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Summary

Spatiotemporal organization of cAMP signaling be-
gins with the tight control of second messenger syn-

thesis. In response to agonist stimulation of G protein-
coupled receptors, membrane-associated adenylyl

cyclases (ACs) generate cAMP that diffuses through-
out the cell. The availability of cAMP activates vari-

ous intracellular effectors, including protein kinase A
(PKA). Specificity in PKA action is achieved by the

localization of the enzyme near its substrates through
association with A-kinase anchoring proteins (AKAPs).

Here, we provide evidence for interactions between
AKAP79/150 and ACV and ACVI. PKA anchoring facili-

tates the preferential phosphorylation of AC to inhibit
cAMP synthesis. Real-time cellular imaging experi-

ments show that PKA anchoring with the cAMP syn-
thesis machinery ensures rapid termination of cAMP

signaling upon activation of the kinase. This protein
configuration permits the formation of a negative feed-

back loop that temporally regulates cAMP production.

Introduction

Receptor-G protein-coupled events at the plasma
membrane trigger responses that proceed through the
generation of cAMP (Lefkowitz, 2004). This soluble sec-
ond messenger accumulates in cellular microdomains
where it locally activates effector proteins such as
cAMP-dependent protein kinases (PKA), cAMP phos-
phodiesterases (PDEs), and cAMP-dependent guanine
nucleotide exchange factors (Epacs) (Bos, 2003;
Dodge-Kafka et al., 2005; Zaccolo and Pozzan, 2002).
AKAPs tether these effector proteins with their down-
stream targets to facilitate the relay of compartmental-
ized cAMP signals (Tasken and Aandahl, 2004; Wong
and Scott, 2004). AKAPs also influence upstream signal-
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ing events by placing cAMP effector proteins in close
proximity to b-adrenergic receptors (b-ARs) and the
cAMP synthesis machinery (Davare et al., 2001; Fraser
et al., 2000; Malbon et al., 2004). We now show that
AKAP79/150 anchors PKA close to the ACV and ACVI
isoforms to facilitate their preferential phosphorylation.
Real-time imaging experiments show that anchoring of
PKA to the cAMP synthesis machinery ensures that
these signaling events are rapidly terminated upon acti-
vation of the kinase.

Results and Discussion

AKAP150 Associates with ACV and ACVI
Because we reasoned that AKAPs might couple PKA to
the enzymes that produce cAMP, the agonist forskolin
was used as an affinity ligand to purify AC complexes
from rat brain (Figure 1A). Proteins were eluted from
the affinity resin, and AKAPs were detected by an in vitro
overlay procedure using 32P-labeled PKA regulatory
subunit (RII) as a probe (Carr et al., 1991). A major RII
binding band of 150 kDa was detected in the eluate
(Figure 1A, lane 3) that was identified as AKAP150 by im-
munoblot (Figure 1B, lane 3). The RII (Figure 1C, lane 3)
and C subunits (data not shown) of the PKA holoenzyme
copurified with AKAP150. The AC isoforms V and/or VI
were also detected in the eluate by using an antibody
that recognizes both proteins (Figure 1D, lane 3). These
protein-protein interactions were confirmed when AC
immune complexes (AC1, ACIII, and ACV/VI) isolated
from rat brain were probed for copurification of AKAP150
and PKA subunits (Figure 1E). The anchoring protein and
RII copurified only with ACV/VI (Figure 1E, lane 5), and C
subunit activity was enriched 5.2- 6 0.2-fold (n = 3) in
AC V/VI immune complexes over controls (Figure 1F,
columns 1 and 2). The ACV/VI-associated PKA activity
was blocked by the kinase inhibitor peptide PKI 5-24
(Figure 1F, column 3).

AKAP79-Anchored PKA Modulates AC Activity
AKAP150 and its human ortholog AKAP79 are multi-
valent anchoring proteins that target PKA, PKC, and
the phosphatase PP2B to the inner face of the plasma
membrane (Dell’Acqua et al., 1998; Hoshi et al., 2005).
AKAP79/150 also interacts with b-ARs in an agonist-
independent manner, thereby bringing its anchored
enzymes close to ACs (Fraser et al., 2000; Lynch et al.,
2005). Previous studies have shown that PKA phosphor-
ylation of ACV or ACVI at a suboptimal consensus site of
sequence Lys-Lys-Tyr-Ser-Lys inhibits cAMP synthe-
sis (Chen et al., 1997; Iwami et al., 1995). Therefore, we
examined how the anchored PKA affected AC activity
inside cells. HEK293 cells were transfected with plas-
mids encoding both FLAG-tagged AKAP79 and His-
tagged ACV. AC activity copurified with AKAP79 im-
mune complexes from cotransfected cells (Figure 1G,
column 3), but not from control cells or those expressing
AKAP79 alone (Figure 1G, columns 1 and 2). In recip-
rocal experiments, where both proteins were coex-
pressed, the immunoprecipitation of ACV-His resulted
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Figure 1. AKAP150 Associates with ACV and ACVI

(A–D) Endogenous AC complexes were isolated from rat brain extract (RBE) by using forskolin-agarose affinity chromatography. Copurifying

proteins were identified by RII overlay (A) or Western blots detecting (B) AKAP150, (C) RII, and (D) ACV and ACVI.

(E) Immunoprecipitation of ACs from RBE was performed with antibodies against the ACI, ACII, or ACV/VI isoforms. Immunoblot analysis of each

immune complex using anti-AKAP150 (top) and anti-RII (bottom) detected AC-associated proteins.

(F) Measurement of the PKA activity in ACV/VI immune complexes from RBE. Activity measurements were performed with and without the PKA

inhibitor PKI. Data are presented as the mean 6 SEM from three independent experiments (p < 0.001).

(G) Expression of FLAG-tagged AKAP79 alone or in combination with His-tagged ACV in HEK293 cells was followed by anti-FLAG immuno-

precipitation of AKAP79. Coprecipitating AC activity was measured upon stimulation with forskolin and GaS-GTPgS. Data are presented as

the mean 6 SEM, from three independent experiments, each performed in duplicate (p < 0.001).

(H) Reciprocal immunoprecipitations using the His tag to isolate ACV complexes were immunoblotted with anti-FLAG to detect coprecipitating

AKAP79 (top). The expression levels of FLAG-AKAP79 in cell lysates were determined by immunoblot (bottom).
in the copurification of AKAP79-FLAG (Figure 1H, lane
3). Similar results were obtained with the ACVI isoform
(data not shown). Collectively, experiments in Figure 1
suggest that ACV and ACVI form macromolecular com-
plexes with AKAP79/150 and the PKA holoenzyme.

Our working hypothesis was that an anchored pool of
PKA suppresses ACV activity. Therefore, intracellular
cAMP production was measured by enzyme immunoas-
say in HEK293 cells expressing GasQL, a tonically active
stimulatory G protein subunit (Figure 2A and Figure S1 in
the Supplemental Data available with this article online).
Basal levels of cAMP synthesis were measured in con-
trol cells and cells expressing recombinant AKAP79 in
the presence of the PDE inhibitor IBMX (Figure 2A, col-
umns 1 and 2, and Figure S1). Intracellular cAMP levels
were enhanced 2.85- 6 0.3-fold in cells expressing
ACV (Figure 2A, column 3), whereas coexpression of
AKAP79 or AKAP150 with ACV significantly reduced in-
tracellular cAMP production (Figure 2A, columns 4 and
5). This implies that AKAP79/150 targets PKA toward
ACV to repress cAMP synthesis presumably via a mech-
anism that involves phosphorylation of the cyclase.

In order to test this latter notion, we isolated AC im-
mune complexes from rat brain extracts with the anti-
ACV/ACVI antibody. Previous studies have shown that
ACV is a predominant isoform in this tissue (Mons and
Cooper, 1995). The anchored pool of PKA was activated,
and 32P phosphate incorporation was monitored by
autoradiography (Figures 2B and 2C). Phosphorylation
of ACV was only detected under conditions where PKA
was bound to the AKAP prior to activation of the kinase
(Figures 2B and 2C, lane 1). Phosphate incorporation
was abolished when the immune complexes were incu-
bated with an anchoring inhibitor peptide (AKAP-IS)
(Alto et al., 2003) prior to activation of the kinase (Figures
2B and 2C, lane 2). Parallel experiments in transfected
HEK293 cells confirmed the role of AKAP79-anchored
PKA in the phosphorylation of ACV (Figures 2D and 2E).
Thus, an anchored pool of PKA phosphorylates ACV.
Further support for this notion was provided when ACV
activity was measured (as described above) in HEK293
cells expressing AKAP79DPKA, a mutant that is unable
to anchor PKA. Coexpression of ACV and AKAP79 re-
duced cAMP production to baseline levels (Figure 2F,
columns 1–4), yet maximal ACV activity was retained in
cells expressing the AKAP79DPKA (Figure 2F, column
5). Additional control experiments showed that ACV ac-
tivity was unaffected upon expression of AKAP18, an
anchoring protein that does not couple to the b2-AR
(Figure 2F, column 6).

Previous studies have implicated serine 674 as a regu-
latory site on ACVI (Chen et al., 1997; Iwami et al., 1995).
PKA phosphorylation of this residue suppresses AC
activity with a concomitant reduction in cAMP produc-
tion (Chen et al., 1997; Iwami et al., 1995). Therefore,
site-directed mutagenesis techniques were used to in-
troduce a nonphophorylatable side chain at the corre-
sponding site in ACV (position 676). Phosphorylation
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Figure 2. AKAP79-Associated PKA Modu-

lates ACV Activity

(A) HEK293 cells expressing GaSQ227L were

transfected with AKAP79 (column 2) or ACV

(column 3), AKAP79 and ACV (column 4), or

AKAP150 and ACV (column 5). Intracellular

cAMP levels were measured by enzyme

immunoassay. The data presented are from

a single experiment that is representative

of three separate experiments, each per-

formed in duplicate. Data are presented as

the mean 6 SEM; p < 0.001.

(B) Endogenous ACV/VI complexes were im-

munoprecipitated from rat brain extract, and

the coprecipitating PKA was activated. Phos-

phorylation of the precipitated proteins was

performed either in the presence of the

PKA-anchoring inhibitor, AKAP-IS peptide,

or the control scrambled AKAP-IS peptide.

Phosphorylation was monitored by autoradi-

ography of blots to detect incorporation of
32P into AC (top). ACV/VI expression levels

were monitored by immunoblot (bottom).

(C) Phosphate incorporation was quantified,

and the results were averaged from three in-

dependent experiments. Data are presented

as the mean 6 SEM; p < 0.001.

(D) ACV complexes were immunoprecipitated

from HEK293 cells coexpressing AKAP79

or the PKA-anchoring defective mutant

AKAP79-PP. Coprecipitating PKA was acti-

vated with cAMP, and phosphorylation was

monitored by autoradiography of blots to

detect incorporation of 32P into ACV (top).

ACV expression levels were monitored by

immunoblot (bottom).

(E) Phosphate incorporation was quantified,

and the results were averaged from three in-

dependent experiments. Data are presented

as the mean 6 SEM; p < 0.001.

(F) HEK293 cells expressing GaSQ227L, ACV

(column 3), ACV and AKAP79 (column 4),

ACV and an AKAP79 unable to bind PKA (col-

umn 5), or AKAP18 (column 5) were lysed, and

cAMP levels in the total cell lysate were mea-

sured. Data presented are the average of

three separate experiments, each performed

in duplicate. Data are presented as the

mean 6 SEM, p < 0.001.
studies confirmed that substitution of Ser-676 with ala-
nine reduced PKA-catalyzed phosphate incorporation
into the mutant ACV when compared to a wild-type con-
trol (Figure 3A, both panels, and Figure 3b). In addition,
AKAP79-mediated suppression of cAMP production was
abolished in the ACV S676A mutant when compared to
the wild-type protein (Figure 3C). Taken together, these
findings support the notion that Ser 676 is a regulatory
phosphorylation site on ACV and that it can be modu-
lated by an AKAP79-associated pool of PKA. Collec-
tively, the data in Figures 2 and 3 imply that AKAP79/
150 assembles a negative feedback loop that sup-
presses local cAMP synthesis.

AKAP79 Synchronizes the Modulation of AC Activity

in Living Cells
AKAP79 expression was silenced by RNA interference
(RNAi) (Figure 4A), allowing us to look at altered cAMP
dynamics in living cells. These experiments were per-
formed with two different fluorescent reporters. Changes
in Fura-2 absorbance indicated cAMP accumulation at
the plasma membrane, whereas the genetically encoded
AKAR2 reporter monitored dynamic changes in cyto-
plasmic PKA activity. Calcium influx through cyclic
nucleotide-gated (CNG) ion channels is stimulated in re-
sponse to an increase in cAMP (Flynn et al., 2001). Thus,
when coupled with the calcium-sensitive indicator
Fura-2 and the PDE inhibitor IBMX, cAMP-selective
CNG channel mutants function as real-time biosensors
for cAMP accumulation at the plasma membrane (Rich
et al., [2000] and Figure 4B). One clear advantage of
this approach is that the mutant CNG channel is faster
in its response than any other imaging method in use
for measuring cAMP, and it is targeted to the plasma
membrane where it is in proximity to ACs (Flynn et al.,
2001). Furthermore, calcium influx through this mutant
CNG channel is not sufficient to alter the activation kinet-
ics of the ACs, which can be inhibited in response
to higher levels of extracellular calcium (Mons and Coo-
per, 1995). Therefore, HEK293 cells were infected with
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adenovirus encoding a Cys460 Trp, Glu583Met CNG
channel mutant and loaded with Fura-2. Changes in
Fura-2 emission ratio (F340/380) were measured. A mod-
erate shift in the Fura-2 ratio (F340/380) was detected in
control cells upon stimulation of cAMP synthesis with the
b-agonist, isoproterenol (30 nM) (Figure 4D, top panels).
However, the rate of the response was more pronounced
in the AKAP79 knockdown cells (Figure 4D, bottom
panels). The amalgamated data from numerous cells
are presented in Figure 4C and demonstrate that loss
of AKAP79 enhances cAMP accumulation. These effects
were not observed in cells with RNAi knockdown of
AKAP18 (data not shown).

Complementary experiments examined changes in
PKA activity in living cells expressing the AKAR2 re-
porter (Zhang et al., 2005). AKAR2 is a chimeric protein
consisting of cyan fluorescent protein (CFP), a consen-
sus PKA substrate sequence, a Forkhead homology
(FHA) domain that binds phosphoamino acids, and the
yellow fluorescent protein citrine (Figure 4E). PKA phos-
phorylation of its consensus site engages the FHA do-
main to enhance fluorescence resonance energy trans-
fer (FRET) between the fluorescent moieties. HeLa cells
expressing AKAR2 were initially stimulated with the spe-
cific b2-AR agonist terbutaline (100 mM) for 7 min. The
subsequent application of forskolin (20 mM) demon-
strated the maximal FRET level. In the absence of PDE

Figure 3. Characterization of the ACV Ser-674 Ala Mutant

(A) (Top) Autoradiograph showing the 32P phosphate incorporation

into wild-type ACV (lane 1) and the ACV S676A mutant (lane 2). (Bot-

tom) ACV expression levels were monitored by immunoblot.

(B) Results were quantified by densitometry, and data are presented

as the mean 6 SEM.

(C) Graph of the levels of intracellular cAMP (pmol) in HEK293 cell

lysates expressing the GaSQ227L constitutively active mutant.

Data from cells expressing wild-type ACV (black) and the ACV

S67A mutant (gray) are indicated. Data are representative of three

separate experiments and are presented as mean 6 SEM.
inhibitors, the terbutaline promoted an acute and tran-
sient elevation of FRET in control cells (Figure 4F, top
panels, and Figure 4G, black squares, n = 14). In contrast,
the terbutaline response was sustained in AKAP79
knockdown cells (Figure 4F, bottom panels, and Fig-
ure 4G, red squares, n = 20). These cells exhibited a
slower decay in FRET, and the extent of PKA activity was
greater over time (Figure 4H, column 2, and Figure 4I, col-
umn 2). Ectopic expression of murine AKAP150, which is
refractory to the shRNA, rescued the original FRET re-
sponse (Figure 4G, green triangles, n = 9; Figure 4H,
column 3; and Figure 4I, column 3). Taken together, these
FRET measurements imply that AC activity and the con-
comitant activation of PKA is prolonged in cells lacking
AKAP79. Importantly, the cAMP-dependent elevation
in FRET was also sustained when cells were rescued
with the AKAP150DPKA form that is unable to anchor
the kinase (Figure 4G, blue circles, n = 9; Figure 4H, col-
umn 4; and Figure 4I, column 4). On the basis of these
data, we can conclude that AKAP79-anchored PKA
participates in the inhibition of AC activity.

Assembly of a Negative Feedback Loop to Regulate
Local cAMP Levels

Occupancy of the b-AR triggers cAMP synthesis at spa-
tially resolved locations in the plasma membrane. Our
data suggest that AKAP79/150 directs these cAMP sig-
nals via PKA toward specific substrates within a b2-
AR, G protein, and ACV network. Although biochemical
methods were unable to detect Gas in these macromo-
lecular complexes, a wealth of functional data has dem-
onstrated the dynamic association of this heterotrimeric
G protein subunit with the b2-AR and ACs (Lefkowitz,
2004). Ultimately, these events lead to the activation of
PKA. Potential substrates for the kinase include the
b-AR itself, to switch its coupling to different G proteins
(Daaka et al., 1997); and ACV to terminate cAMP produc-
tion (Chen et al., 1997; Iwami et al., 1995). The net effect
of both phosphorylation events is to provide negative
feedback on ACV and generate bursts of cAMP synthe-
sis. Our FRET-based PKA activity measurements sug-
gest that this is a fairly rapid process that can return to
baseline within 4 min of b2-AR stimulation (Figure 4G).
Furthermore, our RNAi experiments imply that AKAP79/
150 signaling complexes shape the dynamics of cAMP
production. Removal of this anchoring protein not only
affects the magnitude of cAMP synthesis as assessed
by Fura-2 imaging but also prolongs the duration of
cellular PKA activity as measured by the FRET reporter.
Rescue with AKAP forms that are unable to tether the
kinase sustains PKA activity, which is likely a conse-
quence of persistent cAMP synthesis. It is possible
that AKAP79/150 or other anchoring proteins may per-
form analogous functions for other AC isoforms. In addi-
tion, other signaling enzymes that interact with AKAP79/
150 may function to regulate cAMP synthesis, such as
protein kinase C (PKC) isoforms that have been impli-
cated in the activation of ACV and the inhibition of ACVI
(Lai et al., 1997; Mons and Cooper, 1995). Anchored
pools of PKC may also participate in the modulation of
several other AC isoforms (Mons and Cooper, 1995).
These regulatory processes are likely to augment other
mechanisms that terminate conventional b2-AR signal-
ing, such as desensitization of the receptor through
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Figure 4. AKAP79 Synchronizes the Modulation of ACV Activity in Living Cells

(A) Silencing of AKAP79 expression in HEK293 cells was confirmed by immunoblot (top). Immunoblot for tubulin is the loading control

(bottom).

(B) Schematic diagram of a biosensor for cAMP production by AC in living cells. Activation of b-AR leads to activation of AC and cAMP pro-

duction. In the presence of a PDE inhibitor, cAMP accumulates near the plasma membrane. A mutant CNG channel biosensor responds to

cAMP, permitting calcium entry into Fura-2-loaded cells. The resulting shift in Fura-2 excitation (F340/380) is used to assess cAMP production.

(C) Comparison of cAMP production in AKAP79-silenced cells (red, n = 26) or control cells (black, n = 29) transfected with the biosensor.

(D) Representative pseudocolor images of a field of cells over a time course of 1 min intervals of the data presented in (C).

(E) Schematic diagram of agonist induction of FRET in the PKA activity sensor AKAR2. Signaling from the b-AR leads to activation of AC and an

increase in cAMP. Anchored PKA responds to the increased cAMP and phosphorylates AKAR2.

(F) Representative pseudocolored images of FRET changes in control and AKAP79 knockdown HeLa cells (Figure S2) stimulated with terbuta-

line (t = 0 min) followed with forskolin stimulation (t = 7 min).
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recruitment of arrestins (Bohn et al., 1999) and degrada-
tion of cAMP by a receptor-associated b-arrestin and
type 4 PDE complex (Baillie et al., 2005; Lynch et al.,
2005; Perry et al., 2002).

The Role of AKAPs in the Control of cAMP Signaling
The opposing actions of ACs and PDE generate intracel-
lular gradients and compartmentalized pools of cAMP
(Dodge-Kafka et al., 2005; Zaccolo and Pozzan, 2002).
Interestingly, PKA, the principle target of this second
messenger actively, participates in the regulation of both
enzyme classes. Although this report has focused on the
role of PKA to modulate cAMP generation via ACV activ-
ity, it has also been shown (Willoughby et al., 2006) that
a growing number of AKAPs cluster PKA with PDEs
to terminate cAMP signals as they diffuse into the cell
(Asirvatham et al., 2004; Dodge et al., 2001; Tasken
et al., 2001). For example, mAKAP-anchored PKA phos-
phorylates PDE4D3 to favor cAMP degradation at the
perinuclear membrane (Dodge et al., 2001; Dodge-Kafka
et al., 2005). Likewise, AKAP450 performs a similar func-
tion at the centrosomes (Tasken et al., 2001), gravin/
AKAP250 clusters PKA with PDE4 isotypes close to
the plasma membrane (Willoughby et al., 2006), and
AKAP149/121 targets the PDE7A isoform to a variety
of subcellular locations (Asirvatham et al., 2004; Baillie
et al., 2005). These AKAP-PKA-PDE units respond to up-
stream signals that emanate from GPCR-AC networks,
creating a complex and continually changing signaling
environment where cAMP levels are unevenly distrib-
uted within the cell. Under this scenario, the activation
state of cAMP effectors such as PKA, CNG channels,
and Epacs is principally governed by their intracellular
location. This notion emphasizes a central role for
AKAPs in the spatiotemporal control of cAMP signaling
and underscores the pleiotrophic nature of this impor-
tant second messenger.

Experimental Procedures

Antibodies Used for Immunoblotting and Immunoprecipitation

Antibodies used in this experiment are as follows: rabbit polyclonal

antibody to AKAP150 (VO88, 1:10,000), mouse monoclonal PKA

type II regulatory subunits a and b (BD Transduction Laboratories

1:1000), mouse monoclonal a-actin antibody (Chemicon 1:500),

mouse monoclonal MAP2 antibody (clone HM2, Sigma 1:2300), rab-

bit polyclonal ACV/VI (C-17), ACIII (C-20), ACI (v-20) (Santa Cruz

Biotechnology 1:1000), anti-FLAG M2-peroxidase conjugate (Sigma

1:1000). Western blots are representative of experiments performed

at least three times.

Cell Culture and Transfections

Cell culture and transfections were performed as previously

described (Dodge-Kafka et al., 2005).
Tissue Extract Preparation and Immunoprecipitations

Detailed methods for the preparation of tissue extracts, the immuno-

precipitation of ACV-AKAP complexes, and forskolin agarose pull

downs are included in the Supplemental Data.

PKA Activity Assay

The coimmunoprecipitated PKA activity was determined as previ-

ously described by (Corbin and Reimann, 1974). For PKA phosphor-

ylation of ACV, immunoprecipitation of the ACV complex was per-

formed as described above. After washing with IP buffer, pellets

were washed in cold PBS and treated with lambda phosphatase

for 30 min. The samples were washed with HSE, incubated for

20 min at 4�C in 200 ml HSE containing 50 mM either AKAP-IS or

scrambled AKAP-IS peptide and washed with HSE. Addition of

0.75 mM cAMP, 75 mM IBMX, 1 mM DTT, 0.2 mM okadaic acid,

and 10 mM FK506 in 20 ml of kinase buffer activated coimmunopreci-

pitated PKA. After incubation for 30 min at 30�C, the pellets

were washed, N-ethylmaleimide (NEM) treated, separated by SDS-

PAGE, and transferred to nitrocellulose. Incorporated radioactivity

was determined by autoradiography. The amount of immunoprecip-

itated ACV/VI was determined by using the ACV/VI antibody. The

amount of 32P incorporation was normalized to the amount of

ACV/VI.

AC Activity Assay from Immunoprecipitates

AC activity was determined as previously described (Dessauer,

2002).

Intracellular cAMP Assay

HEK293 cells transfected (36 hr) with pCDNA3, pCDNA3-GasQ227L

(0.25 mg per well), pCDNA3-ACV (0.3 mg per well), and various AKAP

constructs (1 mg per well) were starved in DMEM for 6 hr and then

treated with phosphodiesterase inhibitor (1 mM IBMX) for 15 min.

Treatments were stopped by removal of media and addition of 250

ml lysis buffer (50 mM Tri-HCl [pH 7.4], 4 mM EDTA, 1 mM IBMX,

and protease inhibitors). Total cell lysate was heated at 100�C for

10 min, and cAMP levels were detected by enzyme immunoassay

(Assay Designs, Ann Arbor, MI). Protein expression levels were

determined by immunoblotting.

cAMP Changes Monitored by Ca2+ Influx CNG Channels

Knockdown of AKAP79 in HEK293 cells was performed as previ-

ously described (Hoshi et al., 2005). Two days later, cells were in-

fected with adenovirus encoding the a subunit of rat olfactory

CNG channel with mutations Cys460Trp and Glu583Met. The follow-

ing day, the CNG channel-expressing cells were enriched for

AKAP79-deficient cells and treated with 100 mM IBMX. After loading

with Fura-2, the cells were washed and imaged as previously

described (Willoughby et al., 2006). Details can be found in the

Supplemental Data.

FRET Imaging and Analysis

Cell culture, transfection, and FRET imaging and analysis were done

as previously described (Dodge-Kafka et al., 2005).

Statistical Analysis

Statistical tests for PKA, AC activity, and the accumulation of intra-

cellular cAMP were done by using two-tailed unpaired Student’s

t tests with Excel (Microsoft) and Instat (Graphpad). Statistical tests

for the FRET analysis of PKA phosphorylation were done by using

the ANOVA-Dunnett Multiple Comparisons Test.
(G) Amalgamated FRET traces for control (black, n = 14), AKAP79 knockdown (red, n = 20), AKAP150 rescue of AKAP79 knockdown (green,

n = 9), and rescue with a mutant AKAP150 that does not bind PKA (blue, n = 9). Analysis of the terbutaline response data presented in (F).

(H) Graph depicting the percentage of FRET signal decay (Terdecay / Terpeak 3 100) for each cell group. The terbutaline peak response (Terpeak) is

the change in FRET from baseline to peak 1 min after application of agonist. The terbutaline decay (Terdecay) is the change in FRET from the peak

response to the FRET value at 3 min. The percent decay represents the dynamics of the response for each cell group. The statistical significance

of both AKAP79 knockdown versus control and AKAP150DPKA rescue versus control was calculated by using the ANOVA-Dunnett Multiple

Comparisons Test and the p value for each was <0.01. Error bars indicate SEM.

(I) The extent of elevated FRET analyzed as the integration of values above baseline from the time of application of terbutaline (t = 0) to the last

time point above baseline preceding the addition of forskolin. The statistical significance of AKAP79 knockdown versus control was calculated

by using the ANOVA-Dunnett Multiple Comparisons Test and the p value was <0.01. The statistical significance of AKAP150DPKA rescue versus

control was calculated by using the ANOVA-Dunnett Multiple Comparisons Test and the p value was <0.05. Error bars indicate SEM.
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Supplemental Data

Supplemental Data include Supplemental Experimental Procedures

and two figures and can be found with this article online at http://

www.molecule.org/cgi/content/full/23/6/925/DC1/.
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