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SUMMARY

A-kinase anchoring proteins (AKAPs) coordinate
cell signaling events. AKAP79 brings together
different combinations of enzyme binding partners
to customize the regulation of effector proteins. In
neurons, muscarinic agonists mobilize an AKAP79-
anchored pool of PKC that phosphorylates the
KCNQ2 subunit of the M channel. This inhibits potas-
sium permeability to enhance neuronal excitability.
Using a dual fluorescent imaging/patch-clamp tech-
nique, we visualized AKAP79-anchored PKC phos-
phorylation of the kinase activity reporter CKAR
concurrently with electrophysiological changes in
KCNQ2 channels to show that AKAP79 synchronizes
both signaling events to optimize the attenuation of
M currents. AKAP79 also protects PKC from certain
ATP-competitive inhibitors. Related studies suggest
that context-dependent protein-protein interactions
alter the susceptibility of another protein kinase,
PDK1, to ATP analog inhibitors. This implies that
intracellular binding partners not only couple indi-
vidual molecular events in a cell signaling process
but can also change the pharmacological profile of
certain protein kinases.

INTRODUCTION

Noncatalytic regulatory proteins profoundly influence the action

of protein kinases and phosphatases (Scott and Pawson, 2009;

Tasken and Aandahl, 2004). A-kinase anchoring proteins

(AKAPs) are signal-organizing molecules that tether these

enzymes in subcellular environments to control the phosphoryla-

tion state of neighboring substrates (Wong and Scott, 2004). A

prototypic example is AKAP79/150, a family of three orthologs

(human AKAP79, murine AKAP150, and bovine AKAP75) that

were initially discovered as binding proteins for the type II regu-

latory subunit of the cAMP-dependent protein kinase (PKA) (Carr

et al., 1992). AKAP79/150 also anchors the calcium/phospho-

lipid-dependent kinase (PKC) and the calcium/calmodulin-

dependent phosphatase (PP2B) (Coghlan et al., 1995; Klauck
Mole
et al., 1996). These signaling complexes reside on the inner

face of the plasma membrane where they respond to the gener-

ation of intracellular second messengers such as cAMP,

calcium, and phospholipid (Dell’Acqua et al., 1998).

Molecular and cellular approaches have demonstrated that

AKAP79/150 directs its cohort of anchored enzymes toward

selected transmembrane proteins to facilitate their efficient regu-

lation. Functional studies in multiple cell types have confirmed

this notion, showing that different AKAP79/150 complexes regu-

late the activity of ion channels including AMPA receptors,

L-type calcium channels, M-type potassium channels, and

heat-activated TRPV1 channels (Gao et al., 1997; Hoshi et al.,

2005; Tavalin et al., 2002; Zhang et al., 2008). AKAP79/150 has

been implicated in cardiovascular signaling through PKA-medi-

ated phosphorylation of b-adrenergic receptors and suppres-

sion of adenylyl cyclase 5/6 activity (Bauman et al., 2006; Fraser

et al., 2000). In addition, AKAP79/150 influences the onset of

angiotensin II-induced hypertension (Navedo et al., 2008).

AKAP79/150 also participates in the modulation of the musca-

rine-sensitive M current, a voltage-gated potassium current that

counteracts neuronal excitability (Hoshi et al., 2003). The KCNQ2

subunit of the M channel binds AKAP79/150, while C-terminal

regions of the anchoring protein interact with the m1 muscarinic

receptor (Hoshi et al., 2005). This maintains PKC where it can

optimally respond to activating signals from the m1 receptor

and preferentially phosphorylate the KCNQ2 subunit. Such

a receptor-AKAP-channel complex is believed to enhance the

suppression of M currents (Tunquist et al., 2008). In this report,

we delve more deeply into how AKAP79/150 augments this

signaling pathway. We have discovered that the anchoring

protein modifies the activity of anchored PKC in a manner that

changes the pharmacological profile of the enzyme. Related

studies on another protein kinase, PDK1, suggest that context-

dependent protein-protein interactions alter its sensitivity to

ATP analog inhibitors.

RESULTS

Muscarinic agonists such as acetylcholine mobilize an anchored

pool of PKC that phosphorylates the KCNQ2 subunit of the M

channel on Ser 541 to decrease potassium permeability (Hoshi

et al., 2003). Yet, paradoxically, muscarinic receptor-operated

M channels are insensitive to some PKC inhibitors (Bosma

and Hille, 1989; Suh and Hille, 2002). Whole-cell patch-clamp
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Figure 1. AKAP79 Synchronizes Muscarinic Activation of PKC with KCNQ2 Current Suppression

(A–D) (A) Electrophysiological recording of the M current from SCG neurons. The M current suppression induced by a muscarinic agonist, 1 mM Oxo-M, was

attenuated by 100 nM calphostin C, but not by 100 nM BIS I. Representative traces at 0 and 2 min after the application of 1 mM Oxo-M in (B) untreated SCG

neurons, (C) 100 nM BIS I, and (D) 100 nM calphostin C-treated neurons.

(E) Simultaneous recording of KCNQ2 channel activity and PKC phosphorylation. Diagram of experimental setup: the patch-clamp and FRET-based PKC activity

reporter (CKAR) system. CHO cells coexpressing CKAR and KCNQ2 were simultaneously analyzed for changes in whole-cell currents and PKC activity after 3 mM

Oxo-M. Phosphorylation of CKAR induces conformational changes that decrease the YFP/CFP ratio. Micrographs of a single cell show the patch-pipet (bright-

field, upper middle) and CKAR reporter (fluorescent, lower middle). Primary data: KCNQ2 currents (top) and pseudocolor images depicting FRET changes

(bottom) at specified times after Oxo-M.

(F) Simultaneous recording of KCNQ2 channel and AKAP79-CKAR. Model of an AKAP79-CKAR reporter and M channel configuration (left). Micrographs of

a single cell show the patch-pipet (bright field, upper middle) and AKAP79-CKAR reporter (fluorescent, lower middle). Primary data: Time course of KCNQ

currents (top) and pseudocolor images of FRET changes (bottom; YFP/CFP ratio).

(G and H) Time course response to Oxo-M: amalgamated data from simultaneous patch clamp with CKAR (G) or AKAP79-CKAR (H). KCNQ2 currents (blue) and

respective reporter FRET ratio: YFP/CFP (red).

(I) Coimmunoprecipitation of FLAG-tagged KCNQ2 channel with AKAP79-CKAR.

(J) Disruption of AKAP79-CKAR response by overexpression of kinase-dead PKCbII (PKC-3A). Coexpression of PKC-3A blunted the AKAP79-CKAR response to

3 mM Oxo-M (blue) compared to AKAP79-CKAR alone (red).

(K) Effect of removal of phosphorylation acceptor threonine. Thr/Ala mutant at the PKC phosphorylation acceptor in AKAP79-CKAR did not respond to 3 mM

Oxo-M (blue), suggesting relevant threonine residue is the only site that is detected by AKAP79-CKAR. (See also Figures S1 and S2.)

N values and mean ± SEM are indicated.
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electrophysiology experiments in cultured sympathetic cervical

ganglion (SCG) neurons confirmed this observation. Application

of the muscarinic agonist oxotremorine-M (Oxo-M) promoted

suppression of M currents (n = 15; Figures 1A and 1B, green).

Similar results were obtained when these experiments were

repeated in the presence of bisindolylmaleimide I (BIS I),

a general inhibitor of PKCs that targets the ATP-binding pocket

of the enzyme (n = 13; Figures 1A and 1C, blue). In contrast,

Oxo-M-induced suppression of M currents was reduced when

neurons were treated with calphostin C, a PKC inhibitor that
542 Molecular Cell 37, 541–550, February 26, 2010 ª2010 Elsevier In
targets the diacylglycerol (DAG)-binding site of the kinase

(n = 19; Figures 1A and 1D, black). Although AKAP79/150 has

been implicated in this important signaling event, little is known

about how this anchoring protein synchronizes individual

steps in this process or how AKAP79-anchored PKC exhibits

a differential sensitivity to pharmacological inhibitors. To

address this, we configured a patch-clamp apparatus to allow

fluorescent imaging of AKAP79-anchored PKC activity and

simultaneous electrophysiological recording of the ion channel.

A chinese hamster ovary (CHO) cell line that stably expresses
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Figure 2. AKAP79-Anchored PKC Activity Shows Resistance to

ATP-Competitive Inhibitors

(A and B) BIS I inhibition of CKAR or AKAP79-CKAR and KCNQ2 Oxo-M stim-

ulated responses. Cells coexpressing KCNQ2 and CKAR (A) or AKAP79-CKAR

(B) were pretreated with 100 nM BIS I prior to 3 mM Oxo-M stimulation. BIS I

inhibited CKAR (A) response but not KCNQ2 response as compared with

Figure 1G. BIS I failed to inhibit AKAP79-CKAR (B) or KCNQ2 responses

compared with Figure 1H.

(C) Dose response of BIS I inhibition of AKAP79-CKAR.

(D) Dose response of another ATP-competitive inhibitor, staurosporine.

Anchored PKC was resistant to a wide range of BIS I and staurosporine

concentrations.

(E) Calphostin C inhibition of AKAP79-CKAR. 100 nM calphostin C, a PKC

inhibitor that targets the DAG-binding site, attenuated the Oxo-M stimulated

AKAP79-CKAR activity.

N values and mean ± SEM are indicated.
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the m1 muscarinic receptor (Selyanko et al., 2000) was used to

ensure optimal expression of the ion channel and the fluorescent

reporter.

Agonist-dependent activation of PKC was detected using

cytoplasmic CKAR, a genetically encoded fluorescence reso-

nance energy transfer (FRET)-based PKC activity reporter (Violin

et al., 2003). Cells were excited at 436 nm to elicit FRET and

patch clamped to measure channel activity (Figures 1E and 1F,

see Figure S1 available online). A montage of current amplitudes

(top) and FRET data (bottom) at specified times after activation of

the m1 receptor is presented. To facilitate comparisons of

current activity with simultaneous FRET measurements of PKC

activity, we chose to portray increases in PKC phosphorylation

as a decrease in the ratio of YFP/CFP. These data show that

Oxo-M induces changes in the cytoplasmic CKAR signal and

evokes suppression of the KCNQ2 currents (Figure 1G).

However, these events were not synchronized. Half-maximal

responses (T1/2) of KCNQ2 currents and cytoplasmic CKAR fluo-

rescence were observed 13.5 ± 2.2 s (Figure 1G, blue, n = 10)

and 24.2 ± 1.4 s (Figure 1G, red, n = 10, p < 0.001) after applica-

tion of Oxo-M, respectively.

Fusion with AKAP79 confers a new property on CKAR; namely,

it targets the reporter to the ion channel, thereby anchoring PKC

close to its substrate (Figure 1F). Control experiments demon-

strated that the AKAP79-CKAR protein interacts with the

KCNQ2 subunits inside cells (Figure 1I). Under this configuration,

the time course of the AKAP79-CKAR response was nearly iden-

tical to that for the suppression of the KCNQ2 current (Figures 1F

and 1H). KCNQ2 current and AKAP79-CKAR fluorescence T1/2

occurred at 14.4 ± 0.8 s (n = 19; Figure 1H, blue) and 13.7 ±

1.2 s (n = 19; Figure 1H, red) after application of Oxo-M, res-

pectively. Cells coexpressing a catalytically inactive kinase

(PKC-3A) that competes with endogenous PKC for interaction

with AKAP79-CKAR exhibited blunted FRET responses (n = 6;

Figure 1J, blue). Other controls showed that AKAP79-CKAR

Thr/Ala (T/A), a nonphosphorylatable form of the reporter, was

refractory to Oxo-M stimulation (n = 17; Figure 1K, blue).

Attempts to further examine this effect using myristoylated

CKAR that nonspecifically localizes the reporter to membranes

were unsuccessful. Comparable FRET responses were obtained

with the membrane-tethered versions of CKAR and the T/A

mutant (Figure S2). In addition, cells overexpressing cytoplasmic

CKAR and AKAP79 did not show any difference in their res-

ponses from cells expressing CKAR alone (data not shown).

Collectively these data show that AKAP79 optimizes the relay

of muscarinic signals by synchronizing molecular events that

contribute to the downregulation of KCNQ2 channels.

Next we explored anchored PKC action. Membrane-perme-

able compounds such as bisindolylmaleimides or staurosporine

are frequently used to inhibit PKCs, although they also affect

other kinases (Davies et al., 2000). These small-molecule inhibi-

tors compete with ATP. Striking differences were observed

between the cytoplasmic- and AKAP79-associated pools of

PKC when we used these inhibitors with our simultaneous

FRET and patch-clamp apparatus. BIS I (100 nM) blocked PKC

activity 76.3% ± 7.6% in cells expressing cytoplasmic-CKAR

when compared to controls (n = 10; Figure 2A, red). Yet, surpris-

ingly, muscarinic suppression of the KCNQ2 currents persisted
Mole
in the presence of this inhibitor (n = 10; Figure 2A, blue). One

interpretation of this observation is that CHO cells harbor

a pool of PKC close to the channel that is resistant to BIS I.

This was further explored in cells expressing the AKAP79-

CKAR reporter. Surprisingly, the proximity of anchored PKC to

the AKAP abrogated the inhibitory action of BIS I (n = 14;

Figure 2B, red). More detailed analysis revealed that cells ex-

pressing AKAP79-CKAR and KCNQ2 show marked resistance

to BIS I and staurosporine over a range of concentrations

(Figures 2C and 2D). In contrast, calphostin C, a small molecule

inhibitor that targets the DAG-binding site of PKC, reduced

phosphorylation of the AKAP79-CKAR reporter (n = 7;

Figure 2E, green).

These observations indicate that AKAP79/150 not only

controls access to substrates but may also influence how
cular Cell 37, 541–550, February 26, 2010 ª2010 Elsevier Inc. 543



Figure 3. PKC Binding to a Region of AKAP79 Affects Susceptibility to Small Molecule Inhibitors

(A) Cartoon of PKC interaction with either CKAR, AKAP79(1–81)-CKAR, or the PKC-binding-deficient AKAP79(2A)-CKAR reporters.

(B) Micrographs showing expression and subcellular localization of these constructs in CHO cells.

(C) Input and coimmunoprecipitation of PKCbII with FRET reporters using anti-GFP antibody assessed by immunoblot (top). Immunoblot control (bottom).

(D) Time course of PKC response to Oxo-M enhanced in AKAP79(1–81)-CKAR (green) FRET reporter relative to AKAP79(2A)-CKAR. Phosphorylation of the

reporter = increase in the CFP/YFP ratio.

(E–G) Amalgamated data from cells expressing the (E) AKAP79(1–81)-CKAR, (F) AKAP79(2A)-CKAR, or (G) CKAR reporters were pretreated with either the

ATP-competitive inhibitor, BIS I (red, 200 nM); or a PKC inhibitor that targets the DAC-binding site, calphostin C (black, 100 nM); or no PKC inhibitor (white) prior

to 3 mM Oxo-M application.

(H) A Thr/Ala mutant, AKAP79(1–81)-CKAR(TA), did not respond to 3 mM Oxo-M.

(I) CKAR(T/A) did not respond to 3 mM Oxo-M. Phosphorylation of the reporter = increase in the CFP/YFP ratio. (See also Figure S3.)

N values and mean ± SEM are indicated.
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binding partners such as PKC respond to certain pharmacolog-

ical inhibitors. This provides an explanation as to why PKC was

initially discounted as a modulator of KCNQ2 channel function,

since early reports concluded that muscarinic suppression

of M channels was unaffected by staurosporine (Bosma and

Hille, 1989).

The first 81 amino acids of AKAP79 encompass a ‘‘pseudosub-

strate-like’’ domain that is sufficient for PKC binding in vitro (Faux

and Scott, 1997). Fusion of this region to CKAR created a cyto-

plasmic reporter that sequesters PKC but does not interact with

either PKA or PP2B (Figures 3A and 3B, middle). We replaced

arginines at positions 39 and 40 of the AKAP79 1–81 fragment

with alanines to produce a PKC-anchoring-deficient reporter

called AKAP79(2A)-CKAR (Figures 3A and 3B, bottom). Both

reporters were found to be predominantly cytoplasmic, and

binding assays demonstrated that PKCbII associates with

AKAP79(1–81)-CKAR but not with AKAP79(2A)-CKAR or CKAR

alone (Figure 3C). Control experiments confirmed that (1) these

modified CKAR reporters did not interact with PKA or phospha-
544 Molecular Cell 37, 541–550, February 26, 2010 ª2010 Elsevier In
tases and (2) KCNQ2 channels were not sensitive to PP2B inhib-

itors (data not shown). In addition, it has been documented

that CKAR is sensitive to attenuation by cellular phosphatase

activity (Violin et al., 2003). The AKAP79(1–81)-CKAR reporter

responded more rapidly to PKC activation (Figure 3D, green;

T1/2 = 8.3 ± 1.0 s, n = 15) than cells expressing AKAP79(2A)-

CKAR (Figure 3D, blue; T1/2 = 14.6 ± 0.5 s, n = 12) or CKAR alone

(T1/2 = 12.1 ± 0.8 s, n = 25). This lends further credence to the

notion that anchoring of PKC enables preferential phosphoryla-

tion of this reporter. Although we acknowledge it is formally

possible that submembrane tethering of the anchored enzyme

could minimally contribute to the activation of the reporter, it is

important to note that these data support a model in which

PKC-AKAP79 interaction in the cytosol is sufficient to promote

preferential phosphorylation of the reporter. PKC activation

data presented in Figure 3D and in the remainder of this report

are represented as an increase in the CFP/YFP ratio.

Different classes of PKC inhibitor were then used to investi-

gate the activity state of the AKAP79-bound enzyme. Application
c.



Figure 4. Certain ATP Inhibitor Competitors Stabilize PKC in an

Open Conformation

(A and B) Molecular model of PKCbII catalytic core in gray modified from the

PDB file (2I0E). BIS I (green) in the ATP-binding pocket. Aspartate 470 of

PKCbII (red).

(C and D) Chemical structures of BIS I and BIS IV. Dixon plots of PKCbII activity

against peptide substrate with inhibitor BIS I (C) or BIS IV (D). Substrate

peptide concentrations are indicated.

(E) Conformational sensitivity of PKCbII to proteolysis. Purified PKCbII was

preincubated with either BIS I, BIS IV, or PDBu before proteolysis with
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of the ATP-competitive inhibitor BIS I and staurosporine had no

effect on Oxo-M-mediated activation of anchored PKC as

measured with the AKAP79(1–81)-CKAR reporter (Figure 3E,

red; n = 11; Figure S3). In contrast, application of calphostin C

that does not bind in the ATP-binding site blocked activation of

anchored PKC (n = 15; Figure 3E, black). Thus, association of

PKC with the first 81 residues of AKAP79 confers a resistance

to ATP-competitive inhibitors. Control experiments demon-

strated that both BIS I and calphostin C were effective PKC

inhibitors when the AKAP79(2A)-CKAR or CKAR reporters

were used to monitor enzyme activity (Figures 3F and 3G). Addi-

tional controls showed that the AKAP79(1–81)-CKAR T/A and

CKAR T/A reporters were refractory to Oxo-M stimulation

(Figures 3H and 3I). Taken together, the data in Figure 3 imply

that interactions with the pseudosubstrate-like site on AKAP79

alter the conformation of the catalytic core of PKC, thereby

restricting the accessibility of certain ATP-competitive inhibitors.

This raises an intriguing possibility that the intracellular pharma-

cology of certain small molecule inhibitors may be influenced by

the molecular context of their target enzyme.

X-ray crystallography studies have shown that BIS I (and

staurosporine) occupies an ATP-binding pocket located in a cleft

formed between the two lobes of the kinase catalytic core (Grod-

sky et al., 2006; Figure 4A). Closer inspection reveals that the

dimethylamino group of BIS I forms a hydrogen bond with aspar-

tate 470 in PKCbII, a conserved residue in the substrate recogni-

tion groove of all PKC subtype (Figures 4B and 4C). Previous

studies have shown that the pseudosubstrate-like region of

AKAP79 also binds within this region of PKC (Klauck et al.,

1996). BIS I and the PKC-binding peptide from AKAP79 are

competitive inhibitors of PKCbII with inhibition constants (Ki) of

14.5 ± 4.6 nM, (n = 6; Figure 4C) and 1.41 ± 0.28 mM (Klauck

et al., 1996). In contrast, BIS IV, a bisindolylmaleimide derivative

that lacks the dimethylamino group, is an uncompetitive inhibitor

with respect to the substrate peptide (Figure 4D). This latter

finding suggests that BIS IV acts by a different mechanism of

action than that observed with BIS I or AKAP79.

Biochemical and electrophysiological experiments provided

support for this concept (Figures 4E–4H). Purified PKCbII was

preincubated with BIS I or BIS IV prior to digestion with the argi-

nine-C-terminal (Arg-C) proteinase. The appearance of a faster

migrating band on SDS PAGE gels was indicative of PKC in

the open conformation, as the exposed amino-terminal regula-

tory domain of the enzyme is sensitive to proteolysis at Arg 19

(Orr et al., 1992). Control experiments with or without a PKC acti-

vator, 100 nM PDBu, confirmed that only activated PKC is sensi-

tive to Arg-C treatment (Figure 4E, top two panels). Also, we have
Arg-C for 0–90 min and SDS-PAGE of reaction products. Immunoblot detec-

tion with an antibody that recognizes the catalytic core of PKC showed proteo-

lytic products. A 75 kDa band indicates increased sensitivity to proteolysis

due to open conformation of PKC. No pretreatment control shows resistance

to proteolysis.

(F) Amalgamated data from multiple Arg-C protease experiments.

(G) Differential actions of 10 mM BIS I and 10 mM BIS IV on the muscarinic

suppression of KCNQ2 currents.

(H) Amalgamated data from experiments shown in (G).

N values and mean ± SEM are indicated.
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Figure 5. AKAP79 Binding Protects PKC from BIS I Inhibition

(A) AKAP79 interaction alters PKC inhibition. Time course of FRET response to 3 mM Oxo-M: amalgamated data of cellular PKC activity measured from cells

incubated with BIS I (500 nM) for indicated times. Different reporters were used: CKAR (black, n = 8), AKAP79(1–81)-CKAR (green, n = 7), or AKAP79(2A)-

CKAR (blue, n = 11). Time points show peak PKC activity (CFP/YFP) 30 s after application of Oxo-M as percent of the response observed in the absence of

BIS I treatment.

(B and C) Purified AKAP79(1–81)-CKAR was treated with PKC inhibitors (30 min) prior to addition of purified PKCbII. The binding is assessed by coprecipitating

with AKAP79(1–81)-CKAR, and PKCbII was identified by immunoblot. (C) Amalgamated data from four coIP experiments. PKC inhibitor competition with AKAP79

is shown as a decrease in relative PKC binding.

(D) In situ release of PKC from AKAP79(1–81)-CKAR was done by pretreatment of cells with ionomycin (2 min) prior to BIS I (500 nM, 5 min) and Oxo-M application.

PKC activity was measured 30 s after stimulation with Oxo-M.

(E) Coimmunoprecipitation of PDK1 with PKCbII.

(F) In pulse-chase experiments with 35S Met/Cys the ATP-competitive PDK inhibitors, 10 mM OSU03012 or 1 mM KT5720, could not inhibit PDK-dependent

phosphorylation of associated PKCbII. The asterisk indicates the mature, fully phosphorylated PKC, and the dash indicates the newly synthesized, faster

migrating PKC.

(G) The same concentration of OSU03012 and KT5720 inhibited PDK phosphorylation of a nonassociated substrate, Akt1. Control immunoblots show cellular Akt

protein levels are unchanged in the presence of inhibitors. (See also Figure S4.)

N values and mean ± SEM are indicated.
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previously demonstrated that the PKC-binding peptide from

AKAP79 stabilized PKC at the open state, rendering the pseudo-

substrate domain more sensitive to proteolysis (Faux et al.,

1999). Preincubation with BIS I resulted in the accumulation of

the 75 kDa fragment, whereas incubation with BIS IV had almost

no effect on proteolytic stability (Figure 4E, bottom two panels).

Quantification of multiple experiments showed that with BIS I

there was a 2.9 ± 0.4 (n = 7)-fold enhancement of the 75 kDa

band over controls (Figure 4F). It appears that BIS I binding stabi-

lizes the open conformation of PKC, whereas BIS IV has

a different effect on the enzyme. Likewise, BIS I and BIS IV

modulated KCNQ2 channels differently. Pretreatment with BIS

IV blocked Oxo-M-mediated suppression of KCNQ2 currents

(n = 10; Figure 4G, red; and Figure 4H, bar 2), whereas pretreat-

ment with BIS I had little effect (n = 13; Figure 4G, blue; and

Figure 4H, bar 3).

Our working hypothesis was that both AKAP79 and BIS I

target the substrate-binding loop of PKC to force the enzyme

into an open conformation. Therefore we tested if BIS I could

compete with AKAP79 for binding to PKC. CHO cells were pre-

incubated with BIS I for various times up to 40 min. Oxo-M was
546 Molecular Cell 37, 541–550, February 26, 2010 ª2010 Elsevier In
applied to the cells and 30 s later cellular PKC activity was

measured using our FRET based assay. In the AKAP79(1–81)-

CKAR cells, inhibition of PKC by BIS I took a considerable time

to reach equilibrium (n = 7; Figure 5A, green, T1/2 = 9.2 ± 4.0 min).

In contrast, BIS I treatment immediately inhibited PKC in

cells expressing AKAP79(2A)-CKAR or CKAR (Figure 5A; blue,

T1/2 = 0.28 ± 0.05 min, n = 8; and black, T1/2 = 0.27 ± 0.04 min,

n = 11, respectively). When these results are considered with

the data presented in Figure 2B, it appears that AKAP79 confers

some form of temporal constraint on BIS I action toward PKC.

This could occur by one of two mechanisms: (1) it may take addi-

tional time for BIS I to enter the AKAP79 signaling complex and

bind to the catalytic core of anchored PKC; or (2) PKC binds

AKAP79 with a micromolar dissociation constant such that

the enzyme exists in equilibrium between the bound and free

states. Furthermore, competition between inhibitor and the

endogenous pseudosubstrate domain may retard binding of

inhibitors. Only the free enzyme is susceptible to ATP competi-

tors such as BIS I. PKC-binding studies demonstrated that pre-

incubation with either BIS I or staurosporine for 30 min reduced

PKCbII interaction with AKAP79(1–81)-CKAR as assessed by
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immunoblot of CKAR immune complexes (Figures 5B and 5C,

lanes 2 and 4, n = 4). Pretreatment with BIS IV did not disrupt

PKC interaction with the anchoring protein (Figures 5B and 5C,

lane 3). These data support the second postulate that BIS I

can only act on PKC when it is released from AKAP79. Additional

cell-based experiments were conducted to develop this notion.

We previously found that an influx of calcium across the synaptic

membranes recruits Ca2+/calmodulin to AKAP79. One conse-

quence is the release of PKC from the AKAP79 signaling

complex (Faux and Scott, 1997). Therefore, cells expressing

AKAP79(1–81)-CKAR were preincubated with the calcium iono-

phore ionomycin for 2 min prior to stimulation with Oxo-M.

Calcium influx not only increased the magnitude of the PKC

response in the absence of inhibitors (Figure 5D, bars 1 and 3)

but also restored PKC sensitivity to inhibition by BIS I

(Figure 5D, bar 4). Activation of calcium-dependent proteinases

or calmodulin kinases could also contribute to this cellular event.

Nevertheless, these findings show that PKC is only available for

inhibition by the ATP-competitive inhibitor BIS I following release

from interaction with the anchoring protein.

An important extension to this study was to establish if other

protein kinases became resistant to pharmacological inhibitors

when they were associated with binding partners. We tested

this notion with PDK1, another binding partner for PKC (Dutil

et al., 1998; Le Good et al., 1998). It has been previously estab-

lished that PDK1 and newly synthesized PKCbII form a stable

complex inside cells (Gao et al., 2001; Keranen et al., 1995).

COS7 cells were transfected with empty vector or PKCbII

(Figure 5E). PKC was immunoprecipitated from detergent-

solubilized lysates, and endogenous PDK1 was detected by

immunoblot (Figure 5E, top panel, lane 2).

Phosphorylation by PDK1 at the activation loop initiates the

processing of PKCbII into a fully active enzyme that is phosphor-

ylated at two key sites in the C terminus (Dutil et al., 1998).

Although PDK1 is required for the maturation of PKC, once

PKC is fully phosphorylated at these C-terminal sites, the phos-

phorylation of the PKC activation loop becomes dispensable.

Thus PDK1 does not affect the steady-state level of mature

PKC; rather, it is required to initiate the processing of newly

synthesized PKC (Newton, 2003). Two different ATP-competitive

inhibitors that selectively target PDK1, OSU03012 and KT5720,

were tested to see if pharmacological inhibition of PDK1 activity

would ablate the processing of its binding partner PKC. COS7

cells transfected with PKCbII were incubated with Met/Cys-defi-

cient media and 0.5 mCi ml�1of 35S Met/Cys tracer for 7 min at

37�C. The media was replaced and at specified time points after

the chase (15, 30, and 90 min) PKC was immunoprecipitated.

Immune complexes were analyzed for processing of PKCbII by
35S autoradiography. In the absence of PDK1 inhibitors, the

newly synthesized PKC migrated with a faster mobility (Figure 5F,

lane 1) but shifted to a slower migrating band with a half-life of

approximately 30 min (Figure 5F, lanes 2–4). This mobility shift

reflects the two tightly coupled C-terminal phosphorylations at

Thr-641 and Ser-660 in PKC bII. (Unfortunately we were unable

to directly monitor changes in the phosphorylation of T500 on

PKC because this covalent modification, which initiates the

maturation process, is not accompanied by a mobility shift in

the enzyme [Newton, 2003].) Surprisingly, the rate of PKC pro-
Mole
cessing was similar to controls in the presence of two different

PDK1 inhibitors. Neither OSU03012 nor KT5720 altered the

kinetics of appearance of the fully phosphorylated species of

PKC. In the presence of OSU03012, 53% of PKC was fully phos-

phorylated after 30 min (Figure 5F, top blot, lanes 3 versus 4). In

the absence of this drug, 55% of PKC migrated as the fully

phosphorylated species (Figure 5F, top blot, lanes 7 versus 8).

Similar results were obtained when the PKC-PDK1 complex

was treated with KT5720 where 60% of PKC was processed at

15 min whether or not KT5720 was present (Figure 5F, bottom

blot, lanes 2 versus 4 and 6 versus 8). This suggests that these

ATP-competitive inhibitors are ineffective within the framework

of the PDK1-PKCbII complex. Importantly, when phosphoryla-

tion of phosphoinositide-dependent kinase, Akt1, a well-charac-

terized, nonassociated PDK1 substrate, was measured in the

same cell extracts, OSU03012 or KT5720 potently blocked

PDK1 activity (n = 3; Figure 5G, lane 2). Note also that in vitro

this same concentration of OSU03012 inhibited the phosphory-

lation of pure and unscaffolded PKC by PDK1 (Figure S4). This

PKC is fully phosphorylated at C-terminal sites, but only half of

the enzyme is phosphorylated at the activation loop. This

enzyme form has a considerably lower affinity for PDK1, thus

serving as an unscaffolded control (Gao et al., 2001; Keranen

et al., 1995). Together these studies suggest that these ATP-

competitive inhibitors remain effective only in the context of

the unscaffolded enzymes.

DISCUSSION

The two principle findings of this study refine and broaden our

understanding of anchored kinase function. First, it has been

assumed that AKAPs couple sequential signaling events. We

now have experimental evidence to support this concept.

Second, we have discovered that interaction with AKAPs or

other interacting proteins can modify kinase susceptibility to

pharmacological agents. This offers a surprising explanation to

a long-standing conundrum—namely why muscarinic receptor-

operated M channels are insensitive to PKC inhibitors (Bosma

and Hille, 1989). Our discovery that another anchored kinase

PDK1 is also rendered insensitive to ATP-competitive inhibitors

consolidates this new concept that binding partners influence

the susceptibility of AGC kinases to pharmacological inhibitors.

A broader implication is that intracellular pharmacology cannot

be reliably inferred from in vitro enzyme assays.

Suppression of muscarinic-sensitive currents primes neurons

for generating the next action potential. This is such a critical

aspect of neuronal function that multiple signaling pathways

are involved in its regulation, including an AKAP79/150-depen-

dent pathway that involves PKC phosphorylation (Hoshi et al.,

2003). The coincident monitoring of PKC activity and KCNQ

channel function in a single cell has revealed previously unappre-

ciated roles of AKAP action. Cytoplasmic PKC activation lagged

10.7 s behind suppression of the channel (Figure 1G). However,

in the presence of the AKAP79-CKAR reporter we were able to

monitor PKC activation and changes in ion channel function

simultaneously (Figure 1H). This may be because AKAP79/150

serves as a molecular bridge linking the m1 receptor to the

KCNQ2 subunit (Hoshi et al., 2005). The binding studies
cular Cell 37, 541–550, February 26, 2010 ª2010 Elsevier Inc. 547
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presented in Figure 1I suggest that the AKAP79-CKAR reporter

can effectively substitute for the endogenous anchoring protein

in this capacity. The utility of such a GPCR-AKAP-channel

ternary complex is evident in AKAP150�/� mice, where musca-

rinic suppression of the M current is blunted 40% when

compared to their +/+ littermates (Tunquist et al., 2008). Unfortu-

nately, technical issues including low transfection efficiency and

the instability of the AKAP79-CKAR viral vector prevented us

from using the AKAP79-CKAR reporter in AKAP150�/� neurons.

Data presented in Figure 1 argue that AKAP79 efficiently

couples PKC phosphorylation events with suppression of

channel activity. A variation on this theme is the ability of

AKAP79/150 to synchronize individual molecular reactions.

Although it is challenging to calculate the precise temporal

advantage gained with AKAP79, data with another anchoring

protein suggest an approximate 2-fold increase in the overall

rate of signaling. AKAP-Lbc integrates signals from a1-adren-

ergic and endothelin receptors to mobilize a protein kinase

cascade involved in pathological cardiac hypertrophy. In the

presence of this AKAP the rate of nuclear export of the DNA

effector protein HDAC5 was doubled and gene reprogramming

accelerated (Carnegie et al., 2008). Our observations with these

two anchoring proteins support a refined anchoring hypothesis,

namely that components in an enzyme cascade are synchro-

nized by AKAPs to increase signaling efficiency.

Small molecule kinase inhibitors are valuable research tools

that are often used to identify biologically relevant phosphoryla-

tion events. A select few of these compounds have been devel-

oped into therapeutics (Druker et al., 2001). Although the thera-

peutic benefit, pharmacokinetics, and side effects associated

with these ‘‘kinase inhibitor drugs’’ have been rigorously investi-

gated, much less is known about their mechanism of action. In

vitro and cellular profiling has revealed that few if any of these

drugs target individual kinases. For example, Gleevec, a highly

effective anticancer drug, blocks the action of the Abl tyrosine

kinase to manage the progression of acute myeloid leukemia.

Yet this ATP-competitive inhibitor also targets the related Arg

kinase, the PDGF receptor kinase, and the c-Kit tyrosine kinase

(Druker, 2006). Given the concern about specificity of kinase

inhibitors, one broad implication of our study is that protein-

protein interactions change the pharmacology of these well-

defined inhibitors. Our observation that AKAP79/150 protects

PKC from the ATP competitor class of PKC inhibitors creates

a seemingly paradoxical circumstance. Association with

AKAP79 alters PKC to impair the action of ATP-competitive

inhibitors yet still allows the enzyme to utilize ATP for catalysis.

This fits with the conclusions of two elegant chemical biology

studies that have appeared while this manuscript was under

review (Cameron et al., 2009; Okuzumi et al., 2009). Both

propose that ATP-competitive inhibitors promote phosphoryla-

tion-dependent maturation of certain AGC kinases independent

of inherent kinase activity. Shokat and colleagues envisage that

this so-called ‘‘intrinsic activation’’ or ‘‘kinase hijacking’’ may

involve endogenous kinase-binding partners that replicate the

role of ATP analogs inside cells (Okuzumi et al., 2009). This

prediction could explain our data in Figure 5 showing that PKCbII

maturation is resistant to OSU03012 or KT5720 when the kinase

is in complex with PDK1. Moreover, the manner in which PKC
548 Molecular Cell 37, 541–550, February 26, 2010 ª2010 Elsevier In
binds to AKAP79 may shed further light on this kinase hijacking

model. We have previously shown that a pseudosubstrate-like

sequence on AKAP79 binds at the catalytic core of PKC (Faux

and Scott, 1997). Consequently, the enzyme adopts an open

conformation but remains inactive. Interruption of this protein-

protein interaction is required for PKC activation. Thus, when

the enzyme is liberated from AKAP79, it is in the open conforma-

tion, primed for catalysis, and in proximity to target substrates

such as the KCNQ2 channel. However, the phosphotransfer

reaction cannot proceed without ATP as a second substrate. It

is at this stage that ATP and ATP-competitive inhibitors act.

The phosphotransfer reaction would be favored at this location

since the intracellular concentration of ATP is millimolar and

thus approaching 100-fold greater than the highest concentra-

tion of BIS I in any of our experiments.

Although AKAP79/150 interacts with all classes of PKC (Faux

et al., 1999), our in vitro studies have been limited to analysis of

the conventional PKCbII isoform. Therefore, other PKC isoforms

may respond differently to ATP competitors when bound to

AKAP79/150. PKCs are also compartmentalized through inter-

actions with other AKAPs (gravin/AKAP250 and yotiao/

AKAP350) and other classes of PKC-interacting proteins. Like-

wise, a growing body of evidence suggests that PDK1 interacts

with a range of intracellular binding partners including the brain

and muscle-selective anchoring protein mAKAP (Michel et al.,

2005). It will be interesting to evaluate how interaction with other

binding partners may affect the susceptibility of PKC and PDK1

to ATP-competitive inhibitors.

In conclusion, AKAP79 not only integrates signals from cell

surface receptors to aid in the rapid attenuation of ion channels

but also enhances the precision of cell signaling by providing

both spatial and temporal control of a multistep cellular process.

Evidence that interaction with AKAP79 protects PKC from

certain pharmacological inhibitors such as BIS I and staurospor-

ine sheds new light on how protein-protein interactions may

modulate specific phosphorylation events. Our hypothesis that

binding to AKAP79 locks PKC in the open conformation is

consistent with the notion that anchoring proteins are allosteric

modifiers of their enzyme-binding partners. This explains how

some anchored kinases acquire reduced sensitivities to small

molecule inhibitors to create pockets of active kinase in situ.

The resistance of PDK1 to OSU03012 or KT5720 when in

complex with PKCbII could represent another example of what

may come to be recognized as a common mechanism. These

findings should have important consequences for drug

discovery and research projects predicated on the selectivity

of pharmacological protein kinase inhibitors.

EXPERIMENTAL PROCEDURES

Expression Plasmids

KCNQ2 cDNA has been described previously (Hoshi et al., 2005). The cytosolic

version of CKAR cDNA has been described previously (Gallegos et al., 2006).

AKAP79 and AKAP79-fragment CKAR fusion proteins were created by

recombinant PCR. Sequencing verified PCR-derived constructs.

Cell Cultures

HEK and COS7 cells were grown in DMEM with 10% fetal bovine serum (FBS).

CHO hm1 cells were grown in alpha MEM with 10% FBS and 500 mg/ml G415.
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Rat SCG culture was described previously (Hoshi et al., 2005). Transfections

were done with Fugene6 reagent (Roche) or TransIT-LT1 reagent (Mirus).

Biochemicals

BIS I, bisindolylmaleimide IV (BIS-IV), staurosporine, calphostin C, and phorbol

12,13-dibutyrate (PDBu) were purchased from Sigma-Aldrich and/or EMD

Chemical.

Live-Cell Imaging

Cells cultured on coverslips for 48–72 hr posttransfection were washed (2 3

10 min) in external solution consisted of 144 mM NaCl, 5 mM KCl, 2 mM

CaCl2, 0.5 mM MgCl2, 10 mM glucose, 10 mM HEPES (pH 7.4) prior to imaging

to minimize activation of PKC by serum. Fluorescence emission was acquired

using an Axiovert 135 microscope (Zeiss), Cascade II:512 camera (Roper), and

a lambda 10-2 filter wheel (Sutter) controlled by MetaMorph 6.3 (Universal

Imaging). Dual-emission images were obtained simultaneously through

a dual-view module (Roper) with S470/30 and S535/30 emission filters and

505 dcxr dichroic mirror (Chroma). Illumination was 75 W Xenon lamp through

D436/10 (12.5% ND) or HQ500/20 (1.25% ND) filter. Exposure time was

100–300 ms, image interval 10 s. FRET changes were calculated as ratio of

fluorescent intensities from two channels (Mdonor, MindirectAcceptor) after

subtraction of background signal. The third channel (MdirectAcceptor) was used

to monitor photobleaching during experiments, which was not detected.

FRET ratio (YFP/CFP and CFP/YFP) changes are shown (normalized to the

average FRET ratio value before stimulation).

Electrophysiology

Whole-cell recordings for CHO cells performed on isolated cells using an

Axopatch 200B (Molecular Devices). For simultaneous recordings, signals were

sampled at 2 kHz, filtered at 1 kHz, and acquired using pClamp software (version

9, Molecular Devices) that was triggered by Metamorph. The patch pipette with

resistance of 4–8 MU was filled with pipette solution containing 135 mM potas-

sium aspartate, 2 mM MgCl2, 3 mM EGTA, 1 mM CaCl2, 5 mM Mg ATP, 0.1 mM

GTP, and 10 mM HEPES. Fluorescent signals from MdirectAcceptor were stable

during experiments, suggesting that the pipette solution did not affect CKAR

fluorescence. External solution is described above. KCNQ2 currents were

evoked by 500 ms test pulses to �10 mV from a holding potential of �70 mV.

Linear leak and capacitance transient were subtracted by P/4 protocol.

Measurement of the M Current from SCG Neurons

The amphotericin B-based perforated patch technique was used as described

previously (Hoshi et al., 2005). Amplitude of the M currents was measured as

deactivating currents during 500 ms test pulses to �50 mV from a holding

potential of �20 mV. Data are presented as mean ± SEM.

KCNQ2-FLAG, CKAR-Binding Assay

Immunoprecipitation was performed as described (Hoshi et al., 2005). Details

can be found in the Supplemental Experimental Procedures.

PKC-Binding Assay

Purified CKAR was prepared by immunoprecipitation and high-salt wash.

CKAR attached to beads was incubated with 100 ng PKCbII (Calbiochem) in

10 ml buffer (1% Triton X-100, 150 mM NaCl, 1 mM CaCl2, 10 mg/ml PS/

DAG, complete mix) for 1 hr at 4�C. After 33 wash with T-HBS containing

0.1% Triton X-100, 150 mM NaCl, 20 mM HEPES (pH7.4), PKC binding was

measured by western blot. To evaluate effect of ATP competitors, washed

beads were incubated for 30 min with a binding buffer containing 0.1% Triton

X-100, 150 mM NaCl, 250 nM PDBu, 1mM DTT, 10 mM HEPES (pH7.4) for

control, or 500 nM ATP competitors (BIS I, BIS IV, ST). Then 60 ng PKCbII (Cal-

biochem) was added and further incubated for 2 min. After 33 wash with

binding buffer plus PKC inhibitors, associated proteins were eluted by SDS-

loading buffer and analyzed by western blot.

PKC Kinase Assay

PKC kinase assay was performed using 32P PKC assay kit (Millipore) using

a substrate peptide (QKRPSQRSKYL) and 32P-ATP. ATP and concentrations

were 200 mM.
Mole
Arg-C Assay

Proteolysis of PKC by Arg-C was performed as described (Orr et al., 1992).

Purified PKCbII (Calbiochem) (650 ng) was incubated at 37�C with 10 ng of

Arg-C (Sigma-Aldrich, Arg-C to PKC molar ratio of 1:50) in buffer (0.1% Triton

X-100, 750 mM CaCl2, 1 mM DTT, 10 mM Tris [pH 7.5]) containing indicated

PKC inhibitors. Samples (10 ml) at each time point were analyzed by western.

Pulse-Chase Assay

COS7 cells were transfected with WT PKCbII for 24�30 hr, treated with 10 mM

OSO03012 (Calbiochem) or 1 mM KT5720 (Calbiochem) for 3 hr at 37�C. Cells

were then pulse labeled with 0.5 mCi ml�1 [35S]Met/Cys (P.E.) in Met/Cys-defi-

cient DMEM for 7 min at 37�C, media removed, and cells chased with DMEM

as previously described (Sonnenburg et al., 2001). At indicated times cells

were lysed in buffer A (50 mM Tris [pH 7.5], 1% Triton X-100, 50 mM NaF,

10 mM Na4P2O7, 100 mM NaCl, 5 mM EDTA, 1 mM Na3VO4, and 1 mM

PMSF), centrifuged at 16,000 3 g for 5 min at 22�C, and PKCbII in supernatant

immunoprecipitated with PKCa monoclonal antibody (cross-reactive with

PKCbII, B.D.) overnight at 4�C. Immune complexes were collected with

Ultra-Link protein A/G beads (Pierce), washed with buffer A, and analyzed

by SDS-PAGE and autoradiography. Lysates from these experiments were

analyzed for phospho-Akt (Thr-308, Cell Signaling). Prolonged incubation of

cells with PDK1 inhibitors for up to 24 hr did not affect cellular levels of PKCbII.

Immunoprecipitation of PKC/Akt1

COS7 cells were transfected with either PKCbII or HA-Akt1. Approximately

24 hr posttransfection, cells were lysed in buffer A, centrifuged at 16,000 3 g

for 5 min at 22�C, and detergent-solubilized supernatants incubated with

either a monoclonal PKCa antibody (to IP PKCbII) or a monoclonal HA antibody

(Roche, to IP Akt) for 16 hr at 4�C. Immune complexes were collected with

Ultra-Link protein A/G beads, washed with buffer A, and analyzed by SDS-

PAGE/western for interaction with endogenous PDK1 (polyclonal anti-PDK1,

Cell Signaling). Expression of PKCbII and HA-Akt1 was assessed by a mono-

clonal antibody to PKCbII (B.D.) and a monoclonal HA antibody (Roche).

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-

mental Procedures and can be found with this article online at doi:10.1016/
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