
INTRODUCTION

Extracellular signals, such as hormones, neu-
rotransmitters, and growth factors, regulate a
wide variety of cellular activities, including ion
channel modulation, neuronal excitation, cell
growth, and cell differentiation (1). Intracellular
transduction systems receive these signals via
receptors and transmit them quickly and pre-
cisely, resulting in the amplification of specific
biological responses. Cells often are exposed to

several messengers simultaneously; therefore,
maintaining the fidelity of these networks is
crucial in eliciting the appropriate physiologi-
cal response. Doing so requires the accurate
selection of effector molecules for activation
and deactivation, often by phosphorylation
and dephosphorylation events. A principal
strategy in achieving this selection of speci-
ficity is compartmentalization of signaling
enzymes (2–4). This review focuses on intro-
ducing the conceptual advances that have
resulted from studying the localization of the
cyclic adenosine monophosphate (cAMP)-
dependent protein kinase A (PKA) mediated by
A-kinase anchoring proteins (AKAPs).
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Abstract

Compartmentalization of signal transduction enzymes is an important mechanism of cellular
signaling specificity. This occurs through the interaction of enzymes with scaffolding or anchoring
proteins. To date, one of the best-studied examples of kinase anchoring is the targeting of protein
kinase A to cellular locations through its association with A-kinase anchoring proteins (AKAPs).
AKAPs mediate a high-affinity interaction with the type II regulatory subunit of protein kinase A
for the purpose of localizing the kinase to pools of cyclic adenosine monophosphate and within
proximity of preferred substrates. Furthermore, AKAPs can organize entire signaling complexes
made up of kinases, phosphatases, signaling enzymes, and additional regulatory proteins.
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CYCLIC AMP-DEPENDENT 
PROTEIN KINASE

The role of cAMP as a second messenger
was first discovered in 1957 (5). Since that time,
more than 78,000 papers have been published
on this subject. From these studies, many of the
molecular mechanisms and physiological
processes governed by cAMP have been deter-
mined. For example, cAMP is generated after
hormonal activation of G protein-coupled
receptors (GPCRs) (6). Hormone binding to a
receptor leads to conformational change, fol-
lowed by the conversion of the heterotrimeric
G protein subunit, Gαs, into its active guano-
sine 5’-monophosphate-bound state (7).
Activated Gαs is released from the βγ subunits
and activates the enzyme adenylyl cyclase,
which converts adenosine triphosphate to the
second messenger cAMP. The primary down-
stream target of cAMP is the cAMP-dependent
PKA (8). However, it should be noted that
cAMP has roles independent of PKA, includ-
ing the regulation cAMP-activated ion chan-
nels and a recently discovered family of Ras
family-guanine nucleotide exchange factors
(9–11). The use of pharmacological inhibitors
has aided in distinguishing between the physi-
ological processes regulated by PKA vs those
of other cAMP-binding proteins (12).

PKA is a serine/threonine kinase composed
of two catalytic (C) subunits that are held in an
inactive state by association with a regulatory
(R) subunit dimer (13–16). The catalytic sub-
units (C) are expressed from three different
genes: Cα, Cβ, and Cγ, whereas the regulatory
subunits (R) are expressed from four different
genes: RIα, RIβ, RIIα, and RIIβ (17–19). The R
subunit is a modular protein containing an
NH2-terminal homodimerization domain,
pseudosubstrate site that serves as a principal
contact site for the C subunit, and two cAMP
binding sites. PKA is activated by the binding
of cAMP to the R subunits (20,21), which
relieves the autoinhibitory contact, allowing the
C subunits to dissociate and phosphorylate
local substrates (22,23). Two forms of the het-
erotetrameric PKA holoenzyme exist: type I

(RIα and RIβ dimer) and type II (RIIα and RIIβ
dimer). Type I PKA is predominantly cytoplas-
mic, whereas type II PKA associates with spe-
cific cellular structures and organelles (24).

One of the most fascinating and complex fea-
tures of PKA signaling is that it can regulate a
multitude of physiological processes. For exam-
ple, in many neuronal cell types, PKA can regu-
late both gene expression in the nucleus and
synaptic transmission by modifying the excita-
tion state of ion channels at the synapse. This
occurs, in part, because PKA has broad substrate
specificity. In the example shown previously,
PKA alters gene expression by directly phos-
phorylating the transcription factor CREB in the
nucleus (25), and at dendrites PKA can phos-
phorylate and regulate the activation state of
AMPA-type glutamate receptors (26). In fact,
approximately 150 physiologically relevant
PKA substrates have been identified (27); how-
ever, the mechanism by which PKA distin-
guishes between substrates to elicit a given
biological response continues to be the subject of
intense investigation. There are two prevailing
theories to explain how this is accomplished.
First, it is possible that the cell can create local-
ized gradients of cAMP that only activate a sub-
set of PKA molecules (6). This has been
demonstrated experimentally and may require
the selective and localized activation of adenylyl
cyclases and phosphodiesterases, the enzymes
that catalyze cAMP metabolism. One tenet of
this hypothesis is that PKA must be compart-
mentalized, creating pools of active enzyme that
are spatially restricted within the cell (28). The
second prevailing theory is that PKA can be
physically coupled to its substrate, thus decreas-
ing the likelihood of spurious phosphorylation
events (2). Both of these theories are probably
correct, and exciting new evidence suggests that
these two types of regulation are not mutually
exclusive. These topics will be discussed in the
following sections. 

A-KINASE ANCHORING PROTEINS

Association with AKAPs leads to discrete
localization of PKA within the cell. The first
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AKAPs were discovered as contaminants of
type II PKA holoenzyme preparations (29–31)
and the family has since grown to include more
than 20 genes. With only one known exception,
AKAPs contain an amphipathic helix that func-
tions to interact with the binding surface
formed by the amino termini of the PKA-RII
dimer (32–34). Solution structure analysis of
the RII binding domain from two different
AKAPs indicates that this interaction occurs
through hydrophobic contacts (35). Although
AKAPs share this functionally similar 14 to 18
amino acid domain, they are structurally
diverse proteins that are found in various cell
types and subcellular locations. All AKAPs
contain targeting domains that localize to dif-
ferent organelles and subcellular structures (2),
thus providing a mechanism to control the
intracellular localization of PKA. Furthermore,
it is now clear that AKAPs can coordinate the
assembly of signaling complexes by simultane-
ously tethering enzymes that can directly or
indirectly regulate the phosphorylation state of
a variety of substrates (2).

PKA ANCHORING AND 
CELLULAR PHYSIOLOGY

Insights into the spatial and temporal regu-
lation of PKA has spurred the acceptance of the
“anchoring hypothesis” to explain the multiple
roles of this kinase in physiology. One tenet of
the anchoring hypothesis is that PKA signaling
specificity is achieved through AKAP-medi-
ated compartmentalization of the kinase. An
early demonstration the importance of PKA
anchoring came from studies of the AMPA-
type glutamate receptor in hippocampal neu-
rons. PKA can directly phosphorylate the
AMPA channel specifically at serine 845, lead-
ing to a potentiation of the channel (36,37).
Rosenmund et al. demonstrated that this type
of regulation requires AKAP-mediated target-
ing of PKA to the AMPA channel (38). They
found that disrupting anchored PKA with a
peptide that competitively displaces the kinase
from AKAPs leads to dephosphorylation of

serine 845 and subsequent time-dependent
decrease in peak current amplitude. Since this
initial study, other investigators have per-
formed experiments to suggest that AKAP79 is
the endogenous AKAP that is responsible for
anchoring PKA and the phosphatase PP2B to
the AMPA-receptor (39,40). These studies have
implicated AKAP79 in such processes as long-
term depression (40), a state of synaptic plas-
ticity that serves as a model for studying the
formation and storage of memories in the
human brain.

Since the initial use of Ht31, a member of the
AKAP family, as an inhibitor of PKA-AKAP
interactions in vivo, analogous experiments
have been performed to implicate AKAPs in
numerous physiological processes. For exam-
ple, PKA anchoring is required for normal con-
tractility of cardiac myocytes on stimulation of
the β-adrenergic receptor (41). In addition, PKA
anchoring is necessary for the cell surface
expression of the water channel, aquaporin-2, in
renal collecting duct principal cells (42). Finally,
the roles for AKAPs in animal behavioral mod-
els are now being tested. Moita et al. infused
Ht31 into cells within the amygdala of adult rats
before a fear-conditioning protocol. They found
AKAP-mediated anchoring in the lateral amyg-
dala is necessary for the consolidation, but not
acquisition, of conditioned fear (43). Together,
these examples highlight the importance of
using AKAP-derived reagents to further define
the mechanisms that regulate cAMP signaling
events in cellular and animal models.

AKAPS LOCALIZE PKA 
TO CAMP GRADIENTS

Although it is clear that AKAP-mediated
PKA anchoring is a physiologically important
process, the consequences of anchoring at the
molecular level are only now beginning to be
appreciated. For example, AKAPs can directly
link PKA to upstream or downstream regula-
tory proteins (44,45). A connection between
PKA and the cAMP-degrading enzyme, phos-
phodiesterase, can be made by various AKAPs
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(44,46). This could ensure that the kinase is
transiently exposed to cAMP gradients and
may provide a mechanism to favor the efficient
catalytic activation of the kinase. Interestingly,
this type of regulation has been elegantly
described for two different AKAPs and in a
unique study using chimeric proteins. Dodge
et al. found that the muscle-selective mAKAP
directly binds PKA and a splice variant of
the cAMP-specific, type 4 phosphodiesterase,
PDE4D3 (44). Subsequently, Tasken et al. reported
the interaction of PDE4D3 with AKAP450, a
large centrosomal AKAP found in Sertoli cells
(46). Both studies suggest that the role of
PDE4D3 within these complexes is to depress
cAMP levels within the vicinity of anchored
PKA. At rest, PDE4D3 inhibits basal PKA activ-
ity associated with mAKAP, possibly acting to
dampen noise and increase gain in the system.
Furthermore, PKA phosphorylation is known to
upregulate PDE4D3 activity twofold to three-
fold, establishing a negative feedback loop that
rapidly terminates the cAMP signal. 

Recently, Zaccolo and Pozzan demonstrated
that pools of cAMP generated through a specific
GPCR could selectively activate anchored PKA
(28). This group developed a chimeric cAMP
reporter system by which the catalytic subunit
of PKA is fused to yellow fluorescent protein
(YFP) and the type II regulatory subunit is fused
to cyan fluorescent protein (CFP). When in close
proximity, these chimeric proteins undergo flu-
orescent resonance energy transfer (FRET).
FRET occurs on excitation of the donor CFP
with 440 nm light, and part of the excitation
energy is transferred to the acceptor YFP, which
then emits 545 nm light. Detection of the excited
YFP indicates that the donor and acceptor mol-
ecules are within 50 nm of each other, and there-
fore, in the case of PKA, the C subunit and R
subunit form the inactive heterotetramer.
Expression of the cAMP reporter chimera in car-
diac myocytes, a cell type that is highly regu-
lated by cAMP, resulted in FRET detection
throughout the T-tubule system. This indicates
that the chimeric proteins are anchored to the T-
tubules and that they form the heterotetrameric
holoenzyme complex. On activation of the Gαs-

coupled β-adrenergic receptor (β-AR), a loss in
FRET signal and thus PKA activation, was
observed. Upon deletion of the AKAP binding
domain of the RII-CFP chimera, a PKA molecule
was created that could not target to the T-
tubules via AKAPs. No reduction in FRET sig-
nal was detected on β-AR stimulation under
these conditions. Together, these data suggest
that β-AR stimulation in cardiac myocytes leads
to a compartmentalized increase of cAMP in the
vicinity of the T-tubules, thus allowing localized
activation of PKA.

AKAPS DIRECTLY COUPLE SIGNAL
TRANSDUCTION COMPLEXES 
TO DOWNSTREAM EFFECTORS

A newly recognized duty for AKAPs is to
coordinate signaling complexes by recruiting
multiple signaling enzymes near potential sub-
strates. This effectively bridges the gap between
upstream activators and downstream targets.
AKAP79, AKAP220, and yotiao have already
been shown to function in this capacity
(39,45,47,48). As discussed previously, AKAP79
links PKA directly to the AMPA-type glutamate
receptor. Recently it was demonstrated that
AKAP220 interacts with GSK-3beta and pro-
motes its phosphorylation by PKA (47). Finally,
in neurons, yotiao targets both PKA and the
phosphatase PP1 to the C1 exon containing
NR1 subunit of the N-methyl-D-aspartate
(NMDA) receptor (48,49). The localized, active
PP1 maintains the NMDA receptor in a
depressed state, and on cAMP elevation and
subsequent PKA activation, the NMDA recep-
tor current is increased by 55%. These examples
highlight a growing theme in signal transduc-
tion: multiple kinases, phosphatases, and signal
transduction enzymes can be directly tethered
to downstream targets. 

Directly tethering kinases to their substrates
may impart both spatial and temporal speci-
ficity to a signal transduction system. This idea
was tested using a variation of the FRET tech-
nology described previously. Instead of devel-
oping a cAMP reporter, Zhang et al. designed a
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PKA phosphorylation indicator (50). They built
a chimeric protein consisting of a CFP molecule
followed by the phospho-amino acid binding
region of 14-3-3, a PKA substrate peptide and a
YFP molecule. PKA phosphorylation of the
substrate peptide results in an intramolecular
interaction between the 14-3-3 module and the
phospho-amino acid. This brings the CFP and
YFP moieties close enough to detect a FRET
signal. In vivo, direct activation of PKA leads
to a rapid and reversible increase in FRET.
Interestingly, if PKA is targeted to this chimera
by introducing an RII-binding domain from a
known AKAP, the time course for phosphory-
lation of the reporter is significantly shortened.
This occurs as a direct result of coupling PKA
to the substrate within the chimera. Together,
these results suggest that AKAPs may not only
allow spatial restriction of the enzyme, but also
may impart temporal control of the system.

CONCLUSION

AKAP-mediated mechanisms of action are
beginning to emerge from the many studies
over the past decade. It is now clear that
AKAPs can localize PKA in close proximity to
physiological substrates and to areas where
PKA can be modulated by localized cAMP
pools. Furthermore, recruitment of phos-
phatases is critical for the bidirectional phos-
photransfer reactions on substrates. It is also
clear that AKAPs can interact with enzymes
that are not necessarily linked to cAMP signal-
ing. This suggests that AKAPs provide a plat-
form to integrate multiple signal transduction
inputs to coordinate a physiological response.
Many challenges still remain for the AKAP
field. First, it is imperative that all AKAPs be
identified. This is a difficult problem because
there no methods for searching computer data-
bases for novel AKAPs. However, with more
advanced bioinformatic software and the abil-
ity to screen entire genomes, these approaches
may yet be possible. Second, it will be impor-
tant to distinguish PKA signaling events that
are anchorage-dependent versus those that are

not. This will include the identification of PKA
anchoring-dependent substrates and determin-
ing the physiological processes mediated by
anchored PKA. Third, identifying the full com-
plement of AKAP binding proteins will be
indispensable for elucidation of signal trans-
duction pathways mediated by AKAPs. Gene
knockout and specific inhibitory reagents will
be useful for these types of experiments.
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