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Introduction

The cAMP signaling pathway is one of the best-charac-
terized transduction systems because of its presence in
all tissues and systems. Since the discovery of the second
messenger cAMP in the 1950s, it is widely appreciated
that numerous hormones and neurotransmitters exert
their physiological functions through activation of the
cAMP pathway and its downstream effectors. Intracel-
lular targets for cAMP include the canonical serine/
threonine PKA, as well as the guanine nucleotide ex-
change factor Epac and cyclic nucleotide-gated ion
channels. Despite being activated by a small diffusible
second messenger, the functional consequences of PKA
activation depend upon the cellular context and stimu-
lus. This was first documented in the 1970s by Keely,
Hayes, Brunton, and others, who recognized that al-
though activation of both B-adrenergic receptors and
prostaglandin E1 receptors increased cAMP concentra-
tion in the cardiac myocyte, only B-adrenergic stimulation
coupled cAMP to increased contractility and regulation
of glycogen metabolism (Steinberg and Brunton, 2001).
This and many similar observations have led to an un-
derstanding that PKA is compartmentalized in cells, al-
lowing for spatial-temporal control over phosphorylation
events (Dessauer, 2009; Welch et al., 2010).

The molecular mechanism for localized PKA sig-
naling involves the association of PKA with a family of
scaffolding proteins called A kinase-anchoring proteins
(AKAPs) (Dodge-Kafka et al., 2006). Although originally
named based on their ability to bind PKA, it has become
evident that AKAPs participate in compartmentation of
cAMP signaling through additional mechanisms be-
yond conferring specific PKA substrate phosphorylation
(Welch etal., 2010). Hormone binding to a seven-trans-
membrane domain G protein—coupled receptor and
the subsequent activation of the Gas subunit stimulates
the catalytic activity of adenylyl cyclase (AC), increas-
ing cAMP production. In turn, cAMP is hydrolyzed to
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5’-adenosine monophosphate via the action of phospho-
diesterases (PDEs). It is a finely tuned balance of cAMP
synthesis and degradation that ultimately regulates spe-
cific cellular responses. AKAP complexes not only con-
tain PKA but also ACs and PDEs, coupling the synthesis,
function, and degradation of cAMP in a defined space
surrounding the scaffold and thus providing the mo-
lecular architecture for cAMP compartmentation. This
Perspective will focus on recent evidence that provides
insight into the molecular mechanisms underlying AKAP-
mediated control of local cAMP gradients.

AKAPs
The canonical cAMP effector is PKA, a broad specificity
serine/threonine kinase that when inactive is a tetra-
meric holoenzyme consisting of a regulatory (R) subunit
dimer bound to two catalytic (C) subunits. When two
molecules of cAMP bind to each R subunit, a conforma-
tional change occurs, releasing the now active C subunit
(Francis and Corbin, 1994). This action results in the
phosphorylation of substrate proteins that contain a
consensus sequence, typically represented as R-R-X-S/T
(Kemp et al., 1977). There are three known isoforms of
the C subunit (Scott, 1991). Ca and CB are ubiquitously
expressed, whereas Cry is found primarily in the testis.
The four R subunit genes are functionally divided into
two categories: RI (Rl and RIB) and RII (Rl and RIIB)
(Scott, 1991). Although RI and RII contain significant
sequence homology in their cAMP-binding domain, they
display unique characteristics in their mechanisms of
activation, subcellular localization, and substrate pro-
files (Francis and Corbin, 1994; Cummings et al., 1996).
AKAPs are a diverse family of scaffolding proteins that
are defined solely by their ability to tether PKA. The first
AKAPs were considered protein contaminants that co-
purified with the regulatory subunits on cAMP-agarose
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affinity columns, but now their significance for directing
PKA action is widely appreciated (Theurkauf and Vallee,
1982; Scott, 1991). Currently, 43 genes encode the
known AKAP family of proteins (Welch et al., 2010).
Many of the AKAP genes encode mRNAs subject to alter-
native splicing, such that >70 functionally distinct AKAP
proteins have been identified. Table 1 details the cur-
rent list of known AKAPs and their binding partners.
The defining feature of AKAPs is their ability to bind
the R subunit dimer via an amphipathic helix consisting
of 14-18 amino acids that binds through hydrophobic
interactions to the N-terminal dimerization/docking
domain contained in the RII dimer (Carr et al., 1991;
Newlon et al., 1997, 1999). Although almost all AKAP
PKA-binding sites may be modeled as an amphipathic
helix motif, they share little primary sequence similar-
ity, making identification of new AKAPs via BLAST or
genomic searches unfeasible. Originally, AKAPs were
thought to associate only with RII. However, several dual-
specific AKAPs have been identified that bind both RI
and RII, although RI typically displays binding affinities
severalfold less than that of RII (Herberg et al., 2000;
Alto et al., 2003).

The functional significance of AKAPs has been estab-
lished through manipulation of the PKA-binding domain
within each AKAP (Carr et al., 1992). Small peptides
have been developed that mimic the AKAP a-helix motif
and globally disrupt PKA-AKAP interactions when de-
livered into cells. When delivered by perfusion into hip-
pocampal neurons, these peptides functionally uncoupled
PKA from the a-amino-3-5-methy-4-isoxazole propionic
acid (AMPA)-type glutamate receptors and attenuated
postsynaptic AMPA currents (Rosenmund et al., 1994).
Others studies using similar peptides found that PKA an-
choring influenced sperm motility, insulin secretion, and
cardiac contraction (Lester et al., 1997; Vijayaraghavan
etal., 1999; McConnell et al., 2009). New peptides have
been developed that distinguish RI from RII interac-
tions, allowing for identification of individual functions
for each subunit (Alto et al., 2003; Burns-Hamuro et al.,
2003; Carlson et al., 2006; Stokka et al., 2006).

The unique subcellular localization of each AKAP
confers specificity to PKA phosphorylation events. This
is accomplished primarily via protein—protein interac-
tions. In the heart, AKAP7S is localized to the sarcoplas-
mic reticulum via a direct binding to phosopholamban
(Lygren et al., 2007). Peptide-based disruption of this
interaction has been shown to prevent the striated stain-
ing pattern of AKAP73, redistributing the AKAP to a sol-
uble, cytosolic compartment. Although less common,
protein-lipid and lipid-lipid interactions have also been
documented. For example, AKAP7a contains three
N-terminal amino acids that are lipid modified, allow-
ing for insertion into the cytoplasmic face of the plasma
membrane (Fraser et al., 1998). Mutation of these amino
acids disrupts targeting, effectively blocking the regulation
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of the L-type calcium channel in HEK293 cells, although
the physiological significance of this interaction in car-
diac myocytes has since been questioned (Jones et al.,
2012). In each of these cases, redistribution of AKAP via
manipulation of its targeting domain results in the fail-
ure to recruit PKA to the subcellular location of its sub-
strate, often with physiological consequence.

To focus the catalytic activity of PKA toward specific
targets, AKAPs must simultaneously associate with both
the kinase and substrate. This has been clearly demon-
strated using a fluorescence resonance energy transfer—
based PKA activity reporter that was modified to contain
an AKAP PKA-anchoring domain (Dodge-Kafka et al.,
2005; Zhang etal., 2005). Tethering PKA to the reporter
increased the speed and magnitude of PKA activity
reporter activation, showing that phosphorylation effi-
ciency is augmented upon kinase compartmentation.
A physiological example of this property is illustrated
by using a competitive peptide inhibitor mimicking
the AKAP73-binding domain found on its substrate
phospholamban (Lygren etal., 2007). B-adrenergic stimu-
lation of the cardiac myocyte induces PKA-mediated phos-
pholamban phosphorylation, and this was attenuated up
to 50% upon inhibition of AKAP78-phospholamban bind-
ing by the competitive peptide inhibitor.

Although AKAPs are most often considered in terms
of cAMP compartmentation, like other scaffold proteins,
they assemble multimolecular signaling complexes that
can include almost any type of regulatory enzyme (Welch
et al., 2010). This property was first discovered when a
yeast-2-hybrid screen for novel AKAP5-binding partners
identified both PKC and the phosphatase calcineurin
(Coghlan etal., 1995; Klauck et al., 1996). Since this orig-
inal finding, multiple enzyme—-AKAP interactions have
been identified, including those involving mitogen-acti-
vated protein kinases and ubiquitination regulatory en-
zymes, allowing for the coordination of diverse signaling
pathways (Dodge-Kafka et al., 2005; Wong et al., 2008).

AKAPs orchestrate formation of cAMP microdomains

It is increasingly evident that cAMP is restricted to dis-
crete signaling domains or compartments, allowing for
locally regulated spatial-temporal control of individual
phosphorylation events. The molecular architecture of
these individual complexes is an active area of current
research. We propose that to nucleate a cAMP micro-
domain, AKAPs must simultaneously bring together an
AC, a PDE, PKA, and a specific PKA substrate into the
relevant intracellular compartment. If any of these con-
nections are disrupted, the efficiency and/or fidelity of
signaling are lost. This concept is illustrated in the ex-
amples below.

mAKAPB. The cardiac myocyte represents one of the
best-characterized cell types with regard to AKAP func-
tion (Diviani et al., 2011). mAKAP is a relatively large



scaffold predominately localized to the nuclear enve-
lope of cardiac myocytes, where mAKAPB plays an im-
portantrole in the regulation of cardiac gene expression

(Kapiloff et al., 1999; Zhang et al., 2013). Although
mAKAP has been detected at other locations, including
the sarcoplasmic reticulum and intercalated disks, the

TABLE 1
Known AKAPs and their binding partners

Gene name

Protein names and

Binding partners

Targeting motifs/localization

Isoforms
AKAP1 D-AKAP, s-AKAP84, PKA I and II, protein tyrosine phosphatase PTPD1, Src, PKCa, Lfc, PDE7A, Mitochondrion, endoplasmic
AKAP121, AKAP149 RSKI1, PP1, PP2A, CaN, mRNA, AMY-1, lamin-B, HIV-1 RT reticulum, nuclear envelope
AKAP2 AKAP-KL aquaporin-0, PKAII Lens, apical surface of
epithelial cells
AKAP5 AKAP79, AKAP75, PKAIL PKC, CaN, KCNQ2, CaV1, B1-AR, AC, SAP-97, PP1, GluR1l, mGluR1/5, Plasmalemma and T-tubules,
AKAP150 PSD-95, AC5/6, PP2B, Kir2.1, ASICla/2a, TRPV1, NMDAR, IQGAP1 post
AKAP6 mAKAPR PKAII, AC5, PDE4D3, PP2A B563, RyR2, CaNAB, NFATc, HIF-1a, VHL, Siah2,  Nuclear envelope
Epacl, Rapl, ERK5, MEK5, RSK3, PDKI, NCX1, nesprin-la, myopodin
AKAP7 AKAP15, AKAP18 (o, B, PKAII, CaV1, NaV1.2a channel, phospholamban, inhibitor-1, PP1, PKC, AQP2, Plasmalemma and
v, 8) 5'-AMP sarcoplasmic reticulum,
nuclear (8 NLS), plasma
membrane (o and
myristolyation, dual
palmitoylation)
AKAPS8 AKAP95 PKAII, PDE7A, MCM2, p68 RNA helicase, HDAC3, AMY-1, cyclin D/E, Nucleus
condensin
AKAP9 Yotiao, AKAP450, PKAII, AC, PP1, PP2A, PDE4D3, KCNQI, IP3R, PKCeg, PKN, casein kinase 1, Plasmalemma, centrosomes,
AKAP350, CG-NAP, chloride intracellular channel (CLIC), NMDAR, GCP2/3 Golgi
Hyperion
AKAP10 D-AKAP2 PKA I and II, Rab11, Rab4, PDZKI1, PP1, RSK1 Outer mitochodrial membrane
AKAP11 AKAP220 PKAII PP1, GSK383, GABACR, AQP2 Peroxisomes
AKAP12 Gravin, SSeCKS PKAII, PDE4D3, PKC Src, CaN, B2-AR, calmodulin, cyclin D Actin cytoskeleton, plasma
membrane (myristolyaltion)
AKAP13 AKAP-Lbc, Ht31, BRX-1 PKAII, Ga12, Rho, PKNa, MLTK, MKK3, p38a, KSR1, Raf, MEK1/2, ERK1/2,  Cytoskeleton
14-3-3, PKCn, PKD, SHp2, HSP20, a-catulin, LC3
ARGEF2 BIG2 PKA T and II, formin-binding protein 3, PDE3A, TNFR1 Cytoplasm, internal
membranes including Golgi
EZR Ezrin PKAI and II, CFTR, EBP50/NHERF, NHE3, calmodulin, Rho kinase, actin, Cytoskeleton
«lAR, E-cadherin, B-catenin, EGFR, Fas-R, PKCa, S100, FAK, SAP-97, moesin,
radixin, FAK, merlin
MAP2 MAP2B PKAII, tubulin, CaV1, myosin VIIa Microtubules
CMYAbS Myospryn PKAII, dysbindin, titin, calpain-3, desmin, dystrophin Sarcomere
SPHKAP SKIP PKAI, sphingosine kinase type 1 Cytosol
SYNM Synemin PKAII, desmin, vimentin, dystrobrevin, desmuslin, zyxin, talin, vinculin Intercalated discs, sarcolemma,
Z-lines, intermediate filaments
TNNT2 Troponin T Troponin I, troponin C, actin Sarcomere thin filaments
LDB3 Cypher, ZASP PKAII, CaN, L-type calcium channel Sacomere Z-lines
C20rf88 smAKAP PKAI Cell—cell junctions, filipodia
PCNT Pericentrin PKAII, calmodulin, y-tubulin Centrosome
‘WASF-1 Wave-1 PKAII, actin nucleation core Arp2/3 complex, BAIAP2, profilin 1 Actin cytoskeleton
ACBD3 PAP7 giantin, PPM1L, PKAI Mitochondria
NBEA Neurobechin SAP102, PKA Golgi
AKAP14 Akap28 PKAII Ciliary axonemes
CBFA2T3 Myeloid translocation gene plexin, PKAI and PKAII Golgi
(MTG) 8 and 16b
RAB32 Rab32 PKAII Mitochondria
MYRIP Myosin-VIla- and Rab- myosin VA Perinuclear
interacting protein
NF2 Merlin PKAI, PKAII, HGS, ezrin, cullin-4A, syntenin-1, VPRBP, RIT1, SPTBN1, Soma, dendrites
MED28, DDB1
AKAP17A SFRS17A PKAI, PKAII Nucleus
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significance of mAKAPf in these compartments is un-
clear, and this Perspective will focus on its nuclear func-
tions (Marx et al., 2000; Schulze etal., 2003). Localization
of mAKAP to the nuclear envelope is conferred by a
protein—protein interaction with the integral membrane
protein nesprin-la and can be disrupted via competing
peptides containing the mAKAP or nesprin-la spectrin-
like repeat domains, resulting in mAKAP( redistribution
throughout the cytosol (Pare et al., 2005b). mAKAPB
is only one of several perinuclear AKAPs, and loss of
mAKAPB does not significantly reduce the amount of
PKA that is around the nucleus (Pare etal., 2005a; Li et al.,
2010). However, the normal perinuclear localization of
mAKAPR is functionally significant, as delocalization of
mAKAPR attenuates agonist-stimulated cardiac myocyte
hypertrophy. Additionally, PKA anchoring by mAKAP@
is required for adrenergic-induced myocyte hypertrophy.
The hypertrophic response can be prevented via RNAi
knockdown of mAKAPR expression and is not rescued by
amAKAP lacking a PKA-binding site (Pare etal., 2005a).
Thus, mAKAPB complexes respond to cAMP signaling
at the nucleus, focusing the actions of the kinase onto tar-
gets that regulate myocyte growth.

To understand the regulation of mAKAP-bound PKA,
mAKAP immunoprecipitates isolated from rat heart ex-
tract were examined for the presence of PDE activity
(Dodge et al., 2001). The use of pharmacological inhibi-
tors found that a PDE of the type 4 family complexes with
the AKAP, allowing for coupled regulation of PKA activ-
ity. Biochemical and cellular experiments demonstrated
that mAKAP directly binds to the unique N terminus of
PDE4D3 (Dodge etal., 2001; Carlisle Michel et al., 2004).
PDE4D3 is also a substrate of PKA, with phosphoryla-
tion sites at serine residues 13 and 54 (Sette and Conti,
1996). Phosphorylation at serine 13 enhances the binding

between mAKAP and PDE4D3, whereas phosphoryla-
tion at serine 54 allosterically activates the enzyme, in-
creasing PDE activity two- to threefold (Dodge etal., 2001;
Carlisle Michel et al., 2004). Together, the enhanced
binding and catalytic activity of PDE4D3 constitutes a
negative feedback loop for cAMP signaling. Basal PDE
activity associated with mAKAP keeps PKA activity in the
complex low, limiting substrate phosphorylation. Stim-
ulation of the cardiac myocyte and the resulting increase
in cAMP concentration exceeds the basal activity of
mAKAP-bound PDE4D3, allowing for activation of PKA
and phosphorylation of substrates including PDE4D3 at
serines 13 and 54. This increases both the association
and activity of mAKAP-bound PDE4D3, attenuating PKA
activity and functionally resetting the system. Importantly,
human coding nonsynonymous polymorphisms identi-
fied in mAKAP were found to display a significant re-
duction in PDE4D3 binding when the proteins were
coexpressed in HEK293 cells, suggesting that these mu-
tations may modulate mAKAP-mediated cAMP signaling
(Rababa’h et al., 2013).

In 2009, an additional cAMP-related enzyme was dis-
covered in the mAKAPB complex when AC activity co-
purified with mAKAP immunoprecipitates isolated from
rat heart extract (Kapiloff et al., 2009). Although heter-
ologous cell expression systems suggest that mAKAPB
can associate with multiple AC family members, AC5
contributes most of the mAKAPB-associated cyclase
activity in the heart, as no AC activity was detectable in
mAKAPB immunopreciptates isolated from AC5 knock-
out mice. Importantly, mAKAPB orchestrates another
negative feedback loop to limit cAMP production via
phosphorylation of the cyclase, attenuating AC activity.
Functionally, this confines mAKAP-bound PKA activity,
as competing peptide disruption of mAKAP-AC binding

Stimulation

Figure 1.

Phosphorylation
of Targets

Feedback
inhibition

AKAP-orchestrated cAMP microdomains. (A) Formation of the cAMP microdomain occurs when the AKAP simultaneously

associates with an AC, a PDE, PKA, and a substrate. Stimulation of AC increases cAMP (depicted in blue) surrounding the AKAP com-
plex. (B) The increase in cAMP overcomes the basal activity of the PDE, allowing for PKA to become active and phosphorylate substrates
in the complex, including the AC, PDE, and target protein. (C) Phosphorylation of the AC attenuates cAMP production, whereas PDE
phosphorylation increases cAMP hydrolysis. These two acts decrease cAMP concentration, allowing for feedback inhibition of PKA.
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increases cAMP levels, resulting in increased myocyte hy-
pertrophy in the absence of agonist stimulation (Kapiloff
etal., 2009).

Yotiao. Yotiao is the smallest splice variant of the AKAP9
gene family and directs PKA to several substrates in
the brain and heart, including the NR1 subunit of the
NMDA receptor, IP3 receptors, and the KCNQI1 chan-
nel in the heart (Westphal et al., 1999; Marx et al., 2002;
Tu et al.,, 2004). It is the interaction between yotiao and
KCNQI that provided the first genetic evidence sup-
porting the importance of AKAPs in compartmentaliz-
ing PKA with its substrates (Marx et al., 2002; Chen etal.,
2007). KCNQ1 is responsible for the slow delayed re-
ctifying potassium current that contributes to repolar-
ization of the cardiac myocyte during termination of
the action potential. Mutations of this channel lead to
cardiac arrhythmias and the development of long Q-T
syndrome. Importantly, an hKCNQI1-G589D long Q-T
syndrome mutation identified in human patients pre-
vents yotiao association and PKA phosphorylation of
the channel (Marx et al., 2002). A different mutation
presenting in 2% of patients with clinically robust symp-
toms is found within the KCNQI-binding domain on
yotiao, blocking the association of the scaffold and the
channel (Chen et al., 2007). These findings exemplify
the importance of AKAP—substrate interactions for the
creation of cAMP microdomains.

The cardiac potassium current conducted by the
KCNQI complex is also regulated by a rolipram-sensitive
PDE (Terrenoire et al., 2009). To investigate the molecu-
lar mechanisms for this effect, immunoprecipitations
of KCNQI isolated from mouse heart extract were ex-
amined for PDE association. These experiments identi-
fied PDE4D3 as a binding partner for the channel.
Importantly, yotiao was responsible for mediating the
interaction, and expression of the anchoring protein
was required for PDE regulation of the channel. Thus, by
linking the PDE to the same signaling complex as PKA,
yotiao orchestrates a cAMP compartment that constrains
PKA activity to regulate KCNQI channel properties.

As might be expected, AC activity is also associated
with yotiao isolated from the brain and heart (Piggott
etal., 2008; Li et al., 2012). Although in vitro biochemi-
cal experiments suggest that yotiao can bind to ACs 1, 2,
3, and 9, cellular analysis suggests that yotiao tethers
AC9 to KCNQJ, as peptides mimicking the N terminus
of ACY attenuated AC activity in the complex (Piggott
etal., 2008; Li et al., 2012). Importantly, formation of
a KCNQIl-yotiao—AC9 complex sensitized KCNQI to
B-adrenergic receptor stimulation, allowing the channel
to respond to significantly lower concentrations of
agonist (Li et al., 2012). Hence, yotiao dictates spatial-
temporal control of KCNQI channel activity by creating
a cAMP microdomain consisting of the channel, PKA,
PDE4D3, and ACO.

Conclusions
cAMP microdomains are formed via AKAP complexes
by integrating specific AC, PDE, and PKA isoforms as
well as individual PKA substrates into a single signal-
ing unit or “signalosome” (Fig. 1 A). AC catalyzes the syn-
thesis of cCAMP to activate the bound kinase while PDE
limits cAMP signaling through degradation of the sec-
ond messenger. Depending on the isoforms, two types
of negative feedback loops act to constrain AKAP-bound
PKA activity: phosphorylation of the AC to attenuate
cAMP production, and enhanced degradation of cAMP
mediated by PKA phosphorylation of the PDE (Fig. 1,
B and C). As shown in the examples above, disruption
of any component of the complex upsets the finely
tuned balance of PKA activity. Importantly, each of
these associations could be manipulated for therapeu-
tic treatment, as focused disruption of individual AKAP
complexes would affect localized cAMP levels and ulti-
mately downstream effectors. Such an approach makes
compelling a detailed structural analysis of each AKAP
complex to provide the basis for developing this transla-
tional strategy.
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