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Abstract

Second messenger responses rely on where and when the enzymes that prop-
agate these signals become active. Spatial and temporal organization of cer-
tain signaling enzymes is controlled in part by A-kinase anchoring proteins
(AKAPs). This family of regulatory proteins was originally classified on the
basis of their ability to compartmentalize the cyclic adenosine monophos-
phate (cAMP)-dependent protein kinase (also known as protein kinase A,
or PKA). However, it is now recognized that AKAPs position G protein—
coupled receptors, adenylyl cyclases, G proteins, and their effector proteins
in relation to protein kinases and signal termination enzymes such as phos-
phodiesterases and protein phosphatases. This arrangement offers a simple
and efficient means to limit the scope, duration, and directional flow of in-
formation to sites deep within the cell. This review focuses on the pros and
cons of reagents that define the biological role of kinase anchoring inside
cells and discusses recent advances in our understanding of anchored second
messenger signaling in the cardiovascular and immune systems.
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FOUNDING THIS FIELD

In the 1950s, Earl Sutherland defined how hormones stimulate the production of the second
messenger 3',5'-cyclic adenosine monophosphate (cAMP) by adenylyl cyclase (AC) (1, 2), and
Edwin Krebs and Edmond Fischer demonstrated protein phosphorylation as a principal task
for cAMP (3). The first defined recipient of this chemical message was protein kinase A (PKA,
also known as the cAMP-dependent protein kinase), a heterotetrameric holoenzyme consist-
ing of two regulatory (R) subunits that maintain two catalytic (C) subunits in an inhibited state
(4, 5). When cAMP levels are low, PKA is dormant; however, when cAMP levels are elevated,
two molecules of cAMP bind to each R subunit, thereby releasing the active C subunits. The C
subunits phosphorylate serine (S) or threonine (T) residues, typically within the sequence -R-R-
X-S/T-X (6). The first evidence for localized cAMP signaling was shown in the late 1970s: In
heart, both prostaglandin E; and epinephrine increased cAMP, yet only epinephrine increased
glycogen phosphorylase activity and cardiac contraction (7-9).

At approximately the same time, the PKA holoenzyme was discovered to exist in two forms: a
cytoplasmic type I PKA and an exclusively particulate type II PKA (10). Thus, it was postulated
that activation of PKA was differentially regulated at organelles and on intracellular membranes.
In 1982, Theurkauf & Vallee (11) provided evidence for the targeting of PKA subtypes when they
showed that type II PKA is anchored to microtubules via its regulatory RII subunit interaction
with microtubule-associated protein MAP2. Slightly later, a second neuronal anchoring protein
was identified as a protein contaminant that copurifies with RII subunits on cAMP-agarose (12).

Subsequent technological advances, including protein-protein blotting using RII as the probe
(RIT overlay) and expression-cloning strategies, have uncovered many more of these anchoring
proteins, which are now known as A-kinase anchoring proteins (AKAPs) (13-15). Since then,
more than 50 human genes that encode AKAPs have been identified (16). Additionally, the advent
of sophisticated molecular biology and genetic screening approaches permitted dramatic break-
throughs in our understanding of the RII-AKAP interface and AKAP action (17). A survey of RII
deletion mutants revealed that the first 79 residues were necessary and sufficient for AKAP binding
(18), whereas analysis of the reciprocal binding surface on several anchoring proteins identified
common helical regions (19). Mutagenesis of such a binding helix in human thyroid clone 31
(Ht31, also known as AKAP-Lbc) dramatically reduced association with RII (20), providing the
first evidence that AKAPs could interact with PKA via an amphipathic helix-binding motif (19).
Proof of principle was provided when Ht31 peptides were used to uncouple PKA proximity to
AMPA-type glutamate receptor ion channels in hippocampal neurons with concomitant effects
on synaptic transmission (21). A simple model of this protein-protein interface put forward in the
early 1990s (Figure 1a) bears a striking resemblance to the three-dimensional structure of the
RIT-AKAP interface (Figure 15) that was solved more than a decade later.

Much of our progress in understanding AKAP action can be traced through studies performed
on a single molecule, the human anchoring protein AKAP79. Using this anchoring protein as the
bait in a two-hybrid screen for additional neuronal binding partners identified the phosphatase
calcineurin, also known as protein phosphatase 2B (PP2B) (22), suggesting that AKAP79 associates
with multiple second messenger-regulated kinases and phosphatases. AKAP79 also interacts with
isoforms of protein kinase C (PKC), thus creating macromolecular signaling complexes that can
integrate cAMP-, calcium-, phospholipid-, and calmodulin-dependent signals at defined intracel-
lular loci (23). Subsequent studies have shown that AKAP79 and other anchoring proteins interact
with a plethora of other signaling proteins, such as G protein—coupled receptors, GTPases, phos-
phatases, phosphodiesterases, and other kinases (24). Not surprisingly, as the scope of this field has
exploded in the past decade, investigators have written many excellent reviews about AKAPs, in
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Figure 1

particular about their roles in dendrites of the central nervous system and in spatially organized
cAMP-responsive events near the plasma membrane (25-27). This article focuses on the pros
and cons of reagents that define the biological role of kinase anchoring inside cells and on recent
advances in our understanding of anchored second messenger signaling in the cardiovascular and
immune systems.

THE PROTEIN KINASE A BINDING DOMAIN IN A-KINASE
ANCHORING PROTEINS

A defining characteristic of AKAPs is their binding to the R subunits of PKA through a 14- to
18-amino acid sequence that forms an amphipathic «-helix with hydrophobic residues aligned
on the side that contacts PKA (20). These binding domains have been identified in all PKA an-
choring proteins, with the exception of pericentrin (19, 20, 28). RII subunits bind to AKAPs
with low-nanomolar affinity, but generally the affinity of RI subunits for AKAPs is in the
high-nanomolar to submicromolar range (29, 30). However, some dual-specificity anchoring
proteins and Rl-selective AKAPs bind their cognate R subunits with low-nanomolar affinity
(31-33).

Detailed structural analyses of the RII-AKAP complex by nuclear magnetic resonance and
X-ray crystallography reveal that the RII dimerization and docking (D/D) domain, which en-
compasses the first 45 residues of the protein, is organized as an antiparallel dimer, forming an
X-type, four-helix bundle. This dimeric protein module constrains a hydrophobic docking groove
that associates with the AKAP’s amphipathic helix (34-37). RI subunits dimerize in a similar way,
although their D/D domain is larger, incorporating an additional 16-residue helix-turn-helix seg-
ment (38, 39). Molecular modeling suggests that the longer N termini of the RI dimer fold back
on the four-helix bundle to alter the shape and presentation of the AKAP binding determinants on
the RI dimer. More complete structural analysis is necessary to elucidate if there are biologically
significant differences between RI and RII anchoring interactions.
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PROBING FUNCTION WITH PKA ANCHORING
DISRUPTOR PEPTIDES

AKAP-derived peptides that bind to the D/D domains of PKA compete with AKAPs, thereby
perturbing the subcellular location of the enzyme. These peptides have been important tools in
the study of the functional implications of PKA anchoring in cells. A 24—amino acid peptide derived
from AKAP-Lbc (originally named Ht31) was the first anchoring disruptor to be characterized
(19). Validation of Ht31 action in cells was provided by studies in which the peptide was perfused
into neurons or pancreatic 3 cells to uncouple aspects of synaptic transmission and insulin secretion
coupling, respectively (21, 40). Ht31 adducts have subsequently been used to demonstrate a role
for PKA anchoring in numerous important signaling events, such as the modulation of L-type
Ca?* channels and excitation-contraction coupling in the heart, of sperm motility, and of fluid
movement in the lens of the eye (41-45). An advantage is that Ht31 has low-nanomolar affinity
for the type II PKA (Kg = 2.2 + 0.03 nM) (19); however, a drawback is that this peptide also
perturbs interactions between type I PKA and AKAPs (30).

Second-generation anchoring disruptor peptides were developed with the goal of discriminat-
ing between RI and RIT interactions with AKAPs. Bioinformatic scrutiny of RII binding domains
and peptide array-based optimization were combined to design AKAP—in silico (AKAP-IS), an an-
choring disruptor with subnanomolar binding affinity for RII (46). In parallel, peptides patterned
after the PKA binding region of D-AKAP2 were developed to interfere with RI or RII interac-
tions (47). Anchoring disruptors that are highly selective for either the anchored type I (the RI
anchoring disruptor, also known as RIAD) or the type II (super-AKAP-IS) PKA holoenzymes were
subsequently developed (36, 48). These reagents have helped delineate effects regulated by type
T or type I PKA, such as cAMP-mediated immune regulation and steroidogenesis (49-52). The
recognition that dual-specificity AKAPs have additional determinants that secure the interaction
with the RI subunit led to the discovery of an RI specifier region (RISR) (53). A peptide derived
from an RISR disrupts type I PKA interaction with the AKAP ezrin independently of peptides
that mimic the amphipathic helix (53). In summary, the toolbox of PKA anchoring disruptors is
considerable and is frequently used as the first approach to define biological effects mediated by
anchored PKA enzymes in cells.

Disruption of PKA anchoring has been used to assess the functional significance of localized
pools of PKA but is less useful in a therapeutic context. Furthermore, there would be merit in
developing reagents that selectively target an individual AKAP. Another promising approach may
be to displace AKAP signaling complexes from their proximity to a particular PKA substrate. For
example, peptides that block interaction between AKAP185 and the PKA substrate phospholam-
ban are equally as effective as the Ht31 peptide that disrupts PKA from the AKAP complex in
inhibiting -adrenergic receptor (3AR)-mediated stimulation of calcium reuptake by SERCA2
(sarcoplasmic/endoplasmic reticulum Ca?* pump 2) (54). Similarly, peptide-based disruption of
the adapter protein EBP50 from ezrin disconnects PKA from Csk to reverse cAMP-mediated
inhibition of immune function (55).

LOCALIZED cAMP SIGNALING IN THE HEART

Efficient contraction of the heart requires coordinated handling of cAMP and Ca’* signaling events
in cardiomyocytes. This process, known as excitation-contraction coupling, occurs when an action
potential triggers a transient rise in intracellular Ca’* that drives contraction of cardiomyocytes
(56). This process takes place in three phases. Phase 1 is initiated by the brief opening of voltage-
gated L-type Ca’* channels. Small amounts of Ca’>* enter regions of the myocyte where the
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junctional sarcoplasmic reticalum (SR) is nearby. In phase 2, this localized Ca** influx triggers the
synchronous activation of ryanodine-sensitive Ca’* channels (i.e., ryanodine receptors, or RyRs)
in the SR to produce a global Ca** transient. The concomitant activation of Ca?*-responsive
contractile proteins, such as cardiac troponin C, initiates contraction. Phase 3 requires termination
of SR Ca’* release and the transport of Ca?* back into the SR through the ATP-dependent Ca**
pump SERCA2, which decreases [Ca**]; and begins myocyte relaxation.

Distinct AKAP complexes contribute to each phase of excitation-contraction coupling by op-
timizing the phosphorylation of ion channels and contractile proteins. These anchoring proteins
organize cAMP effectors such as PKA, guanine exchange proteins activated by cAMP (EPACs),
and cAMP-gated channels (HCN) in relation to ACs, the aforementioned enzymes that synthesize
cAMP (57, 58). Although most AC isoforms are expressed in cardiac fibroblasts (59), the major
isoforms present in myocytes are AC5 and AC6 (59-61). Interestingly, these enzymes can exert
certain opposite functional effects on the heart. Overexpression of AC6 appears to be cardiopro-
tective (62-64), whereas AC5 has been implicated in cAMP production arising from cardiac stress
(65, 66). Moreover, deletion of AC6 reveals unique biological functions that are not duplicated by
ACS5, including reductions in PKA and Akt activity, phospholamban phosphorylation, and altered
left ventricular contractile function (67). The distinctions between AC5 and AC6 action may, at
least in part, reflect their differential recruitment into macromolecular complexes.

Inisolated cardiac myocytes, disruption of PKA anchoring results in impaired cAMP regulation
of L-type Ca’* channels (41, 68, 69), CFTR (cystic fibrosis transmembrane conductance regulator)
chloride channels (70), and Ix potassium currents (71). Similar approaches have implicated a role
for anchored PKA phosphorylation of numerous targets in myocytes (72-74). At least 15 AKAPs
are expressed in the heart, roles for which are discussed below. However, most of these anchoring
proteins are not found solely in the heart (16, 25, 75, 76).

AKAPs IN CALCIUM-INDUCED CALCIUM RELEASE

Sympathetic control of the heart through AR stimulation increases the rate and force of con-
traction and relaxation of cardiac muscle. As depicted in Figure 2, AKAP18 and AKAP79/150
signaling complexes principally contribute to this vital process (77).

AKAP18«x

Of the four AKAP7 gene transcripts, AKAP18« is the smallest and encodes an 81-amino acid
protein (42, 78-80) (Figure 2). Myristoylation and palmitoylation of N-terminal residues help
tether AKAP18 (also known as AKAP15) to the inner face of the plasma membrane to facilitate
BAR regulation of the L-type calcium channel Cay 1.2 (42, 81). Physical association with AKAP18x
channels proceeds through a leucine zipper motif, thereby positioning PKA in proximity to its
phosphorylation target (82—84). Peptide-mediated disruption of the AKAP15/18-PKA-channel
complex reduces stimulation of Cay 1.2 currents by this kinase, a well-known modulator of Ca**
channels (42, 82).

The AKAP1856 variant, a longer transcript of the AKAP7 gene, acts as a scaffold to coordinate
a crucial step for cardiac muscle relaxation, the BAR-promoted reuptake of calcium into the
SR by SERCA2 (54) (Figures 2 and 3). Phosphorylation of membrane-bound phospholamban
by PKA and/or CamKII (calmodulin-dependent protein kinase II) removes its inhibitory effect
on SERCA2, thereby accelerating Ca’* reuptake and myocyte relaxation. Curiously, AKAP185
contains a central phosphoesterase domain that binds 5" AMP (36). Although AKAP18% has no
detectable ligase or hydrolase activity, it may be a sensor of 5" AMP, an important molecule in
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Figure 2

Combinatorial assembly of cardiac A-kinase anchoring protein (AKAP) signaling complexes. The common name ( first column) and
alternate name(s) (second column) of each anchoring protein are indicated. Schematic representations of cardiac AKAPs highlight
enzyme-binding sites and functional domains (¢hird colummn). Binding partners are indicated (fourth column). Abbreviations: AC, adenylyl
cyclase; AMP, adenosine monophosphate; BAR, B-adrenergic receptor; DH, Dbl homology domain; ERK, extracellular signal-
regulated kinase; HIF-1 &, hypoxia-inducible factor 1o IP3-R, inositol 3,4,5-phosphate receptor; KCNQ, KvLQT potassium channel
subunit; KSR-1, kinase suppressor of Rasl; Lfc, Lbc first cousin; MEK, mitogen-activated protein kinase kinase; MT, mitochondrial
transit peptide; NCX1, sodium-calcium exchanger 1; NFAT¢, nuclear factor of activated T cells; NMDA-R, N-methyl-D-aspartate
receptor; PDE, phosphodiesterase; PDK1, phosphoinositide-dependent kinase-1; PH, pleckstrin homology domain; PKA/C/D/N,

protein kinase A/C/D/N; PP1/2A/2B, protein phosphatase 1/2A/2B; PTPDI, protein tyrosine phosphatase D1; RGS, regulator of G
protein signaling; RSK, ribosomal S6 kinase; RyR2, ryanodine receptor 2; SAP97, synapse-associated protein 97; Siah2, seven in
absentia homolog 2; Trek-1, two pore-domain potassium channel; TrpV1, transient receptor potential cation channel V1; VHL, von
Hippel-Lindau protein.
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The A-kinase anchoring protein (AKAP) terrain of cardiomyocytes. The subcellular distribution of AKAPs
in cardiomyocytes is depicted. Subcellular organelles, anchoring proteins, and key effector proteins are
indicated. Abbreviations: KCNQ, Ik, potassium channel subunit; KSR, kinase suppressor of Ras;

PLN, phospholamban; RyR, ryanodine receptor; SERCA, sarcoplasmic/endoplasmic reticulum Ca’* pump;
SKIP, sphingosine kinase interacting protein.

defining the metabolic state of a cell and the product of cAMP metabolism by phosphodiesterases
(PDEs) (36). Polymorphisms at key residues in this region, which occur at low incidence in the
population (<1%), have been linked to cardiac abnormalities and febrile seizures (85).

AKAP79/150

Products of the AKAPS gene encode a family of anchoring proteins that include human AKAP79
and the murine and bovine orthologs AKAP150 and AKAP75 (Figure 2). AKAP79/150 is one of
the best characterized AKAPs. It has the capacity to interact with a range of important regulatory
proteins and a diverse set of ion channels (Figure 2). For example, AKAP79/150 also clusters its
cohort of anchored signaling enzymes in proximity to Ca’* channel subunits via a modified leucine
zipper motif located at the extreme C terminus (86) (Figure 3). Localization of AKAP79/150 to
the plasma membrane involves three polybasic regions near the N terminus that electrostatically
interact with phosphoinositol lipids (87). More recently, it has been shown that this AKAP is
palmitoylated on cysteines 36 and 129; this palmitoylation further facilitates association with lipid
raft regions in the plasma membrane (88).

A principal function of AKAP79/150 is to integrate cAMP and Ca’* signaling by tethering
PKC and PP2B (22, 23, 89). AKAP79/150-anchored PKC has been implicated in the induction
of persistent Ca’* signals (sparklets) that are produced by recurrent openings of the L-type
Ca?* channel and that increase vascular tone. AKAP150-knockout mice lack persistent Ca**
sparklets in isolated arterial myocytes and fail to develop angiotensin II-induced hypertension
(90, 91). The probability of coupled gating by Cay1.2 is increased by AKAP150, presumably by
the facilitation of interactions between the C termini of Cay1.2 (77). Elegant mass spectrometry
studies that measured the stoichiometry of AKAP79 complexes show that AKAP79 can form stable
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homodimers (92). Subsequent evidence points to possible tetrameric assemblies or even hetero-
oligomers with AKAPI2 [e.g., gravin (93, 94)]. In ventricular cardiac myocytes, AKAP79/150
has also been postulated to target 31,,ARs, AC5/6, PKA, and PP2B to a caveolin 3-associated
complex containing Cay1.2 (95, 96). AKAP79/150 also interacts with several classes of the
channel-associated MAGUK (membrane-associated guanylate kinase) scaffolding proteins (97).

Coupled gating of Cay 1.2 channels occurs in this manner in smooth muscle from hypertensive
animals and may increase myogenic tone and blood pressure. Moreover, AKAP79/150-anchored
PP2B modulates gene expression during hypertension by dephosphorylation of the transcription
factor NFATc3 (98, 99), thus expanding the number of potential binding partners that can be
recruited to cardiac AKAP79/150-ion channel complexes.

AKAPs IN CARDIAC REPOLARIZATION

Yotiao

In humans, the sympathetic regulation of the cardiac action potential requires PKA-mediated
phosphorylation of the KCNQ1 subunit of the slowly activating delayed rectifier potassium chan-
nel Ix, (Figures 2 and 3). Yotiao is the smallest (250-kDa) transcript of the AKAP9 gene. Yotiao
localizes to the plasma membrane, whereas longer splice variants (AKAP350 and AKAP450) lo-
calize to the centrosome and the Golgi apparatus (100-102). Yotiao directs PKA, PP1, PDE4D3,
and various ACs toward the « subunit (KCNQ1) of I, (100, 103-105). PKA phosphorylates Ser27
on KCNQI to modulate Ixs and phosphorylates Ser43 of Yotiao to further enhance regulation
by the sympathetic nervous system, whereas dephosphorylation of these sites and suppression
of I, currents are facilitated by anchored PP1 (105-107). Mutations in KCNQI1 or Yotiao that
disrupt this complex give rise to type 1 long-QT syndrome (LQT1), an inheritable, potentially
lethal arrhythmia syndrome (108, 109). These mutants eliminate cAMP-induced phosphoryla-
tion of the channel subunit and the functional response of the Iy current to cAMP. Yotiao
anchors certain AC isoforms but surprisingly not AC5 or AC6 (104). Yotiao thus sets up several
feedback loops by bringing together enzymes that participate in the control of cAMP availabil-
ity and the reversible phosphorylation of Ixs to modulate membrane repolarization and heart
rate.

D-AKAP2

D-AKAP? also contributes to the regulation of cardiac action potentials (Figure 2). A product of
the AKAP10 gene, D-AKAP2 was so named because it can interact with type I or type II PKA
subunits. Genetic screens of more than 1,000 European-American individuals identified a single-
nucleotide polymorphism (SNP) in D-AKAP? that correlated with a decrease of the PR interval
in the electrocardiogram (110). This nonsynonymous SNP replaces Ile646 with Val in the PKA
binding domain of D-AKAP?2. Biochemical analyses reveal that this amino acid change results in
a threefold increased affinity of cAMP for the RIx subunit of PKA. Another study identified the
same Ile646Val substitution in a smaller cohort of patients at risk for sudden cardiac death be-
cause of tachycardia and abnormal heart rate variability (111). Mouse models that phenocopy these
cardiac abnormalities have deletion of the PKA-anchoring region of D-AKAP2 (111). Although
the role for D-AKAP? in cardiac rhythm is unknown, possible mechanisms include the localiza-
tion of RI to the outer mitochondrial membrane and the association of the GTPases Rab4 and
Rab11 with the RGS domains of the anchoring protein to perturb trafficking of endocytic vesicles
(110, 112, 113).
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AKAPs IN CARDIAC STRESS RESPONSES

The heart undergoes pathological remodeling in response to different types of cardiac stress.
Cardiomyocyte hypertrophy in response to increased catecholamines is associated with the tran-
scription of genes that help increase myocyte size (114). The anchoring proteins AKAP-Lbc
and mAKAP (muscle AKAP) organize signaling elements that drive these transcriptional repro-
gramming events, whereas signaling events coordinated by D-AKAP1 and sphingosine kinase
interacting protein (SKIP) have been implicated in other aspects of cardiac stress.

AKAP-Lbc

AKAP-Lbc is a long splice variant of the AKAPI3 gene that functions as a PKA anchoring pro-
tein and encodes a guanine nucleotide exchange protein (GEF) to activate Rho (19, 115, 116)
(Figure 2). In response to «;-adrenergic receptor («¢;AR) activation, Rho GTPase activity can
facilitate development of cardiac hypertrophy (117). Considerable evidence points to a critical role
for AKAP-Lbc in this hypertrophic response. First, occupancy of «;ARs or endothelin-1 recep-
tors increases RhoGEF activity (118). This GEF activity is repressed by anchored PKA-mediated
phosphorylation of Ser1665 via recruitment of 14-3-3 (119, 120). Second, infusion of the adrener-
gic agonist phenylephrine induces transcription of the AKAP-Lbc gene 3.5-fold (118). Similarly,
a twofold increase in AKAP-Lbc transcripts has been noted in patients with hypertrophic car-
diomyopathy (121). Elevating the level of this anchoring protein and strengthening the signaling
pathways it organizes can enhance pathological cardiac remodeling.

Live-cell imaging, fluorescent kinase activity reporters, and RINA interference tech-
niques showed that AKAP-Lbc couples the activation of protein kinase D (PKD) with the
phosphorylation-dependent nuclear export of the class II histone deacetylase HDACS (121, 122)
(Figure 3). Increased expression of AKAP-Lbc thereby amplifies a mitogenic signaling pathway
that promotes a pathophysiological outcome in cardiac myocytes. Follow-up studies have revealed
that AKAP-Lbc and the scaffolding protein kinase suppressor of Ras1 (KSR-1) form the core of a
signaling network that efficiently relays mitogenic signals through a RAF/MEK/ERK1/2 kinase
cascade (123). AKAP-Lbc can also organize p38 to stimulate the RhoA effector PKNo (124).
Thus, AKAP-Lbc may provide cross talk between cAMP and PKD, Rho, and ERK. Further-
more, indirect support for this concept is provided by evidence that AKAP-Lbc-knockout mice
are embryonic lethal owing to cardiac developmental defects (125).

mAKAP

Low levels of cAMP are cardioprotective, whereas chronically elevated cAMP is linked to heart
disease. The anchoring protein mAKAP responds to these signals by coordinating a variety of
cAMP-responsive enzymes. In the basal state, mAKAP localizes AC5 to organize cAMP synthesis
(126). Under pathophysiological conditions, however, changes in the association of PDE with
mAKAP alter cAMP levels near RyRs (127); this change in cAMP levels has been linked to ar-
rhythmias (128). Anchored PKA can control both processes as phosphorylation of AC5 provides
a feedback mechanism to inhibit synthesis of cAMP (126), whereas phosphorylation-dependent
activation of PDE4D3 promotes the degradation of cAMP (129). In addition, mAKAP anchors
PKA (130) to control the phosphorylation state of the RyR and anchors EPACI to facilitate
the Rapl GTPase-mediated relay of mitogenic signals through an ERKS kinase cascade (131).
mAKAP clusters additional signaling molecules that contribute to cardiac stress responses, includ-
ing calcineurin, NFATe¢3 (nuclear factor of activated T cells), protein phosphatase 2A (PP2A),
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and phospholipase Ce (132-134). These macromolecular assemblies are tethered on the outer
membrane of the nuclear envelope via direct binding to nesprin-1a (130, 135).

mAKAP also interfaces with the protein ubiquitination machinery to coordinate signals that oc-
cur in response to ischemic insult. When oxygen (O,) levels are reduced, hypoxia-inducible factor
loe (HIF-1«) increases, thereby facilitating nuclear accumulation and initiating a transcriptional
pathway (136). HIF-1« levels are kept low under normoxic conditions via its proline hydroxyla-
tion by prolyl hydroxylase domain protein (PHD). HIF-1« is then recognized and ubiquitinated
by the von Hippel-Lindau protein (pVHL) and targeted for proteasomal degradation, a process
facilitated by the anchoring of HIF-1«, PHD, and pVHL to the mAKAP complex. This anchoring
ensures HIF-1« degradation under normoxic conditions (137). During hypoxia, PHD activity is
reduced by two mechanisms: First, lower O, content inhibits PHD activity; second, the E3 ligase
designated seven in absentia homolog 2 (Siah2) ubiquitinates PHD and targets it for degradation.
By anchoring Siah2 to the complex containing PHD, mAKAP facilitates an increase in HIF-1a
levels and the initiation of the hypoxia transcriptional program that regulates energy metabolism,
O, transport, and ultimately cell survival (137).

D-AKAP1

D-AKAP1 (also known as s-AKAP84, AKAP121, and AKAP149) is a member of the AKAPI gene
family and is found in the outer mitochondrial membrane (138-140) (Figure 3). Overexpression
of D-AKAP1 in myocytes reduces cell size and blocks hypertrophy induced by the SAR agonist
isoproterenol (141). These changes correlate with a loss of D-AKAP1 protein in aortic banding
studies that induce cardiac hypertrophy (142). D-AKAP1 nucleates a signaling complex of PKA,
the protein tyrosine phosphatase, and the Src tyrosine kinase on the outer mitochondrial mem-
brane (Figure 2). This constellation of enzymes has been implicated in the control of oxidative
metabolism and ATP synthesis (143, 144). Ubiquitin-mediated proteasomal degradation of D-
AKAPI under hypoxic conditions results in lowered mitochondrial respiration (145). D-AKAP1
also inhibits mitochondrial fission by regulating the PKA-dependent interaction of two key pro-
teins, Drpl and Fisl, necessary for the division of mitochondria (146). One unresolved question
is, What is the source of cAMP that activates PKA at the mitochondria? This source may derive
from the bicarbonate- and calcium-regulated soluble AC present at mitochondria (147) rather
than from the classical ACs regulated by G protein—coupled receptors at the plasma membrane.

Sphingosine Kinase Interacting Protein

Sphingosine-1-phosphate (S1P) is a cardioprotective, antiapoptotic lysophospholipid produced in
response to hypoxia and acute ischemia/reperfusion injury (148). When S1P binds to its receptors
on the plasma membrane of smooth muscle endothelial cells, it engages second messenger and ERK
signaling pathways that increase vascular tone (149). Production of this important phospholipid
requires sphingosine kinases, which catalyze the ATP-dependent phosphorylation of sphingosine
to produce S1P (150). Two-hybrid screening identified a sphingosine kinase interacting protein
(SKIP) (Figure 3), which was also designated a RII anchoring protein on the basis of a region of
homology to AKAP110 and AKAP220 (151). More conclusive evidence of its PKA anchoring role
was provided when the protein was detected in a mass spectrometry screen for cAMP-binding
cardiac proteins (152, 153). Other studies detected higher levels of SKIP in patients with heart
disease (154). Subsequent biochemical and genetic approaches established that SKIP is a type
I-specific AKAP (33, 155). SKIP contains two RI binding sites, and SKIP complexes exist in dif-
ferent states of RI occupancy. Single-molecule pull-down photobleaching experiments show that
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41% £ 10% of SKIP sequesters two RI dimers, whereas 59% of the anchoring protein binds
a single RI dimer (33). Proteomic and subcellular fractionation experiments show that the SKIP
complex is enriched in cardiomyocytes. In these cells, SKIP associates with and facilitates the
phosphorylation of a prominent PKA substrate, the coiled-coil helix protein ChChd3 (33, 156).

Other Cardiac AKAPs

Other AKAPs that have been identified in the heart include gravin, ezrin, AKAP95, BIG2,
AKAP220, pericentrin, Rab32, and PI3K p110y (15, 28, 157-162). Additional AKAPs such as
troponin T', myospryn, synemin, and myomegalin are localized to sarcomeric structures in car-
diac myocytes and are believed to play roles in cardiac contraction (124). However, physiological
roles for these AKAPs in the heart and the signaling complexes that they assemble are currently
unknown.

ANCHORED cAMP SIGNALS AND MODULATION
OF T CELL FUNCTION

cAMP serves as a second messenger for a variety of immunoregulatory and inflamma-
tory mediators—such as prostaglandin E, (PGE,), catecholamines, serotonin, adenosine, and
histamine—that signal to effector T cells from monocytes, macrophages, and naturally occurring
and peripherally induced regulatory T cells (Tregs) in settings such as inflammation, chronic in-
fections, asthma, and cancer (Figure 44,b). However, the spatial and temporal parameters that
underlie such events are just beginning to be understood (163, 164). cAMP levels in effector
T cells are controlled in part by Tregs that suppress them. Naturally occurring Tregs have high
cAMP levels in part due to FOXP3-dependent transcriptional downregulation of PDE3B (165).
Cell-to-cell transmission of cAMP to suppress effector T cells proceeds via transfer through gap
junctions (166).

Pericellular accumulation of adenosine also elicits immunosuppressive responses. This is a
pathway whereby CD39 and CD73 ectonucleotidases on the surface of Tregs metabolize ATP to
generate adenosine (167), which activates A2A receptors to enhance intracellular cAMP synthesis
and suppress effector T cells (167). In addition, continuous exposure of T cells to an antigen
promotes adaptive Tregs that express COX-2 (cyclooxygenase 2), leading to secretion of PGE,
(168-171). PGE, stimulates FOXP3 expression in Tregs and inhibits effector T cell function
through mobilization of a PKA-Csk (C-terminal Src kinase) cascade (172) (Figure 4¢). Type 1
PKA and PDE4 seem to be important for T cell receptor (TCR)-induced signaling and T cell
function. Whereas T'CR stimulation and concomitant PKA activation in lipid rafts inhibit proximal
T cell signaling (173), CD28 costimulation favors the recruitment of a PDE4/f-arrestin signaling
unit that derepresses cAMP inhibition as a prelude to the onset of the full T cell response. These
findings underscore the importance of enzyme anchoring and how the proximity of signaling
enzymes with broad specificity can be used to drive specific, local cellular events.

In effector T cells, the cAMP pathway is involved in the regulation and modulation of immune
responses that include antigen-induced proliferation and cytokine production (174, 175). cAMP
also induces a Treg response and suppression of T cells via several mechanisms (176). Numer-
ous PKA targets intersect with mitogenic signaling pathways (164). Use of site-selective cAMP
agonists with a preference for PKA isotypes and use of peptides that produce isoform-selective
anchoring disruption have revealed (#) that an anchored pool of type I PKA in T, B, and nat-
ural killer cells plays a dominant immunoregulatory role and (») that PKA phosphorylation of
Ser364 in Csk is the predominant inhibitory mechanism (31, 48, 50, 53, 175, 177-180). This
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phosphorylation increases Csk activity fourfold, and docking to its binding protein,
Cbp/PAG (Csk-binding protein/phosphoprotein associated with glycosphingolipid-enriched mi-
crodomains), further increases its activity two- to threefold (180). Csk, in turn, phosphorylates
Lck (lymphocyte-specific protein tyrosine kinase) to suppress its tyrosine kinase activity, thereby
reducing ¢-chain phosphorylation of the TCR (181, 182). These events are organized by the
Cbp/PAG adapter protein that recruits Csk to the site of action in lipid rafts (172, 180, 183-185).
Thus, PKA phosphorylation of Csk and its interaction with Cbp/PAG provide a powerful mech-
anism for locally terminating antigen receptor—induced Src family tyrosine kinases (Figure 4¢,d).

SCAFFOLDING THE PKA-Csk INHIBITORY PATHWAY

The anchoring protein responsible for the compartmentalization of type I PKA in T cells is
ezrin. This modular, multifunctional protein is in the ezrin/radixin/moesin (ERM) family of
proteins that contribute to the organization of plasma membrane domains by linking micro-
filaments to the membrane and aligning with membrane adaptor proteins via linker proteins, such
as EBP50 (ERM binding protein 50). Ezrin interacts with EBP50 and PAG in a complex to scaffold
the PKA-Csk inhibitory pathway in T cells (31) (Figure 44).

Functional evidence that regulation of T cell function by type I PKA depends on anchoring by
ezrin derives from the observations that disruption of type I PKA binding to ezrin via anchoring
disruptor peptides displaces PKA from lipid rafts and releases the suppression of T cells. The
latter suppression occurs via cAMP-mediated inhibition of proliferation and interleukin-2 (IL-2)
production (31, 48, 53). Knockdown of ezrin abrogates regulation by cAMP of IL-2 secretion,
whereas reconstitution with an siRINA-resistant wild-type ezrin, but not with a binding-domain
mutant ezrin, restores cCAMP regulation of IL-2 secretion (31, 53). In addition, disruption of the
ezrin-EBP50-PAG scaffold at the level of the ezrin-EBP50 interaction inhibits the regulation of
IL-2 secretion by cAMP (55) (Figure 44). Expression of the RIAD peptide in transgenic mice also
perturbs the ability of the cAMP-type I PKA-Csk pathway to suppress PGE,-mediated inhibi-
tion of effector T cells (50). Related studies demonstrate that global displacement of RI enhances
IL-2 secretion by T cells and produces resistance to murine AIDS (164). These findings have
suggested that hyperactivation of the type I PKA pathway is involved in the T cell dysfunction
of HIV infection and common variable immunodeficiency. The cAMP-type I PKA pathway in
T cells is thus a putative target for treating immunodeficiency diseases, chronic infections, and

Figure 4

The immunoregulatory role of anchored cAMP signaling in T cells. (#) Tumor-infiltrating lymphocytes are inhibited by peripherally
induced Tregs (orange cells) exposed to chronic antigenic stimulation. Persistent infections, such as HIV, lead to chronic inflammation
and immunosuppression, both of which involve production of PGE; and other inflammatory mediators. (/) Generation of peripherally
induced or adaptive Tregs. These cells express COX-2, produce PGE,, and stimulate FOXP3 expression. In contrast, naturally
occurring Tregs can transfer cAMP to responder T cells through gap junctions. Pericellular accumulation of adenosine also elicits
immunosuppressive responses through a pathway whereby CD39 and CD73 ectoenzymes metabolize ATP to generate adenosine. T
cell inhibition and PGE, -responsive induction of FOXP3 can occur as a result of the secretion of PGE, by LPS-activated monocytes.
(¢) cAAMP inhibits TCR-mediated immunoregulatory functions at membranes. This occurs in lipid rafts through a receptor-G
protein—~AC-cAMP-PKA type I-Csk pathway that acts on the Src family tyrosine kinase Lck. (d) Ezrin links transmembrane receptors
such as CD43 to the actin cytoskeleton via its N-terminal FERM domain and to F-actin via its C terminus. Ezrin functions as an
AKAP, bringing type I PKA in proximity to its substrate Csk via a supramolecular signaling complex consisting of PKA, ezrin, EBP50,
Cbp/PAG, and Csk. Abbreviations: AC, adenylyl cyclase; AKAP, A-kinase anchoring protein; cAMP, cyclic adenosine monophosphate;
COX-2, cyclooxygenase 2; Csk, C-terminal Src kinase; EPB50, ERM binding protein 50; EP-R, receptor for E series of prostaglandins;
FERM, band 4.1 protein and ezrin, radixin, and moesin (ERM) protein domain; Lck, lymphocyte-specific protein tyrosine kinase;
LPS, lipopolysaccharide; PAG, phosphoprotein associated with glycosphingolipid-enriched microdomains; PGE;, prostaglandin E;;
PKA, protein kinase A; TCR, T cell receptor; Treg, regulatory T cell.
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cancer (170, 186-189) (Figure 44). Furthermore, T cells from transgenic mice that are protected
from suppression by Tregs through cAMP show improved antitumor responses compared with
mice that have normal RI anchoring (I. Cornez & K. Taskén, unpublished data); this is consistent
with observations in colorectal cancer patient samples in which PGE; and cAMP suppress anti-
tumor immunity (176, 189) (Figure 44). Thus, the cAMP-type I PKA-Csk pathway is a putative
therapeutic target in the inflammation that occurs in cancer and some chronic viral diseases.

CONCLUSIONS

The study of enzyme anchoring via AKAPs has provided insight into the elaborate and
elegant organization of cellular signaling cascades. In this final section, we highlight three
future directions for AKAP research. First, although this field arose from the need to explain
hormone action at a molecular level, surprisingly little is known about the architecture of the
macromolecular complexes that AKAPs hold together. More structural information regarding
AKAP signaling complexes should soon be forthcoming. This is an exciting but daunting
objective because AKAPs’ flexibility makes them challenging targets for X-ray crystallography
(36, 37, 190). Furthermore, most anchored signaling complexes consist of many proteins; for
example, a recent study that used mass spectrometry assigned 16 polypeptide chains within a
single (AKAP79-2PP2B-RII-CaM), macromolecular assembly (92). Cutting-edge approaches of
protein mass spectrometry, single-particle fluorescence imaging, and cryo-electron microcopy
will likely be needed to answer key structural questions regarding the stoichiometry and molecular
architecture of higher-order AKAP complexes (191-194).

Second, AKAP79/150 can protect PKC from certain pharmacological inhibitors, indicating
that the anchoring protein locks this kinase in an active conformation (195, 196). A broader
interpretation of this result is that AKAPs are allosteric modifiers that shape the activity of
the kinase or phosphatase that they regulate (197). A more far-reaching implication is that the
intracellular pharmacology of kinase inhibitor drugs cannot be reliably inferred from in vitro
enzyme assays. The allosteric nature of some AKAP-enzyme interactions complicates studies
that rely on the analysis of genetically modified mice. Thus, we propose that any comprehensive
investigation of AKAP function in a whole-animal context cannot be limited to simply knocking
out a gene of interest; instead, it should also include analysis of modified AKAP forms that are
unable to interact with a given enzyme-binding partner (56, 96).

Third, research on AKAPs is moving toward understanding second messenger signaling in a
pathophysiological context. For such efforts, approaches other than global disruption of intracellu-
lar anchoring events will be needed. Small-molecule inhibitors show some promise, although their
mechanism of action is unknown, and they have substantial potential for off-target effects (198).
Another approach to consider is peptide-mediated disruption of AKAP-associated substrates. Such
an approach has been used to displace AKAP185 from the PKA substrate phospholamban to alter
cardiac excitation-contraction coupling (54), and to disconnect PKA from Csk in order to reverse
cAMP-mediated inhibition of immune function (55). These methods are akin to others in which
native peptides/proteins or peptidomimetics are delivered into cells as a means to overcome some
of the limitations associated with the displacement of a full-length enzyme from its intracellular
location. Thus, a new generation of AKAP-derived reagents that retrieve a small measure of order
from chaos may offer a therapeutic advantage.
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