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ABSTRACT: The cAMP-dependent protein kinase (PKA) regulates a wide array of cellular functions. In
brain and heart PKA increases the activity of the L-type Ca2+ channel Cav1.2 in response toâ-adrenergic
stimulation. Cav1.2 forms a complex with theâ2-adrenergic receptor, the trimeric GS protein, adenylyl
cyclase, and PKA wherein highly localized signaling occurs [Davare, M. A., Avdonin, V., Hall, D. D.,
Peden, E. M., Burette, A., Weinberg, R. J., Horne, M. C., Hoshi, T., and Hell, J. W. (2001)Science 293,
98-101]. PKA primarily phosphorylates Cav1.2 on serine 1928 of the central, pore-formingR11.2 subunit.
Here we demonstrate that the A-kinase anchor protein 150 (AKAP150) is critical for PKA-mediated
regulation of Cav1.2 in the brain. AKAP150 and MAP2B specifically co-immunoprecipitate with Cav1.2
from rat brain. Recombinant AKAP75, the bovine homologue to rat AKAP150, binds directly to three
different sites ofR11.2. MAP2B from rat brain also interacts with these same sites in pull-down assays.
Gene disruption of AKAP150 in mice dramatically reduces co-immunoprecipitation of PKA with Cav1.2
and prevents phosphorylation of serine 1928 uponâ-adrenergic stimulation in vivo. These results
demonstrate the physiological relevance of PKA anchoring by AKAPs in general and AKAP150 specifically
in the regulation of Cav1.2 in vivo.

L-Type Ca2+ channels, such as Cav1.2, substantially
contribute to Ca2+ influx into neurons (1, 2). These channels
regulate membrane excitability (3), certain forms of long-
term potentiation and long-term depression (2, 4-7), and
gene expression (8, 9). Regulation of L-type channels is best
characterized in the heart where Ca2+ influx through Cav1.2
is crucial for triggering myocardial contraction. During the
fight or flight response,â-adrenergic stimulation increases
the contractility of the heart in part by enhancing Cav1.2
channel activity via PKA1 (10-12). PKA also upregulates
L-type channel activity in neurons (13-17).

Two different L-type channels have been identified in
forebrain neurons, Cav1.2 and Cav1.3, previously called class
C and class D L-type channels, respectively (18-20). Cav1.2
not only is the most prevalent Ca2+ channel in the heart but
also constitutes∼80% of the L-type channels in the brain
(2, 19, 21). The centralR11.2 subunit (18) forms the ion-
conducting pore of Cav1.2 (22). Auxiliary subunits (R2-δ,
-â, and possibly -γ) control different properties of the channel
including surface expression and gating kinetics (22, 23).
Importantly, only theR11.2 subunit is required for the PKA-
mediated increase in channel activity of Cav1.2 (24).
Nevertheless, phosphorylation of theâ2 subunit could
contribute to this increase in those Cav1.2 complexes that
contain this isoform of theâ subunit (25).

The only phosphorylation site for PKA onR11.2 that is
detectable biochemically is serine 1928 (11, 20, 26-29). The
phosphorylation level for this site is approximately 17%
under basal conditions in the adult rat brain in vivo (27).
Gao et al. found that mutating serine 1928 to alanine inhibits
PKA-mediated phosphorylation ofR11.2 and upregulation
of R11.2 channel activity (30). The channel can also be
potentiated through proteolytic cleavage of theR11.2 C-
terminus. In neurons, Ca2+ influx through NMDA-type
glutamate receptors results in cleavage ofR11.2 upstream
of serine 1928 by the Ca2+-dependent protease calpain. This
cleavage generates a 180 kDa short form ofR11.2 that is 40
kDa smaller than the full-length protein (31, 32). Expression
of truncatedR11.2 approximating the calpain cleavage region
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yields a channel whose activity is several fold increased
compared to full-lengthR11.2 (33).

PKA targets to various substrate proteins via A-kinase
anchor proteins or AKAPs (34-36). Disruption of the PKA-
AKAP interaction inhibits regulation of a number of ion
channels by PKA as initially shown for the AMPA-type
glutamate receptor (37, 38) and the skeletal muscle L-type
channel Cav1.1 (39). PKA links to Cav1.1 through AKAP15/
18, recently renamed AKAP7 (36), which has also been
found to mediate the interaction between PKA and Cav1.2
in heart (40). In brain, Cav1.2 interacts with the microtubule-
associated protein MAP2B (26), which was the first AKAP
identified as such (41). However, whether MAP2B or
AKAP15/18, which is also expressed in brain (42, 43), or
other AKAPs act to anchor PKA at Cav1.2 in neurons is
unclear.

One such AKAP may be AKAP150, also designated as
AKAP5 by the Gene Nomenclature Committee (36).
AKAP150 is localized to postsynaptic sites of glutamatergic
synapses (44, 45) and recruits PKA to the glutamate receptor
GluR1 subunit for upregulation of its activity by phospho-
rylation on serine 845 (37, 46-49). Interestingly, both Cav1.2
and theâ2-adrenergic receptor (â2-AR) are also clustered at
synaptic sites, where they colocalize for spatially restricted
signaling from theâ2-AR to Cav1.2 (31, 50). There is
evidence of a functional interaction between Cav1.2 and
AKAP150. Gao et al. observed phosphorylation of Cav1.2
by PKA in their cell culture system only when AKAP79,
the human homologue of AKAP150, was coexpressed with
Cav1.2. This phosphorylation was not detectable when mutant
AKAP79 deficient for PKA binding was coexpressed (30).
Furthermore, AKAP79 promotes cell surface expression of
Cav1.2 in HEK293 cells (51). Rodent AKAP150 differs from
its human homologue in that it contains 36 imperfect
octapeptide repeats of unknown function (35). Although the
exact mechanism for its effect on Cav1.2 surface expression
is unknown, collectively these findings indicate that AKAP150
can functionally interact with Cav1.2.

Now we show that AKAP150 co-immunoprecipitates with
Cav1.2 from rat brain. The bovine homologue, AKAP75,
binds directly toR11.2. It specifically interacts with three
different sites onR11.2 (N-terminus, loop I-II, and distal
C-terminus) with its strongest binding to the distal C-terminus
downstream of serine 1928. These same intracellular domains
of R11.2 mediate its interaction with MAP2B. Stimulation
of â-ARs with isoproterenol leads to phosphorylation of
R11.2 on serine 1928 in rats and mice. Importantly, knockout
of AKAP150 in mice by gene disruption prevents this
phosphorylation in vivo. Accordingly, thisâ-adrenergic
stimulation of serine 1928 phosphorylation establishes for
the first time that phosphorylation of this PKA site is
regulated in vivo, providing a critical piece of evidence for
the functional relevance of serine 1928 phosphorylation. In
addition, AKAP150 is the main AKAP that linksâ-ARs and
PKA functionally to Cav1.2 in the brain.

EXPERIMENTAL PROCEDURES

Materials.Microcystin LR was obtained from Calbiochem
(San Diego, CA) and protein A-Sepharose from Repligen.
Protein G-Sepharose and glutathione-Sepharose were
purchased from Amersham Pharmacia. Other reagents were

of standard biochemical quality and were obtained from the
usual commercial suppliers.

Antibodies. The following antibodies were previously
described. The anti-R11.2 antibody was raised against a GST-
fusion protein spanning parts of the cytosolic loop between
domains II and III of R11.2 (26). The phosphospecific
antibody CH1923-1932P (anti-R11.2-P) was made against a
peptide with the indicated residues upstream and downstream
of the phosphorylated serine 1928 (11, 26). Control antibod-
ies to test for nonspecific immunoprecipitation were non-
immune purified rabbit and mouse IgG from Zymed Labo-
ratories, Inc. (South San Francisco, CA) and Jackson
ImmunoResearch Laboratories, Inc. (West Grove, PA),
respectively. Antibodies against the PKA regulatory subunits
RIIR and RIIâ were as described in ref52. The anti-AKAP15
antibody was generously provided by Dr. W. A. Catterall
(University of Washington, Seattle, WA) (43), anti-GST by
Dr. J. W. Tracy (University of Wisconsin, Madison, WI)
(53), and the antibody against the catalytic PKA CR subunit
by Dr. C. S. Rubin (Albert Einstein College of Medicine,
Bronx, NY) as described earlier (26). Antibodies against
human AKAP79 (clone 22) (54, 55), MAP2B (clone 18) (26),
and Yotiao (AKAP350/450, clone 7) were purchased from
Transduction Laboratories (Lexington, KY), mAKAP (56,
57) and polyclonal rodent AKAP150 was from Upstate (Lake
Placid, NY) (26).

Administration of Isoproterenol and Propranolol.Two-
month-old rats or mice were intraperitoneally injected with
1 mL of either vehicle (PBS), 10 mg/kg isoproterenol, or
isoproterenol plus 10 mg/kg propranolol. To minimize
distress and inadvertent activation of adrenergic signaling
pathways, animals were handled by an experienced experi-
menter who was observed by a neutral person. Each animal
was gently held against the chest and oriented for easy access
to the abdomen for injection. Only animals that did not or
only slightly flinch were used for experiments. After 20-
30 min, as indicated, animals were euthanized and decapi-
tated. All procedures were in accordance with the Animal
Welfare Act of the United States and the recommendations
by the Panel on Euthanasia of the American Veterinary
Association.

Immunoprecipitation and Immunoblotting.Brain tissue was
harvested immediately after decapitation from male Harlan
Sprague-Dawley rats, male Taconic C57black/6 mice, or
AKAP150 knockout mice, which were congenic with the
former due to seven cross-breedings. Forebrains including
the cortex and hippocampus were isolated and homogenized
at 1 mL/100 mg tissue in ice-cold buffer including 320 mM
sucrose, 10 mM Tris-HCl, pH 7.4, 10 mM EGTA, and 10
mM EDTA supplemented with protease inhibitors (1µg/
mL pepstatin A, 10µg/mL leupeptin, 20µg/mL aprotinin,
200 nM phenylmethanesulfonyl fluoride, 8µg/mL calpain
inhibitor I, and 8µg/mL calpain inhibitor II) and phosphatase
inhibitors (1 mMp-nitrophenyl phosphate, 50 mM NaF, 20
mM sodium pyrophosphate, and 4µM microcystin LR), as
described elsewhere (26, 28). These phosphatase inhibitors
block dephosphorylation ofR11.2 throughout the procedure
(29). Supernatants were recovered from a low-speed spin (2
min, 5000g in a Sorvall SS-34 rotor) to remove debris and
then subjected to ultracentrifugation (30 min, 250000g in a
Beckman Ti-50 rotor) to pellet membranes. Membranes were
solubilized and homogenized in 1% Triton X-100, 10 mM
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Tris-HCl, pH 7.4, 20 mM EDTA, and 10 mM EGTA
supplemented with protease and phosphatase inhibitors in
the same volume used above. After ultracentrifugation to
sediment nonsolubilized material,R11.2 was immunopre-
cipitated from the supernatants with a near-saturating con-
centration of affinity-purified anti-R11.2 [10 µg in 500µL
(19, 20)] before immunoblotting with various antibodies.
Control immunoprecipitations were performed with purified
rabbit IgG that originated from naive, i.e., nonimmunized,
animals. Total extract (20µL; 5% of volume used for
immunoprecipitation) was loaded in parallel on most gels
to test whether the commercial antibodies against the
different AKAPs detect the expected antigen in brain.

To quantitatively evaluate serine 1928 phosphorylation in
the in vivo experiments, blots were first probed with anti-
R11.2-P and subsequently with anti-R11.2 to correct for
variability in the amount of totalR11.2. The ratio of the anti-
R11.2-P to the anti-R11.2 signal was determined for each
sample by densitometry. Ratios were normalized to the ratio
of the vehicle control injected animals within each experi-
ment to allow comparison between experiments (27). Aver-
ages and errors (SEMs) were calculated. Values were
assumed to be significantly different ifp < 0.05 (paired
t-test). Immunoblot signals were within the linear range for
all experiments as we recently described (27, 58).

Production of GST-Fusion Protein Vectors.Rat R11.2
cDNA (59) (Genbank accession number M67515) served as
a template for the production of fragments of theR11.2
C-terminus as GST-fusion proteins. Primers used for PCR
amplification are described in Table 1. 5′ forward primers
carried aBamHI restriction site. The 3′ reverse primers
contained anEcoRI restriction site and a V5 epitope tag
followed by theR11.2 specific sequence. For GST-AKAP75
construction, pCIS2/AKAP75 was used as a template (60)
with a BamHI site-containing forward primer and aSalI +
EcoRI site-containing reverse primer with the sequence
encoding the HA epitope tag (Table 1). Fragments were
amplified with the HF-Advantage PCR kit from Clontech,
purified with the PCR purification kit from QIAGEN,
digested withBamHI and EcoRI, and ligated intoBamHI/
EcoRI-treated pGEX4T1. Positive clones were confirmed by
sequencing. The GST-fusion constructs CT-1 (rabbitR11.2
residues 1507-1733; Genbank accession number A33546),
CT-5 (residues 1509-1622), and CT-7 (residues 2030-

2171) were kindly provided by Dr. M. M. Hosey (North-
western University, Chicago, IL) (61).

In Vitro Pull-Down Assays with GST-Fusion Proteins.
GST-fusion proteins ofR11.2 were expressed and affinity-
purified from Nova Blue (Novagen, Madison, WI) and BL21
Star (Invitrogen, San Diego, CA)Escherichia colistrains
and used for pull-down assays as described previously (28,
53, 62). GST fusions ofR11.2 fragments were immobilized
on glutathione-Sepharose, washed, and incubated with
bacterially expressed 6×His-tagged AKAP75 (63) or brain
cytosol as a source of MAP2B before immunoblotting with
antibodies against AKAP79 or MAP2B. GST-fusion proteins
were analyzed in parallel immunoblots with anti-GST
antibodies to monitor relative amounts and degree of
degradation. To obtain a cytosolic brain fraction one rat
forebrain (∼1 g) was homogenized in 10 mL of ice-cold
sucrose buffer as above followed by removal of particulate
material by ultracentrifugation (30 min, 250000g in a
Beckman Ti-50 rotor).

Dot Blot OVerlay Assays with GST-Fusion Proteins.GST-
fusion proteins were affinity purified fromE. coli lysates
on glutathione-Sepharose, eluted with 15 mM glutathione,
and dialyzed against TBS (10 mM Tris-HCl, pH 7.4, 150
mM NaCl) to remove glutathione. Protein concentrations
were determined with a Bradford assay (Bio-Rad, Hercules,
CA) and 0.5µg of fusion proteins or GST alone spotted onto
polyvinyl difluoride membranes under vacuum. GST-
AKAP75 was affinity purified on glutathione-Sepharose,
eluted with 15 mM glutathione at pH 8.5, dialyzed, and
applied to the dot blots at 100 nM. After washing, AKAP75
was detected by incubating dot blots with the rodent anti-
AKAP150 antibody, followed by the horseradish peroxidase-
coupled anti-rabbit IgG secondary antibody and detection
with the ECL reagent (Amersham) by film exposure. The
quality of each GST-fusion protein was monitored in parallel
by SDS-PAGE and immunoblotting with anti-GST antibod-
ies.

Generation of AKAP150 KO Mice.The AKAP150 gene
was disrupted by replacing the entire coding sequence of
AKAP150 with a neomycin phosphotransferase cassette by
homologous recombination in embryonic stem cells (Weisen-
haus, Allen, and McKnight, manuscript in preparation).
AKAP150-/- mice were generated in a 129S1/SvImJ
background (Jackson Laboratories, Bar Harbor, ME) and then

Table 1: PCR Primers Used for Generating GST-Fusion Proteinsa

fusion residues PCR primers

R11.2 CT-B 1694-1817 forward: 5′-CGG CAA GGA TCC GTC GAC GAC ATC TTC AGG AGG GCT GGA GG-3′
(1724-1847) reverse: 5′-GGC TGA ATT CCG TAG AAT CGA GAC CGA GGA GAC CGT TAG GGA TAG GCT TAC CGT

GGC ACC TCT TAG AGC TGA G-3′
R11.2 CT-C 1804-1927 forward: 5′-GCC GTC GGA TCC GTC GAC GTA CAG GAG GCA GCA TGG AAA CTC-3′

(1834-1957) reverse: 5′-GGC TGA ATT CCG TAG AAT CGA GAC CGA GGA GAC CGT TAG GGA TAG GCT TAC CGT
GAT GAA CCA GAT GCA AGG GC-3′

R11.2 CT-D 1914-2037 forward: 5′-CGC AGA GGA TCC GTC GAC ATC TCT CAG AAG ACA GCC TTG C-3′
(1944-2067) reverse: 5′-GGC TGA ATT CCG TAG AAT CGA GAC CGA GGA GAC CGT TAG GGA TAG GCT TAC CCA

GGC TGC TGG CGC TGC CG-3′
R11.2 CT-E 2024-2140 forward: 5′-CCG AGA GGA TCC GTC GAC GGA GCT CCA GGC AGA CAG TTC C-3′

(2054-2171) reverse: 5′-GGC TGA ATT CCG TAG AAT CGA GAC CGA GGA GAC CGT TAG GGA TAG GCT TAC CCA
GGT TGC TGA CAT AGG ACC TGC-3′

AKAP75 1-428 forward: 5′-GCG AAT GGA TCC ATG GAG ATC ACA GTT TCT GAA ATA C-3′
reverse: 5′-GCG AGT CGA CGA ATT CAG GCG TAG TCT GGG ACG TCG TAT GGG TAC TGT AGA CGA

TTG TTT ATT GTA TTA TC-3′
a Amino acid residues are designated for ratR11.2. Homologous rabbitR11.2 sequences are in parentheses. Residues for bovine AKAP75 are for

the full-length protein. Italicized primer sequences encode for a V5 epitope tag (R11.2 fusion proteins) or an HA tag (AKAP75).
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back-bred seven times into a C57BL/6 background (Taconic
Farms Inc., Germantown, NY) prior to study. Genotyping
of animals was performed by amplifying the 5′ region of
AKAP150 or the neomycin cassette from genomic DNA
isolated from tail clips. For the AKAP150 PCR the forward
primer was 5′-AGA CCA GCG TTT CTG AG-3′ and the
reverse primer 5′-TTC CTG TGT GTC ACA AG-3′. For
the neomycin PCR, the forward primer was 5′-TCG CAT
GAT TGA ACA AG-3′ and the reverse primer 5′-AAG CAC
GAG GAA GCG GT-3′. The knockout and wild-type mice
used in these studies were littermates obtained from het-
erozygous mating.

Cyclic AMP Assays from Cortical Slices.Brains from 2-3-
month-old mice were immediately harvested after decapita-
tion and chilled in ice-cold ACSF buffer (120 mM NaCl,
10 mM TEA-HCl, 5.4 mM CsCl2, 1 mM CaCl2, 2 mM
MgCl2, 10 mM HEPES, pH 7.3, 5 mM glucose). Cortical
slices were prepared with a Leica VT 100S vibratome to a
thickness of 350µm and incubated in ACSF buffer at 32°C
for 30 min and then at room temperature for 30 min before
being transferred to modified ACSF buffer (120 mM NaCl,
10 mM TEA-HCl, 5.4 mM CsCl2, 2.2 mM CaCl2, 1 mM
MgCl2, 10 mM HEPES, pH 7.3, 5 mM glucose) for 30 min
at room temperature. Slices were pretreated with 3µM
propranolol in modified ACSF 30 min prior to addition of
other drugs (3µM isoproterenol, 50µM forskolin, 50 µM
dideoxyforskolin, or DMSO vehicle) for 10 min. Slices were
then immediately frozen.

The cAMP Correlate enzyme immunoassay kit (Assay
Designs, Ann Arbor, MI) was used to measure cAMP levels
from treated slices according to the manufacturer’s protocol.
Briefly, slices were homogenized in 0.1 N HCl and cleared
by centrifugation at 1000g. Protein concentrations were
determined using a BCA protein assay (Pierce, Rockford,
IL), and approximately 40µg was used per reaction. This
concentration was found to reliably give cAMP levels that
fell within the cAMP standard curve for all treatments. Cyclic
AMP levels as determined from the cAMP assay were
normalized to protein content from the BCA assay (Pierce)
for each sample. Statistical significance was determined using
Prism 4.0 (GraphPad Software, San Diego, CA) by perform-
ing a two-tailedt-test on averages( SEM.

RESULTS

â-Adrenergic Stimulation of Serine 1928 Phosphorylation.
One of the classic biological signaling pathways is the
upregulation of L-type Ca2+ channel activity upon activation
of â-ARs. This pathway was originally characterized in the
heart (10-12) and has been found to be widespread in brain
(13, 14, 16, 50). For highly localized signaling, Cav1.2
constitutively associates with theâ2-AR and PKA to ef-
ficiently respond toâ-adrenergic activation (50). We tested
whetherâ-adrenergic stimulation in vivo leads to phospho-
rylation of serine 1928, the main PKA site onR11.2. The
â-adrenergic agonist isoproterenol was intraperitoneally
injected into 2-month-old rats. If animals flinched or showed
other signs of stress, they were not included in the study
since adrenergic pathways could have been activated inde-
pendent of injection. After 30 min animals were euthanized,
and forebrains were immediately harvested and homogenized
on ice. TheR11.2 subunit was extracted from Triton X-100

solubilized membranes, immunoprecipitated, and analyzed
via immunoblotting. The phosphospecific antibody anti-
R11.2-P was used to detect serine 1928 phosphorylation and
the anti-R11.2 antibody to monitor totalR11.2 levels. As
previously characterized (12), anti-R11.2-P only recognizes
the full lengthR11.2 but not the truncated short form, which
is lacking serine 1928 (Figure 1A; see also Figure 4A).
Administration of isoproterenol resulted in a significant
increase in serine 1928 phosphorylation as compared to
vehicle control (Figure 1B). Coadministration of theâ-adr-
energic antagonist propranolol prevented this increase,
thereby demonstrating that the isoproterenol effect was
specifically mediated byâ-ARs. These results show for the
first time that phosphorylation of serine 1928 is regulated
in vivo by this classicâ-adrenergic signaling pathway that
is crucial for Cav1.2 regulation. This finding further defines
this site as a critical PKA site thought to principally mediate
the PKA effect on Cav1.2 (11, 20, 26-30).

AKAP150 Is Associated with CaV1.2 in Brain.It is likely
that PKA-dependent phosphorylation of Cav1.2 requires an
interaction with an AKAP. We hypothesized that AKAP75/
79/150 may serve as this AKAP since Cav1.2, theâ2-AR,
and AKAP150 are all enriched at postsynaptic sites (31, 44,
45, 50). AKAP150 links PKA to the AMPA receptor GluR1
subunit (37, 46, 49) in neurons. It is also known that the

FIGURE 1: Isoproterenol upregulates Cav1.2 phosphorylation on
serine 1928 of theR11.2 subunit in vivo. Two-month-old rats were
intraperitoneally injected under stress-free conditions and without
sign of distress with 1 mL of vehicle (PBS), (-)-isoproterenol (10
mg/kg), or (-)-isoproterenol plus (S)-(-)-propranolol (10 mg/kg).
After 30 min, rats were decapitated, and forebrain material was
immediately harvested and homogenized as described in Experi-
mental Procedures. TheR11.2 subunit of Cav1.2 was immunopre-
cipitated from Triton X-100 solubilized membranes with the anti-
R11.2 antibody in the presence of phosphatase inhibitors, which
preserve the phosphorylation status ofR11.2. (A) Immunoblots were
probed with phosphospecific anti-R11.2-P recognizing phosphory-
lated serine 1928 (top) and, after stripping, reprobed with the anti-
R11.2 to determine relativeR11.2 immunoprecipitated in each
sample (bottom). (B) Quantification of immunoblot signals through
densitometry. The ratios of the anti-R11.2-P to the anti-R11.2
immunosignals for each sample were calculated and normalized to
the control ratio for each set of rats. Isoproterenol significantly
increased serine 1928 phosphorylation (*,p < 0.05, SEM,t-test).
The number of rats treated in three independent experiments is
indicated within bars on the graph.
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increase in phosphorylation of Cav1.2 by PKA described by
Gao et al. in transfected HEK293 cells upon activation of
PKA was seen only when wild-type human AKAP79 was
also ectopically expressed (30). Furthermore, AKAP79
fosters expression of Cav1.2 at the plasma membrane in
transfected HEK293 cells (51). We had previously observed
that AKAP150 did not copurify withR11.2 from brain
homogenates during our initial characterization of the
interaction ofR11.2 with MAP2B (26). These studies had
been performed without including NaCl in the homogeniza-
tion buffer. NaCl may aid in solubilizing proteins and in
stabilizing protein interactions. We therefore tested whether
AKAP150 is associated with Cav1.2 after solubilization of
Cav1.2 with 1% Triton X-100 in the presence of 150 mM
NaCl. We then reproducibly obtained co-immunoprecipita-
tion of AKAP150 with theR11.2 subunit of Cav1.2 (Figure
2).

AKAP15 but Not mAKAP or Yotiao Is Associated with
CaV1.2 in Brain.We also tested whether other AKAPs would
co-immunoprecipitate with Cav1.2 under our conditions,
including AKAP15/18, mAKAP [originally AKAP100 (64)],
and Yotiao. AKAP15 binds to a leucine zipper-like region
onR11.2 (40). Functionally, it has been shown that AKAP15
can recruit PKA to the Cav1.2 complex in heart and upon
ectopic expression in HEK293 cells (40, 42, 43, 65).
AKAP15 is also expressed in brain, and we found that it
co-immunoprecipitated withR11.2 from rat brain extract
(Figure 2).

mAKAP recruits PKA to the cardiac ryanodine receptor
(type 2) via an interaction with a leucine zipper-like motif
(66). The ryanodine receptor is exactly juxtaposed to Cav1.2
in the plasma membrane, which triggers Ca2+-induced Ca2+

release from the sarcoplasmic reticulum by the ryanodine
receptor. Like Cav1.2, ryanodine receptors are also present
in dendritic spines as indicated by immunohistochemical
localization studies (67, 68) and by Ca2+ imaging (69, 70).
Electrophysiological recordings indicate that Cav1.2 is func-
tionally coupled to ryanodine receptors in neurons (71). The
spatial proximity of ryanodine receptors and Cav1.2 puts
ryanodine receptor-associated mAKAP into the immediate

vicinity of Cav1.2 in cardiomyocytes. We therefore investi-
gated whether mAKAP would interact with Cav1.2 in
forebrain lysates. Although mAKAP is prominent in brain
(Figure 2, lysate lane), it did not co-immunoprecipitate with
R11.2.

The AKAP Yotiao is an∼230 kDa splice form of
AKAP350/450 and links PKA and PP1 to the NMDA-type
glutamate receptor at postsynaptic sites (72, 73). Because
both Cav1.2 and the NMDA receptor are concentrated at
postsynaptic sites and overlap in their subcellular distribution,
we evaluated whether Yotiao is associated withR11.2, with
negative results (Figure 2). We showed earlier that AKAP220
is also not detectable inR11.2 immunoprecipitates (26).
Concerned that this interaction was not observed due to the
lack of NaCl as with AKAP150 above, we investigated this
potential interaction with 150 mM NaCl present and now
confirm our previous negative results (data not shown).

Similarly, our initial interaction of MAP2B with Cav1.2
(26) may have been facilitated in the absence of NaCl. We
therefore re-evaluated the association of MAP2B with Cav1.2
in the presence of NaCl. MAP2B co-immunoprecipitated
with Cav1.2 from brain extracts of young (postnatal day 5)
and adult (older than 3 months) rats (Figure 3). MAP2C is
a juvenile splice form of MAP2B, which is mainly expressed
in young rats and lacks the central 1363 residues of MAP2B.
It does contain the PKA binding site near the N-terminus
and the three microtubule binding segments near the C-
terminus (Figure 3). MAP2C, which was easily detectable
in brain extracts from 5-day-old rats, did not coprecipitate
with Cav1.2. The lack of interaction of MAP2C withR11.2
suggests that the central MAP2B region is critical for binding
to Cav1.2. The absence of co-immunoprecipitation of mAKAP,
Yotiao, AKAP220, and MAP2C with Cav1.2 demonstrates
that the observed interactions with AKAP150, AKAP15, and
MAP2B are specific for these AKAPs.

AKAP75 and MAP2B Directly Bind to Three Different
Segments ofR11.2. To determine whether AKAP75/79/150
and MAP2B interact directly withR11.2, we performed pull-
down experiments with GST-fusion proteins covering the
N- and C-terminus as well as the large intracellular loops
between domains I-IV (loops I-II, II -III, and III-IV). We
used recombinant 6×His-tagged bovine AKAP75 expressed
in E. coli for these pull-down assays as AKAP150 proved
difficult to express. AKAP75 shares a high degree of
homology with rodent AKAP150 but lacks the 36 imperfect
octapeptide repeats of unknown function present in AKAP150
(35). We utilized the cytosolic fraction of forebrain lysate
as a source of native MAP2B as we were not able to express
MAP2B or several of its fragments inE. coli. Both
recombinant AKAP75 and forebrain MAP2B showed spe-
cific binding to the N-terminus, loop I-II, and the long
C-terminal fragment that started about 150 residues down-
stream of the last transmembrane segment (Figure 4A,B).
No interaction was detected with bound GST alone or
glutathione-Sepharose, which was otherwise used to im-
mobilize the GST-fusion proteins. The relative amounts of
the GST-fusion proteins were monitored by separate immu-
noblots (Figure 4B, bottom). Note that expression of GST-
loop I-II and GST-C-Term was usually lower than that of
all the other GST-fusion proteins. The amount of GST-N-
Term was typically comparable to most other fusion proteins
and is higher than usual in the immunoblot depicted in Figure

FIGURE 2: AKAP150 and AKAP15 but not mAKAP or Yotiao
are associated with Cav1.2. Forebrains from 2-4-month-old rats
were isolated and homogenized as described in Experimental
Procedures. TheR11.2 subunit of Cav1.2 and nonspecific proteins
were immunoprecipitated from Triton X-100 solubilized membranes
with anti-R11.2 and control IgG, respectively. The resulting
precipitates (lanes 1 and 2) and total membrane extracts (5% input;
lane 3) were analyzed by immunoblotting with antibodies against
AKAP150, mAKAP, Yotiao, and AKAP15. All four AKAPs
showed strong immunoreactive bands of the expected molecular
masses in the extract samples. AKAP150 and AKAP15 but not
mAKAP or Yotiao specifically copurified with Cav1.2. Comparable
results were obtained in several experiments.
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4B. Accordingly, AKAP75 and MAP2B binding to all three
GST-fusion proteins, i.e., N-Term, loop I-II, and C-Term,
is specific for these sequences.

We cannot be certain that MAP2B bound directly to one,
two, or all threeR11.2 fragments because other proteins in
the forebrain extract could have mediated this interaction.
However, the observation that MAP2B binding showed the
same pattern as AKAP75 binding suggests similarR11.2
binding mechanisms for the two proteins. AKAP75 binding
is most likely direct as we used recombinant AKAP75
expressed inE. coli. In addition, we found earlier that
MAP2B directly associates withR11.2 purified to homogene-
ity by double immunoprecipitation (26). Collectively, these
results support a direct interaction between MAP2B and
R11.2.

The N-terminus and loop I-II are rather short (∼120
residues), but the C-terminus is more than 600 residues long.
To narrow down the AKAP75 binding site within this region,
affinity-purified GST-fusion proteins of shorter, overlapping
R11.2 C-terminal segments (Figure 4C) were used in a dot
blot overlay assay. The different GST-fusion proteins were
affinity purified and vacuum spotted onto polyvinyl difluo-
ride membranes. Membranes were incubated sequentially
with 100 nM affinity-purified GST-tagged AKAP75 (Figure
4D, right panel), anti-AKAP150 antibodies, and HRP-
coupled secondary anti-rabbit IgG antibodies for detection
by chemilluminescence.

AKAP75 reproducibly showed the strongest interaction
with CT-7 (rabbitR11.2 residues 2030-2171) and, to a lesser
degree, CT-E (ratR11.2 residues 2024-2140) (Figure 4D,
top panel). Other fusion proteins typically exhibited signals
near the background level as determined with GST alone.
Although GST has a tendency to dimerize in solution, we
did not detect an interaction between GST-AKAP75 and GST
alone in this overlay assay. Therefore, this assay permits
detection of specific interactions between AKAP75 and
R11.2-derived GST-fusion proteins. Stripping and reprobing
with anti-GST illustrated that comparable amounts of each
GST-fusion protein had been spotted onto the membranes
(Figure 4D, middle panel). The quality of each fusion protein
was monitored by immunoblotting with anti-GST (Figure

4D, bottom panel). CT-7 spans the last 142 and CT-E the
last 117 residues of rabbit and ratR11.2, respectively.
According to the results in Figure 4B,D, binding of AKAP75
to R11.2 is direct and mediated by three sites, the N-terminus
(residues 1-124), loop I (residues 409-526), and the distal
C-terminus.

Deletion of the AKAP150 Gene Abrogates Stimulation of
R11.2 Phosphorylation on Serine 1928 in ViVo. In order to
test whether the above interactions between AKAP75/79/
150 andR11.2 had functional consequences, we eliminated
AKAP150 expression in mice by targeted gene disruption.
Genotypes were confirmed through PCR analysis (Figure
5A). Immunoblotting showed that the AKAP150 band at an
apparent molecular mass of 150 kDa is prominent in
forebrain homogenates from wild-type mice but completely
absent in lysates from AKAP150 KO mice, as expected
(Figure 5B, second panel). AKAP150 was also undetectable
in R11.2 immunoprecipitates from KO animals (Figure 5D).
Differences in the expression of PKA subunits or other
AKAPs were not readily detectable as the levels of MAP2B,
AKAP15, PKA-RIIR, PKA-RIIâ, or PKA-C remained simi-
lar between wild-type and AKAP150 KO forebrain extracts
(Figure 5B). However, there was an 80% reduction in the
relative amount of the catalytic subunit of PKA (PKA-C)
that specifically co-immunoprecipitated withR11.2 from
AKAP150 KO versus wild-type mouse forebrain (Figure 5C).
There was little to no PKA-C immunosignal in immunopre-
cipitates with control antibodies. We conclude that in rodent
brain AKAP150 is important for anchoring the majority of
PKA to Cav1.2.

To test whether AKAP150 is necessary for regulating
R11.2 phosphorylation by PKA in vivo, we injected the
â-adrenergic agonist isoproterenol intraperitoneally into mice
in a manner that caused little to no stress as described above
for rats. After 20 min animals were euthanized, forebrains
were immediately harvested, andR11.2 was immunoprecipi-
tated from solubilized membranes. Subsequent immunob-
lotting with anti-R11.2-P showed an approximately 2-fold
increase inR11.2 serine 1928 phosphorylation in wild-type
mice over vehicle-injected mice (Figure 6). Coadministration
of the â-adrenergic antagonist propranolol prevented this

FIGURE 3: MAP2B but not MAP2C is bound to Cav1.2. Rat forebrains from 5-day-old juvenile rats and 4-6-month-old adult rats were
isolated and homogenized as described in Experimental Procedures. TheR11.2 subunit of Cav1.2 and nonspecific proteins were
immunoprecipitated from Triton X-100 solubilized membranes with anti-R11.2 or control IgG, respectively, and immunoblotted with antibodies
against MAP2B (A). The anti-MAP2B antibody had been produced against the N-terminal region of MAP2B [labeled Ab Epitope in (B)]
though it recognizes other MAP2 isoforms including MAP2C (85) as demonstrated here by immunoblotting of 5-day-old brain extracts (A,
right panel). MAP2C is devoid of 1363 residues present in the middle of MAP2B (85). It contains the binding site for the regulatory subunit
of PKA (RII) near the N-terminus (86, 87) and the three microtubule binding segments near the C-terminus (B) (88, 89). MAP2C migrates
with an apparent molecular mass of∼70 kDa and is mainly expressed in 5-day-old rats but is barely visible in adult rats (A, right panel).
In contrast to MAP2B, MAP2C was not detectable in immunopurified Cav1.2 complexes (A, left and middle panels). Three experiments
yielded similar results.
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increase, demonstrating that the isoproterenol effect was
mediated byâ-ARs. Disruption of AKAP150 prevented this
isoproterenol-dependent increase in serine 1928 phosphory-
lation.

According to our model, dislocation of PKA anchoring
from Cav1.2 is sufficient to explain the lack of an isoprot-
erenol-dependent effect on serine 1928 phosphorylation in
the AKAP150 KO mice. AKAP150 is known to bind to the
â2-AR (74) as well as bind to and negatively regulate
adenylyl cyclase types V/VI (75). It is conceivable that
AKAP150 elimination may alter surface localization of the
â2-AR and therefore cAMP production in neurons. To
determine the capacity of AKAP150 KO neurons to produce
cAMP, cAMP assays were performed on acute cortical slices.
As can be seen in Figure 6C, basal cAMP levels were similar
in wild-type and KO slices (vehicle control). Isoproterenol
significantly increased cAMP levels 2-fold in both genetic
backgrounds while pretreatment of slices with propranolol
blocked the isoproterenol-dependent increase in cAMP. To
assess the total capacity of slices to produce cAMP, the
adenylyl cyclase activator forskolin, or its inactive analogue

dideoxyforskolin (DDF), was incubated with the cortical
slices. Forskolin significantly increased cAMP approximately
3-fold while DDF had no effect. Again, there was no
difference between wild-type and KO cAMP levels for either
treatment. Accordingly, we find no difference in cAMP
production between wild-type and AKAP150 KO neurons
either basally or in response to adrenergic and adenylyl
cyclase agonists. These data support a model in which
AKAP150 is critical for anchoring of PKA on Cav1.2
whereas any potential effect on surface localization of the
â2-AR plays a minor, if any, role in this regulation of Cav1.2
phosphorylation.

DISCUSSION

Our results demonstrate that activation of theâ-adrenergic
signaling cascade in intact animals results in increased
phosphorylation of the neuronal Cav1.2 L-type calcium
channel on serine 1928 of theR11.2 subunit. The increase
in phosphorylation on serine 1928 in response to isoproter-
enol depends on anchoring of PKA through AKAP150 by
binding to three intracellular domains ofR11.2. Other AKAPs

FIGURE 4: AKAP75 and MAP2B bind to the N-terminus, loop I-II, and C-terminus of theR11.2 subunit of Cav1.2. (A) Schematic depiction
of the R11.2 subunit of Cav1.2. AKAP75 and MAP2B binding sites onR11.2 [N- and C-terminus and loop I-II; see (B) and (D)] are
highlighted by bold lines. The epitopes for the anti-R11.2 antibody in loop II-III and the phosphospecific anti-R11.2-P antibody surrounding
serine 1928, which constitutes the PKA phosphorylation site, are indicated. The region where calpain cleavesR11.2 (31) is indicated by a
horizontal bracket. This cleavage removes serine 1928 as well as the AKAP150/MAP2B binding site that is in the distal C-terminus. (B)
Pull-down assays of AKAP75 and MAP2B withR11.2 GST-fusion proteins. Fusion proteins of the N-terminus (N-Term), the loops between
the four domains (loop I-II, II -III, and III-IV), and three regions of the C-terminus (CT-1, residues 1507-1733; CT-5, residues 1509-
1622; C-Term, residues 1584-2140 ofR11.2) were expressed inE. coli, adsorbed onto glutathione-Sepharose, and incubated with lysate
from E. coli expressing 6×His-tagged bovine AKAP75 or with cytosolic brain extract as a source of MAP2B. Immunoblotting with antibodies
against human AKAP79 and MAP2B showed that both AKAPs specifically bound to the N- and C-terminus and loop I-II (top two
panels). GST protein levels were analyzed by immunoblotting with anti-GST antibodies (bottom panel; arrowheads indicate the position of
the respective full-length GST-fusion protein; lanes are rearranged to match the loading order of the immunoblots shown in the top panels).
Cytosolic brain extract orE. coli lysate (5% of input each) was loaded in parallel as a positive control for MAP2B and AKAP75 probing
(Input). (C) Depiction of theR11.2 C-terminus starting immediately after the last transmembrane region and relative positions of smaller
GST-fusion proteins used to narrow the AKAP75 binding site. (D) The illustrated GST-fusion proteins in (C) were expressed inE. coli,
affinity purified on glutathione-Sepharose, eluted with glutathione, and dialyzed. Fusion proteins, 0.5µg, were vacuum spotted onto polyvinyl
difluoride membranes. Membranes were subsequently incubated with 100 nM affinity-purified GST-tagged AKAP75, the anti-AKAP150
antibody, and a horseradish peroxidase-coupled anti-rabbit IgG antibody, which was detected by chemiluminescence. CT-7 and, to a lesser
degree, CT-E specifically interacted with AKAP75 (D, top panel). CT-7 and CT-E cover the last 142 and 117 residues ofR11.2, respectively.
Other fusion proteins and GST did not show specific stainings. Dot blots were stripped and reprobed with anti-GST to show relative
amounts of each GST-fusion protein spotted onto the membranes (D, middle panel). All dots are from the same blot and exposure but
rearranged for ease of viewing. To exclude against degradation, the fusion proteins were analyzed by separate immunoblotting with anti-
GST antibodies (D, bottom panel; lanes were rearranged for clarity). An immunoblot of the GST-AKAP75 used for the overlay assays is
shown on the right. Similar observations were made in three (D) or four (B) experiments.
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that interact with or are in the immediate vicinity of Cav1.2
cannot substitute for AKAP150 as knockout of AKAP150
eliminates the isoproterenol-dependent increase inR11.2
phosphorylation seen in wild-type animals.

Physiological ReleVance ofR11.2 Serine 1928 Phospho-
rylation. We provide the first in vivo evidence thatR11.2 is
phosphorylated on serine 1928 in response toâ-adrenergic
stimuli (Figure 1). The functional relevance of serine 1928
phosphorylation by PKA andâ-adrenergic regulation, how-
ever, has been controversial. Much of these disparate data
comes from ectopic expression of Cav1.2 in cultured cells.
In agreement with our data, expression of serine 1928 to
alanine-mutatedR11.2 in HEK cells prevented 8-Br-cAMP
and forskolin mediated increases in channel activity (30, 76).
However, a follow-up study found that truncation of the
R11.2 C-terminus upstream of serine 1928 at residue 1905
allowed for a PKA-dependent increase in activity (25).
Recently, Ganesan et al. (77) used adenoviral transduction
of dihydropyridine-insensitiveR11.2 alleles in cardiomyo-

cytes. TruncatedR11.2 at position 1905 blunted the isopro-
terenol response compared to wild type. Mutation of serine
1928 to alanine led to a modest but consistent decrease of
approximately 30% in calcium current upregulation by

FIGURE 5: Co-immunoprecipitation of PKA with Cav1.2 is strongly
reduced in AKAP150 KO mice. (A) Genotyping of wild-type and
AKAP150 KO mice. AKAP150 was targeted for disruption with a
neomycin phosphotransferase cassette that displaces the AKAP150
coding sequence. Primers specific for endogenous AKAP150 and
for the neomycin marker were used to amplify genomic DNA.
AKAP150 is present in wild-type (left panel;+/+) and heterozy-
gous (+/-) mice but deficient in the knockout animals (-/-). The
neomycin-positive PCR product indicates the presence of an
AKAP150-disrupted allele (right panel;+/-, -/-). (B) PKA and
other AKAP expression levels remain unaltered in AKAP150 KO
mice. Forebrains of C57black/6 wild-type (WT) and congenic
AKAP150 KO mice were harvested and homogenized as described
in Experimental Procedures. Extracts from Triton X-100 solubilized
membranes were separated via SDS-PAGE, and immunoblots were
probed for AKAP150, MAP2B, AKAP15, PKA regulatory RIIR
or RIIâ subunit, or PKA catalytic C subunit. AKAP150 KO mice
showed no changes in the relative amount of these proteins
compared to wild-type mice other than elimination of AKAP150.
(C, D) Reduced interaction between PKA andR11.2 in the absence
of AKAP150. TheR11.2 subunit of Cav1.2 or nonspecific proteins
were immunoprecipitated from the Triton X-100 extracts used above
with 10 µg of anti-R11.2 or control IgG, respectively. Immunoblots
were probed with antibodies against PKA-C,R11.2 (C) or AKAP150
(D). The left and right panels for each probing in (B) are from the
same immunoblot exposure. PKA-C coprecipitation was substan-
tially reduced to 20% of wild-type association levels. The amount
of anti-R11.2 signal illustrates that similar amounts ofR11.2 were
isolated in R11.2 immunoprecipitates from wild-type and KO
animals.

FIGURE 6: AKAP150 is required for isoproterenol-induced phos-
phorylation of serine 1928 on theR11.2 subunit of hippocampal
Cav1.2 in vivo. (A) Sample Western blot showing the increase in
serine 1928 phosphorylation upon isoproterenol administration in
wild-type (WT) but not AKAP150 KO animals. C57black/6 WT
and congenic AKAP150 KO mice were injected with either vehicle
(1 mL of PBS), (-) isoproterenol (10 mg/kg), or (-)-isoproterenol
plus (S)-(-)-propranolol (10 mg/kg) as indicated. After 20 min,
mice were decapitated and brain hippocampi homogenized in 1%
Triton X-100 solubilization buffer. Insoluble material was removed
by ultracentrifugation andR11.2 immunoprecipitated with the anti-
R11.2 antibody. Immunoblots were probed with anti-R11.2-P
followed by anti-R11.2 to account for any changes in the amount
of R11.2 immunoprecipitated. (B) Quantification ofR11.2 serine
1928 phosphorylation. The relative signal of anti-R11.2-P to anti-
R11.2 for each sample was determined via densitometry for the full-
length form ofR11.2. Isoproterenol does not increase the serine
1928 phosphorylation level in AKAP150 KO mice, which is
significantly different from the serine 1928 phosphorylation level
of isoproterenol-treated wild-type mice (*,p < 0.05, SEM,t-test).
(C) Regulation of cAMP production is independent of AKAP150.
Acute cortical slices were prepared from wild-type and KO mice
and treated with 3µM propranolol, as indicated, or buffer for 30
min. Vehicle, 3µM isoproterenol, 50µM forskolin, or 50 µM
dideoxyforskolin (DDF) was then added as indicated for 10 min.
Slices were immediately frozen and homogenized with 0.1 N HCl
and lysates used in a cAMP assay as described in Experimental
Procedures. Isoproterenol and forskolin stimulated cAMP produc-
tion significantly in both wild-type (white bars) and AKAP150 KO
slices (black bars) (*,p < 0.05, SEM, t-test). There was no
significant difference between wild-type and KO values. The
number of experiments per treatment is indicated within the bars.
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isoproterenol, although this decrease did not reach statistical
significance. However, as elegant as it is, the viral infection
system by Ganesan et al. (77) only partially reconstitutes
the regulation of Cav1.2 byâ-adrenergic. In native myocytes
isoproterenol increased calcium current by 300% whereas
in myocytes overexpressingR11.2 the increase was only 50%.
The role of serine 1928 phosphorylation might have been
blunted in that system.

In support of a critical role of serine 1928 phosphorylation
in the regulation of Cav1.2 activity, mutation of neuronal
rat R11.2 on serine 1901 (equivalent to serine 1928 from the
rabbit cardiac nomenclature) abolished the forskolin-depend-
ent increase in calcium currents in BHK6 cells (78).
Similarly, a recent publication provided further evidence that
mutating serine 1928 to alanine substantially inhibits PKA-
mediated regulation of Cav1.2 (76). Perhaps the functional
role of serine 1928 phosphorylation will be resolved through
the generation and subsequent analysis of transgenic mice
mutated at this residue.

CaV1.2 Binds Three Different AKAPs in Neurons:
AKAP150, AKAP15, and MAP2B.Anchoring of PKA
ensures spatial proximity to its substrates for their effective
phosphorylation, thereby promoting phosphorylation of
selected substrates (34-36) including Cav1.2 (30, 40). We
identified three different AKAPs that co-immunoprecipitate
with theR11.2 subunit of Cav1.2 from rodent brain extracts:
AKAP150, AKAP15, and MAP2B (Figures 2 and 3). Earlier
results demonstrated a direct interaction of AKAP15 with a
leucine zipper-like motif near the C-terminus ofR11.2 (40).
This interaction likely constitutes the main PKA anchoring
mechanism for Cav1.2 in the heart. We now show that, in
contrast to AKAP15, AKAP150 and MAP2B bind to three
different sites, the N-terminus, the I-II loop, and the distal
region of the long C-terminus as represented by the CT-7
fusion protein (Figure 4). Auxiliary Ca2+ channelâ subunits
show a similar binding pattern, i.e., interact with regions in
the N-terminus, loop I-II, and the C-terminus (79, 80).
Similarly, the Gâγ dimer of trimeric G proteins can also
bind to the N-terminus, loop I-II, and the C-terminus (81).
Collectively, these observations argue that the N-terminus,
loop I-II, and the C-terminus may be in close proximity to
each other in the folded channel as proposed earlier (e.g.,
ref 79) and participate in multiple protein interactions.

With respect to theR11.2 C-terminal binding region for
AKAP75/79/150, the last 142 residues of rabbitR11.2 (CT-
7) and the last 117 residues of ratR11.2 (CT-E) interact with
GST-AKAP75 (Figure 4). The CT-E sequence is 80%
identical to CT-7. The difference in relative affinities between
the two fragments for GST-AKAP75 may be due to either
the difference in the sequences between the two species or
the additional 25 residues covered by CT-7. Both of these
constructs contain the leucine zipper-like segment that
interacts with AKAP15 (40); however, AKAP75/79/150 does
not have an obvious leucine zipper-like sequence. Despite
several tests addressing this issue, we have no evidence that
AKAP75/79/150 can interact with this motif.

AKAP150 Is the Main AKAP for Recruiting PKA to CaV1.2
in Neurons.Although three different AKAPs are specifically
associated with Cav1.2 in brain, knockout of AKAP150
(Figure 5A,C) results in a near loss of co-immunoprecipi-
tation of PKA with Cav1.2 (Figure 5B). Protein levels of
AKAP15, MAP2B, and, importantly, PKA subunits remained

unaltered in the KO mice (Figure 5B). Accordingly, de-
creased co-immunoprecipitation of PKA with Cav1.2 in
AKAP150 KO mice is not due to reduced availability of
PKA. We further demonstrate that knockout of AKAP150
eliminates phosphorylation of Cav1.2 on serine 1928 upon
â-adrenergic stimulation (Figure 6). Therefore, neither
AKAP15 nor MAP2B can compensate for linking PKA to
Cav1.2 in brain in the AKAP150 KO mice. We conclude
that AKAP150 is the prevailing and most critical AKAP for
recruiting PKA to Cav1.2 in brain.

Specificity of AKAPs in Signaling by PKA despite Their
Spatial Proximity.PKA anchoring supports effective and
specific signaling with what appears to be a remarkable
spatial restriction with respect to the AKAPs involved.
Considering that Cav1.2 is near other AKAP-binding proteins
in dendritic spines and less than 100 nm away from
ryanodine receptors in myocytes, PKA must be anchored
immediately next to defined phosphorylation sites for their
effective phosphorylation. Several AKAPs including Yotiao,
mAKAP, MAP2C, and AKAP220 did not co-immunopre-
cipitate with Cav1.2 from brain extracts (Figures 2 and 3)
(26). Yotiao links PKA to the NMDA receptor at postsyn-
aptic sites (72, 73) where Cav1.2 is also concentrated (31,
50). Despite the proximity of the NMDA receptor complex
and hence Yotiao to Cav1.2, PKA anchored by Yotiao is
obviously not able to substantially contribute to Cav1.2
phosphorylation by PKA uponâ-adrenergic activation, as
â-adrenergic stimulation of Cav1.2 phosphorylation is com-
pletely eliminated in the AKAP150 KO mice (Figure 6).
Analogous considerations apply to mAKAP which is local-
ized along the Z lines in cardiomyocytes (82) and links PKA
to the cardiac ryanodine receptor (66). Functional studies
indicate that PKA uses two different AKAPs in the heart.
AKAP15 and mAKAP link PKA to Cav1.2 and the ryanodine
receptor, respectively (40, 66). It appears that PKA anchored
at Cav1.2 cannot support effective phosphorylation of ry-
anodine receptors by PKA and vice versa (40).

AKAPs may aid in PKA substrate specificity through steric
orientation of the C subunit for optimal access. In vitro cAMP
binding to the PKA regulatory R subunit dimer leads to
dissociation and concomitant activation of the catalytic C
subunit, which is inhibited in the R-C complex. Release of
the C subunit should facilitate phosphorylation of neighbor-
ing protein complexes, thereby reducing selectivity of
substrate phosphorylation by its anchoring unless there are
additional anchoring mechanisms for the C subunit. In fact,
more recent evidence indicates that C subunits can phos-
phorylate substrates without completely dissociating from
RII subunits in the presence of cAMP (83, 84). However,
more work is necessary to better understand C subunit
behavior upon addition of cAMP.

Localized Signaling from theâ2-Adrenergic Receptor to
CaV1.2. Spatial restrictions and specific AKAP-PKA sub-
strate interactions likely contribute to the specificity with
which regulatory signaling pathways upstream of PKA are
linked to phosphorylation of PKA substrates. It is necessary
that the G protein coupled receptors that trigger Cav1.2
regulation via PKA are in close proximity to and have higher
selectivity for the Cav1.2-PKA complex compared to
receptors with little or no contribution to Cav1.2 regulation.
One example is theâ2-AR, which forms a signaling complex
with Cav1.2 (50). This complex contains the trimeric GS
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protein and adenylyl cyclase, which mediate signaling from
the â2-AR to PKA (50). Stimulation ofâ2-ARs increases
Ca2+ influx into dendritic spines through L-type Ca2+

channels (16), which are primarily Cav1.2 (2, 19, 21, 31,
50). The â2-AR and Cav1.2 are coclustered at dendritic
spines, which constitute postsynaptic sites of glutamatergic
synapses (31, 50). They also form co-clusters at the plasma
membrane of neuronal cell bodies, which are juxtaposed to
presynaptic sites and presumably reflect GABAergic syn-
apses (50). Cell-attached recordings of L-type channel
activity revealed highly localized signaling from theâ2-AR
to L-type channels at the plasma membrane of the neuronal
soma (50). Accordingly, the assembly of theâ2-AR-GS

protein-adenylyl cyclase-AKAP150-PKA-Cav1.2 signal-
ing complex may underlie localized and thereby specific
signaling from theâ2-AR to Cav1.2. This signaling complex
also includes the phosphatase PP2A, which binds toR11.2
downstream of serine 1928 for effective and fast reversal of
its phosphorylation (28, 58).
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