-current inhibition.
To test whether phosphorylation of the KCNQ channel correlates with the mAChR-induced
inhibition, we metabolically labeled CHO hm1 cells with 32P-orthophosphate followed by
Ox0-M stimulation. Incorporation of 32P-phosphate into the KCNQ2 channel was
significantly potentiated upon stimulation (Fig. 6a,c). Channel phosphorylation is blocked
by addition of an mAChR inhibitor, pirenzepine, confirming that this phosphorylation is
induced by receptor activation (Fig. 6¢, lower panel). Notably, KCNQ2 phosphorylation
occurred predominantly on serine residues (Fig. 6b), which suggests the involvement of a
serine/threonine kinase in this process. To determine whether anchored PKC is necessary for
phosphorylation of the channel, CHO hm1 cells were co-transfected with either wild-type
AKAP150 or mutant AKAP(AA), along with KCNQZ2. There was no potentiation of
MAChR-induced KCNQ?2 phosphorylation in cells expressing AKAP(AA), whereas cells
expressing wild-type AKAP150 behaved in a similar manner as control cells (Fig. 6¢). This
is further supported by our pharmacological experiments in which pre-treatment with the
PKC inhibitors calphostin C and safingol abolished the Oxo-M-induced phosphorylation of
KCNQ?2 (Fig. 6d). In contrast, but in agreement with our current recordings (Fig. 5c),
pretreatment with bisindolylmaleimide and chelerythrine had no effect (Fig. 6d). Together,
these data suggest that PKC-dependent phosphorylation of KCNQ?2 is associated with
receptor-induced inhibition.

Finally, we searched KCNQ subfamily sequences for important residues that may be
required for receptor-induced inhibition of channel activity. We found several PKC
phosphorylation sites corresponding to the consensus sequence (S/T-X-R/K) throughout the
KCNQ channel subfamily. For example, Ser217, located in the cytosolic loop between the
S4 and S5 segments and Ser541, in the C-terminal tail of KCNQ2 protein, are conserved in
most of the family members (Fig. 7a). To test whether these residues regulate the KCNQ2
current, we expressed wild-type or the alanine-substituted mutants in CHO hm1 cells. The
S217A mutant gave a reduced current expression (43 + 5% of wild-type current; n = 6),
suggesting that the mutation disturbed the normal structure of the channel; we did not
analyze this mutant further. Expression of the S541A mutant resulted in similar current
density (74.3 = 6 pA/pF; n = 15) to that of the wild-type channel (72.1 £ 8.4 pA/pF; n = 10).
In contrast, cells expressing KCNQ?2 (S541A) channels showed only small current inhibition
by acetylcholine (Fig. 7b). Disruption of the PKC consensus sequence for Ser541 by
changing the Arg543 residue to alanine also resulted in less agonist-induced current
inhibition (Fig. 7c). Ser541 is located within the highly conserved region in the C-terminal
tail of KCNQ family members (Fig. 7a). To clarify the role of this domain, we made alanine
substitutions of potential PKC phosphorylation sites throughout this region. We identified a
second, non-conserved PKC site, Ser534, which reduced agonist-induced current inhibition
(Fig. 7a). We attempted to examine a Ser534/Ser541 double alanine substituted mutant;
however, this mutant did not express as expected and was not further analyzed. These results
suggest that Ser534 and 541 are key sites for PKC phosphorylation, although we have not
ruled out the possibility that other PKC sites are involved in this process.

DISCUSSION

Our main finding is that association with AKAP150 promotes the PKC-induced serine
phosphorylation of KCNQ2, which in turn facilitates the inhibition of M-type K* channels
induced by M1 mAChR stimulation. Presumably, the anchoring protein serves as an adapter
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that brings kinase and substrate together to permit the rapid and preferential phosphorylation
of the KCNQ2 channel. This is supported by our biochemical evidence that AKAP150 can
interact simultaneously with both KCNQ2 and PKC. Similar roles have been proposed for
PKA anchoring to glutamate receptors and calcium channels via AKAPs27:40-43 byt this is
the first demonstration of anchoring-dependent PKC modulation of an ion channel.

The interference with agonist-induced suppression was accomplished either by disrupting
the signaling complex with GFP-Q2(321-499) or by forming a PKC-deficient complex
using AKAP(AA). These observations support the idea that the KCNQ2-AKAP150 complex
is required for normal KCNQ channel regulation by muscarinic receptor stimulation, and
that anchored PKC is involved in this process. This is further supported by the effects of
PKC inhibitors that act at the diacylglycerol binding site. Results from experiments
involving KCNQ channels with mutations in potential PKC-dependent phosphorylation sites
support the theory that this phosphorylation facilitates inhibition of channel activity. While
we have used SCG neurons and the heterologous expression system for our experiments, the
KCNQ2 and KCNQ3 channels have been reported to form a signaling complex with
AKAP79 in the human brain®4. We speculate that M-current inhibition in the central
nervous system may also be governed by a similar mechanism. AKAP79 and KCNQ2 seem
to be expressed in overlapping but distinct patterns in certain brain areas**4°. Hence, the
involvement of AKAP79 may vary in different parts of the brain. It is important to note that
the effect of AKAP-facilitated, PKC-mediated KCNQ phosphorylation is to sensitize M-
type channels to mAChR-induced inhibition, so variable association with AKAP79 might
result in variable channel sensitivity to inhibition.

Previous experiments have been inconclusive with regard to the role of PKC activation in
receptor-mediated M-current inhibition21, In particular, inhibitors directed at the PKC
catalytic site are ineffective in preventing mAChR-mediated inhibition®1519, Our results
suggest that insensitivity to such blockers results from limited accessibility of the catalytic
domain to such agents due to the PKC-AKAP150 interaction. In addition, it has been
reported that AKAP79 inhibits PKC even in the presence of diacylglycerol3°. We speculate
that the interaction between these proteins modifies drug sensitivities and enzyme activity,
which leads to different interpretations of pharmacological experiments. It has also been
reported that the partial suppression of the M-current by low concentrations of muscarine
antagonizes the response to phorbol esters'®. Our hypothesis explains this observation, in
that receptor-activated PKC phosphorylates M-type channels at the same site, thereby
reducing the sensitivity to phorbol esters.

In essence, our results suggest that the role of AKAP-bound PKC is to prime M-type
channels for inhibition by increasing the sensitivity to mAChR stimulation about threefold.
Thus, responses to low concentrations of agonist are strongly inhibited both by
overexpressing mutant AKAP lacking the PKC binding site or by inhibiting the DAG site on
PKC. On the other hand, sufficiently high concentrations of agonist are still capable of
producing profound inhibition, implying that an additional pathway is capable of mediating
the inhibition of unprimed channels after strong receptor stimulation. The availability of an
alternative pathway is supported by the fact that the KCNQZ1 channel is also inhibited by
mAChHR stimulation® but does not possess the critical PKC phosphorylation site
corresponding to S541 in KCNQ2, which is conserved in the neural members of the KCNQ
family, KCNQ2-5. Furthermore, KCNQ1 does not form a macromolecular complex with
AKAP79, but instead forms yotiao-containing complexes*6. Thus, it is likely that the
KCNQ1 channel uses an alternative pathway for agonist-induced inhibition, and that this is
also available to other members of this family following strong receptor stimulation.
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One alternative pathway that has been suggested to mediate M-channel inhibition following
activation of bradykinin B, or nucleotide P,y receptors involves the IPs-induced release of
Ca?* upon phospholipase C activationl”18, Ca2* reportedly closes M-type K* channels
when applied directly through inside-out membrane patches, either by activating calcineurin
or by some other mechanism6:22, Ca2*-activated molecules such as calcineurin and
calmodulin would likely be contained in AKAP150 complexes, yet available evidence
indicates that mMAChRs do not use the 1P3/Ca2* path for M-current suppression®17-20, This
difference between mAChR and BK5 receptors appears to derive from the fact that BK,
receptors form a spatially restricted complex with the IP3 receptor, thus amplifying the Ca2*
signal, whereas mAChRs do not#’. Another, rather ubiquitous regulator of these channels is
the membrane phospholipid PIP,. Re-synthesis of PIP, is required for recovery from
muscarinic suppression of M-current?L. Interestingly, AKAP150 associates with PIP;
through its conserved basic regions, A, B and C, and this interaction is responsible for the
membrane localization of AKAP15034. In this context, it would clearly be useful to know
whether the regulation of KCNQ channels by PIP; is affected by AKAP150 and anchored
PKC-mediated phosphorylation. Finally, our present results emphasize the significance of
signaling complexes in the regulation of signal transduction from G-protein coupled
receptors to downstream ion channels.

The following primary antibodies were used for immunoblotting and immunoprecipitation:
goat polyclonal antibody to AKAP150 (C-20 from Santa Cruz Biotechnology), rabbit
polyclonal antibody to AKAP150 (V088), mouse monoclonal PKCa/p (BD Transduction
Laboratories), mouse monoclonal MBP Ab-2 (clone R29 from NeoMarkers) mouse
monoclonal GST (Upstate Biotechnology) and mouse monoclonal FLAG M2 (Sigma).

Expression constructs

cDNAs for KCNQ2, KCNQ3 and AKAP150 were obtained, using RT-PCR, with LA-Taq
DNA polymerase (Takara Shuzo) or Platinum Pfx DNA polymerase (Invitrogen), from rat
brain RNA according to the sequences in GenBank (accession numbers AF087453,
AF087454 and U67136, respectively). Mutagenesis was conducted using recombinant PCR.
cDNA of KCNQ clones was inserted into pZeoSV (Invitrogen). cDNA of AKAP clones was
inserted into pTracer-SV40 (Invitrogen). For construction of GST fusion proteins of
AKAP150, the deletions were PCR-amplified and sub-cloned into pGEX vectors. For MBP
fusion proteins of KCNQ2, C-terminal tails of KCNQ2 were PCR-amplified and subcloned
into pMAL-c. For GFP-Q2(321-499), the corresponding KCNQ2 fragment was subcloned
into pPEGFP-C2. All PCR-derived constructs were verified by sequencing.

Cell cultures and cDNA delivery

Sympathetic neurons were isolated from 2—-3 week-old rats and cultured as described
previously*. All experiments were approved by the institutional committee at Kanazawa
University. DNA plasmids were pressure-injected into the nucleus of SCG neurons as
described*8. HEK293 cells were grown in Dulbecco’s modified Eagle medium (DMEM)
with 10% fetal calf serum. CHO hm1 cells were grown in alpha-modified Eagle’s medium
(a-MEM) supplemented with 10% fetal calf serum. Cells were transfected one day after
plating using LipofectAmine Plus (Invitrogen) or Fugene 6 (Roche Molecular
Biochemicals). Cells were replated at low density on 35-mm culture dishes 24 h after
transfection. Two days after transfection, co-transfected cells were visually selected by
fluorescence of GFP. To evaluate the effect of PKC inhibitors, cells were incubated
overnight with enzyme inhibitors in the following concentrations: 100 nM
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bisindolylmaleimide I, 100 nM calphostin C and 1.2 pM chelerythrine chloride (all from
Calbiochem). Pretreatment with calphostin C was carried out under dim light in the
incubator. For treatment with L-threo-dihydrosphingosine (safingol), ethanol stock solution
of safingol (Sigma) was diluted into a-MEM containing 1 mM BSA, sonicated briefly, and
then incubated at room temperature for 1 h to form complexes as described3®. The cells were
then treated with either 10 pM safingol or vehicle for 4-6 h before recording.

Electrophysiological measurements

Whole-cell recordings were performed on isolated cells using an Axopatch 200B patch-
clamp amplifier (Axon Instruments). Signals were sampled at 2 kHz, filtered at 1 kHz, and
acquired using pClamp software (version 7 and 8, Axon Instruments). The perforated patch
method was used to measure macroscopic currents from SCG neurons as described
previouslyl®. Briefly, amphotericin B (0.1-0.2 mg/ml) was dissolved in the intracellular
solution containing 130 mM potassium acetate, 15 mM KCI, 3 mM MgCl,, 6 mM NaCl and
10 mM HEPES (adjusted to pH 7.3 by NaOH). When filled with this internal solution,
pipette resistance was 2-3 MS2. Access resistances after permeabilization ranged from 7-17
MQ. The external solution consisted of 120 mM NaCl, 6 mM KCI, 1.5 mM MgCl,, 2.5 mM
CaCl,, 11 mM glucose and 10 mM HEPES (titrated to pH 7.4 with NaOH). Amplitudes of
the M-currents were measured as deactivating currents during 500-ms test pulses to =50 mV
from a holding potential of —20 mV. For CHO hm1 cells, currents were recorded with the
whole-cell configuration of patch clamp technique as described*?. Patch pipettes with
resistance of 4-8 MQ were filled with solution containing 90 mM potassium citrate, 20 mM
KCI, 3 mM MgCl,, 1 mM CaCly, 3 mM EGTA and 40 mM HEPES (pH 7.4). The external
solution contained 140 mM NaCl, 5 mM KCI, 1 mM CaCl,, 2 mM MgCl, and 10 mM
HEPES (pH 7.4). Series resistance (90-95%) and whole-cell capacitance compensation were
used. Linear leak and capacitance transient in CHO hm1 experiments were subtracted by P/4
protocol from a holding potential of —80 mV. Data are presented as mean * s.e.m.

In vitro binding studies and immunoblotting

For immunoprecipitations of heterologous cells, HEK293 cells were harvested and lysed 48
h after transfection in 500 pl IP buffer containing 150 mM NaCl, 5 mM EDTA, 5 mM
EGTA, 10 mM phosphate (pH 7.4) with 1% Triton X-100 and complete protease inhibitor
cocktail (Roche Molecular Biochemicals). Supernatants were incubated with 20 pg/ml
phosphatidylserine, 4 pg antibody and 20 pl of prewashed protein G—agarose beads. After
overnight incubation at 4 °C, the immunoprecipitates were washed twice with IP buffer,
twice in the same buffer with 650 mM NacCl, and twice in tris-buffered saline containing
0.1% Tween-20 (TTBS). Bound proteins were detected by immunoblotting.

RI1 overlay assays were conducted as described using [32P]-labeled recombinant murine
Rl1a28. Overlay assay for mapping studies was performed as previously described0.
Briefly, purified recombinant fusion protein (1 jug) was separated by SDS-PAGE,
transferred to polyvinylidine difluoride (PVDF) or nitro-cellulose membranes, renatured by
incubating at 37 °C, and incubated 1 h at room temperature with 1 ug of recombinant probes
in TTBS and 5% skim milk. The membrane was washed extensively with TTBS and
subjected to immunoblotting using anti-AKAP150 antibody or anti-MBP antibody. For GST
pulldown experiments, extracts of rat brain were prepared by Dounce homogenization in 5
ml HSE buffer containing 150 mM NaCl, 5 mM EDTA, 20 mM HEPES (pH 7.4) and
complete protease inhibitor cocktail, and then centrifuged at 38,0009 for 30 min. The pellet
was resuspended in 5 ml HSE buffer containing 1% Triton X-100 and centrifuged for an
additional 30 min at 38,000g for 30 min. The supernatants were incubated with gluthathione
sepharose 4B (Amersham Pharmacia Biotech) charged with GST fusions (5 jug) for 18 h at 4
°C. The resin was washed twice with the IP buffer, twice with IP buffer + 650 mM NacCl,
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twice with TTBS and once with TE. Bound proteins were analyzed by immunoblotting. For
competition, beads charged with GST-KCNQ2(321-499) or control GST (1 ng) were
preincubated with increasing concentrations (0, 1, 5 or 10 pg) of Xa-cleaved and purified
AKAP(AA)(1-247) in the hypotonic buffer for 4 h at 4 °C. The brain extract, prepared as
above, was then added and incubated overnight at 4 °C. The presence of AKAP150 and
PKC bound to the beads was tested by immunoblotting.

Phospholabeling of CHO hm1 cells

CHO hm1 cells were transfected with FLAG-tagged KCNQ?2 and treated with PKC
inhibitors as detailed above. 48 h after transfection, expressing cells were incubated for 4 h
in phosphate-free medium containing 0.5 mCi/ml [32P]orthophosphate (Amersham
Biosciences), some of which contain PKC inhibitors. Cells were then exposed to Oxo-M (10
M) for 3 min and scraped into 700 pl of ice-cold TNE solution: 150 mM NaCl, 2 mM
EDTA, 1% NP-40, 50 mM NaF, 1 mM NagVOy, 1 mM DTT and complete protease
inhibitor cocktail. Solubilization was carried out for 20 min at 4 °C with gentle rocking. The
lysates were centrifuged and the supernatants were precleared with 30 pl of Protein G
Sepharose 4 Fast flow (Amersham Biosciences). Supernatants were incubated for 2 h with 4
ng of M2 anti-FLAG antibody followed by addition of protein-G beads for 1 h at 4 °C. The
immunoprecipitates were washed six times with TNE buffer. After 6% SDS-PAGE,
radiolabeled KCNQ2 channels were detected by phosphorimager (BAS1000, Fujifilm)
analysis. For the phosphoamino acid analysis, the transferred PDVF membrane was cleaved
and incubated with 6 M HCI at 110 °C for 90 min followed by cellulose thin-layer
electrophoresis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

KCNQ?2 can form an AKAP150 signaling complex. (a) AKAP150 interacts with the
KCNQ?2 channel in cells. HEK293 cells were transfected with AKAP150 and FLAG-tagged
KCNQ?2. Cell extracts (Ex) were immunoprecipitated with anti-FLAG antibody and co-
purification of AKAP150 with KCNQ2 was determined by Western blot analysis using a
specific AKAP150 polyclonal antibody (upper panel). The presence of KCNQ2 was
assessed by a FLAG western blot (lower panel). (b) Gravin does not associate with KCNQ2
channels. HEK293 cells were transfected with FLAG-tagged KCNQ2 and gravin. Cell
extract and immunoprecipitates were probed with gravin (upper panel) or FLAG antibody
(lower panel). (c) AKAP150 is the major AKAP that binds KCNQ2. Whole rat brain extract
(RBE) was incubated with GST or GST-Q2(321-852) beads. AKAPs were detected by 32P-
labeled RII in the solid-phase overlay assay. AKAP150 is indicated.
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Figure 2.

Mapping the reciprocal binding domains of KCNQ2 and AKAP150. (a) Schematic diagram
showing the MBP-KCNQ?2 protein fragments used in the mapping studies. The first and the
last amino acids of each fragment are indicated. Fragments that interact with AKAP150 are
highlighted. (b) The four KCNQ2 protein fragments were separated by SDS-PAGE and
electrotransferred to PDVF membranes. Membranes were overlaid with recombinant GST-
AKAP150 and binding was detected using an anti-AKAP150 antibody in far-western blot
experiments (upper panel). Note the intense signal with MBP-Q2(321-499). Coomassie
blue stain of the membrane indicates approximately equal loading of AKAP150 fragments
(lower panel). (c) Histogram showing relative AKAP150 binding normalized to the
corresponding strength of the stained KCNQ2 fragments (bottom). Data are presented as
mean = s.e.m. from four independent experiments. (d) Mapping the KCNQ?2 binding domain
for AKAP150. A schematic diagram depicts the protein fragments used to define the
KCNQ?2 binding site on AKAP150. () AKAP150 fusion proteins were separated by SDS—
PAGE and electrotransferred to membrane. MBP-Q2(321-499) was overlaid onto the
membrane and far-western blot experiments were performed with an anti-MBP antibody
(upper panel). Coomassie stain indicates approximately equal loading of AKAP150 protein
fragments (lower panel). (f) The amalgamation of five independent experiments is shown
(bottom).

Nat Neurosci. Author manuscript; available in PMC 2014 March 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lysates IP: FLAG b ®
AKAP150 - + + = W y?\
KCNQ2-FLAG - + + - + o+ vs.{-
GFP-Q2(321-499) - - + - - 4 &'
=y | AKAP150 157 0
118 4
- - -g FLAG 61 1
-~ 38—
26
— GFP 15 |
RIl overlay
d 0mV 60
c -80
& IR —o— KCNQ2
1 g —e— +Q2(321-499)
3 W — — +Q2(321-499)+AKAP150 KCNQ2
=3
E |
[\+]
® 0.5
N
=
£
S +Q2(321-499)
< 0 P —
-2 -1 0 1 2 3 4
Time (min) |
Figure 3.

Role of AKAP150 in receptor-mediated KCNQ2 channel regulation. (a) Q2(321-499)
fragment can displace AKAP150 from the KCNQ2 channel inside cells. HEK293 cells were
transfected with combinations of FLAG-tagged KCNQ2, AKAP150 or GFP-Q2(321-499)
as indicated above. Cell lysates were immunoprecipitated with anti-FLAG antibody,
followed by western blot with the indicated antibodies (right). (b) Endogenous AKAP150 is
found in CHO cells. CHO cell lysates were immunoprecipitated with anti-AKAP150
antibody. AKAP150 was detected by interaction with 32P-labeled RII in a solid phase
overlay assay. (c) Agonist-induced current suppression is attenuated by expressing GFP-
Q2(321-499). Averaged time courses show KCNQ2 current change by acetylcholine (ACh).
ACh (10 nM) was applied at t = 0 for 20 s. CHO cells were transfected with KCNQ2 (O, n=
10), KCNQ2 + GFP-Q2(321-499) (@, n = 11) or KCNQ2 + GFP-Q2(321-499) +
AKAP150 (O, n = 13). (d) Representative current traces for panel ¢ showing control and 1
min after application of ACh. Scale bar, 1 nA and 500 ms.
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Loss of PKC from channel complex attenuates the agonist-induced inhibition of the M-
currents in SCG neurons. (a) Averaged time courses of normalized Iy amplitude during
sequential application of Oxo-M (1 uM) and linopirdine (LP, 15 pM) observed from control
vector-injected (O, n = 14) or AKAP(AA)-overexpressing (@, n = 7) SGC neurons. M-
currents were monitored by 500-ms hyperpolarizing steps to =50 mV from a holding
potential of —20 mV at 5-s intervals. Data shown as mean + s.e.m. (b) Pulse protocol (top)
and representative current traces from control vector (upper traces) and AKAP(AA) (lower
traces) transfected SGC neurons at the points 1, 2 and 3 indicated in panel a. Dashed lines
show the zero current level. Scale bar, 200 pA. (c) Schematic diagram of the AKAP150
deletion mutants expressed in neurons (left). The amalgamated data of the Oxo-M (1 pM)
induced M-current inhibition in the presence of the indicated constructs (right). Values show
mean + s.e.m. The number of experiments is shown in parentheses. *P < 0.05 (compared to
control). (d) AKAP150, PKC and KCNQ?2 form a trimeric complex in cells. HEK293 cells
were transfected with combinations of FLAG-tagged KCNQ2, AKAP150 and PKCBII as
indicated at the top of the panel. Cell extracts (Ex) were immunoprecipitated with FLAG
antibody. Resultant precipitates were subjected to immunoblotting with antibodies against
AKAP150, PKCa/p and FLAG. Both AKAP150 and PKC were co-immunoprecipitated with
KCNQ?2. PKC in the precipitate is only detected in the presence of AKAP150. (€)
Competition with AKAP(AA)(1-247) and AKAP150 signaling complex. GST-Q2(321-499)
beads were incubated with rat brain lysate in the presence of increasing concentration of
purified recombinant AKAP(AA)(1-247) (0, 1, 5, 10 pg). The amount of AKAP150 and
PKCa/p was analyzed by immunoblotting. Note that the anti-AKAP150 antibody used in
this assay recognizes the C terminus of AKAP150, which is lacking in AKAP(AA)(1-247).
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Effect of PKC inhibitors on the M-current inhibition. (a) Averaged time course of
normalized Ik vy amplitude during cumulatively increasing concentrations of Oxo-M as
indicated, for control SCG neurons (O, n = 20), neurons expressing AKAP(AA)(1-143) (@,
n = 12), neurons pretreated by 100 nM bisindolylmaleimide | (l, n=12), 100 nM
calphostin C (A, n=17), 1.2 uM chelerythrine (&, n = 10) or 10 uM safingol (v, n=9).
Each point represents the mean + s.e.m. (b) Representative Ik traces from control,
AKAP(AA)(1-143) expressing neurons and PKC inhibitor-treated neurons during
application of Oxo-M at the indicated concentrations. Scale bar, 200 pA. (c) Concentration
dependence of fractional M-current inhibition by Oxo-M deduced from panel a. Symbols are
the same as in panel a. Curves show the best fit with the Hill equation with parameters

shown (inset).
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Figure6.

PKC phosphorylation of KCNQ2 in Oxo-M treated cells. (a) Oxo-M induces
phosphorylation of the KCNQ?2 channel. CHO hm1 cells were transfected with FLAG-
tagged KCNQ?2 for 48 h and subsequently prelabeled for 4 h with [32P] orthophosphate
followed by 3 min stimulation with Oxo-M (10 1 M). Cells were lysed and
immunoprecipitated with the anti-FLAG antibody. Precipitated material was separated by
6% SDS-PAGE and KCNQ?2 phosphorylation was assessed by autoradiography. Control
FLAG western blots confirmed that the primary phosphoprotein in immunoprecipitates was
KCNQ?2, and there was an equal amount of precipitate in both conditions. (b) KCNQ?2 is
phosphorylated on serine residues. The Oxo-M-treated (right) and untreated (left) KCNQ2
channels were subjected to hydrolysis in 6 M HCI. The resulting amino acids were separated
by thin-layer electrophoresis. The migration of phosphoserine (pSER), phosphothreonine
(pTHR) and phosphotyrosine (pTYR) standards are indicated with arrows. (c) Effect of
AKAP150 on KCNQ?2 channel phosphorylation. Basal and Oxo-M-induced phosphorylation
of FLAG-tagged KCNQ2 channels were examined under various conditions. KCNQ2 was
immunoprecipitated and separated by 6% SDS-PAGE. Incorporation of [32P] into KCNQ2
was assessed by autoradiography (top). Pooled data are summarized in the histogram
(bottom). All data are normalized to the control unstimulated KCNQ2 channels. Control
pirenzepine-treated cells (1 pM) are shown (hatched bar). Values show mean £ s.e.m. (n=
3-14, *P < 0.05). (d) PKC is required for Oxo-M stimulated KCNQ2 phosphorylation.
FLAG-tagged KCNQ?2 transfected cells were pretreated with PKC inhibitors as described in
Methods. The levels of KCNQ2 channel phosphorylation in immunoprecipitates were
assessed by phosphorimager analysis (bottom). Changes in phosphorylation for each
inhibition are expressed as fold change over those before stimulating with Oxo-M (n = 4-6,
*P < 0.05 and **P < 0.01 compared to control Oxo-M stimulated KCNQ2 channel).
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Effects of mutations of potential PKC-dependent phosphorylation sites of KCNQ2 channels
on receptor-induced suppression in CHO hm1 cells. (a) Structure of the KCNQ channel
(top) indicating the transmembrane domains (S1-S6), pore region (P) and the conserved
region at the C-terminal tail focused in this study. ClustalW alignment (bottom) of the
conserved region among KCNQ subfamily members from rat and human counterparts.
Potential PKC-dependent phosphorylation sites in KCNQ?2 are indicated (*). Identical
residues are marked with a black background. (b) The current inhibition induced by
acetylcholine (10 pM) measured in CHO hml1 cells transfected with the wild-type KCNQ2
or the mutant KCNQ2(S541A). The currents were elicited by 500-ms steps to 0 mV from a
holding potential of —80 mV then to —60 mV. Scale bars, 400 pA and 200 ms. (c) Effect of a
series of point mutations on the current inhibition of indicated KCNQ2 channels (n = 11-18)
induced by 10 puM ACh. **P < 0.01 compared to wild-type KCNQ2 channels.
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