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Selective Disruption of the AKAP Signaling Complexes

Eileen J. Kennedy and John D. Scott

Abstract

Synthesis of the second messenger cAMP activates a variety of signaling pathways critical for all facets of
intracellular regulation. Protein kinase A (PKA) is the major cAMP-responsive effector. Where and when
this enzyme is activated has profound implications on the cellular role of PKA. A-Kinase Anchoring
Proteins (AKADPs) play a critical role in this process by orchestrating spatial and temporal aspects of PKA
action. A popular means of evaluating the impact of these anchored signaling events is to biochemically
interfere with the PKA-AKAP interface. Hence, peptide disruptors of PKA anchoring are valuable tools in
the investigation of local PKA action. This article outlines the development of PKA isoform-selective dis-
ruptor peptides, documents the optimization of cell-soluble peptide derivatives, and introduces alternative
cell-based approaches that interrogate other aspects of the PKA-AKAP interface.
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1 Introduction

A-Kinase Anchoring Proteins (AKAPs) play a fundamental role in
the spatial and temporal regulation of protein kinase A (PKA), yet
how these protein—protein interactions influence normal and path-
ological signaling in the cell is just beginning to be understood.
Although AKAPs differ greatly in sequence, subcellular localiza-
tion, and repertoire of enzyme binding partners, they all share the
defining commonality of a direct interaction with the regulatory
subunits (RI or RII) of the PKA holoenzyme [1]. PKA anchoring
proceeds through an amphipathic helix that inserts into a custom-
ized groove formed by the docking and dimerization (D/D) of
R-subunit protomers [2—4]. When tethered to AKAPs, the PKA
holoenzyme is spatially restricted with access to a limited number
of cellular substrates (Fig. 1). This offers a mechanism to selec-
tively promote cellular events that proceed through the ubiquitous
second messenger molecule cAMP [5, 6]. However, this PKA-
binding module denotes only one facet of AKAP action as other
regions of the anchoring protein interact with additional enzymes
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Fig. 1 Signaling through AKAP complexes. When intracellular concentrations of CAMP are low, the PKA holoen-
zyme complex is largely bound to AKAPs within the cell. AKAPs are localized to various intracellular sites
including the plasma membrane and organelles, thereby concentrating PKA to particular locations within the
cell. Upon stimulation, intracellular cAMP levels rise. Each R-subunit of PKA binds two cAMP molecules and
undergoes an allosteric conformational change to release the activated catalytic subunits

to integrate other second messenger signals within distinct multi-
valent assemblies [7-9]. Accordingly, these signaling complexes
can include other kinases, protein phosphatases, adenylyl cyclases,
phosphodiesterases, and target substrates [ 10-14].

The complexity of this cellular system is further compounded
by the utilization of four distinct regulatory subunit isoforms of
PKA: RI (Rla and RIP) and RIT (RIla and RIIB) which differ in
tissue distribution, cAMP sensitivity, and AKAP-mediated localiza-
tion. These additional layers finely tune when and where PKA
activity is applied [15]. The vast majority of AKAPs selectively bind
the RII isoform; however, a limited number of dual-specific AKAPs
can also interact with RI [4, 16, 17]. Due to the spatial and tem-
poral nature of interactions with AKAPs, uncovering the intricacies
of AKAP-mediated signaling events has proven to be a substantial
challenge. To complicate matters further, the human genome
encodes about fifty AKAPs and most cell types express at least
10-15 different anchoring proteins [18]. Added to this, most
anchoring proteins are expressed as families of alternatively spliced
transcripts [ 19, 20]. This degree of complexity makes it difficult to
elucidate each of their individual roles. However, one strategy to
study the role of anchoring in these signaling events is to selectively
displace PKA subtypes from the AKAP platform. Accordingly,
numerous isoform-specific disruptors have been developed (Fig. 2;
Table 1) [21, 22]. Although these compounds are valuable tools to
study AKAP-PKA signaling, the major drawback is that these
inhibitors will nonspecifically inhibit all AKAP interactions with
either the RI or RII isoforms by binding to and occluding the
anchoring site on the regulatory subunits.
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RII-Selective Disruptors

Ht31 LIEEAASRIVDAVIEQVK
AKAP-IS QIEYLAKQIVDNAIQQA
AKAP18) PEDAELVRLSKRLVENAVLKAVQQY
STAD-2 KKLAKFLVS *ALK*ALK

RI-Selective Disruptors

PV-38 FEELAWKIAKMIWSDVFQQC
RIAD LEQYANQLADQIIKEATE

Fig. 2 Engineered peptide disruptors of AKAP complexes. Isoform-selective dis-
ruptors were developed to have specificity of targeting toward either the Rl or Rll
isoform of PKA. Despite considerable sequence divergence between the different
disruptor peptides, they all share the common feature of forming an amphipathic
helix with a largely hydrophobic binding interface (shown in gray) that comple-
ments the binding surface of the D/D domain of the R-subunits. Asterisks repre-
sent incorporation of the nonnatural amino acid (S)-2-(4’-pentenyl)alanine to
form an all-hydrocarbon bridge within the sequence

Table 1
PKA inhibitor compounds for inhibition of AKAP-mediated signaling

PKA inhibitors Mechanism of action

PKI peptide Blocks the catalytic site of PKA

H89 ATP-competitive inhibitor of PKA
Rp-cAMPS Prevents cAMP binding to R-subunits

The first AKAP disruptor peptide, Ht31, was derived from the
PKA-anchoring domain of AKAP-Lbc [23]. In this study, a
2 3-amino-acid amphipathic helix was identified from a screen seek-
ing to find peptide antagonists of PKA anchoring. The discovery of
this peptide set the precedence for defining canonical docking
interactions between AKAPs and RII. Although Ht31 has limited
cell permeability, chemical modification of the peptide was per-
formed to increase its overall hydrophobicity [24 ]. The addition of
stearic acid to the N-terminus of the peptide was found to greatly
enhance cellular permeability. However, there may be concern that
the conjugation of such a lipid moiety contributes to retention of
Ht31 in cell membranes. Stearated forms of Ht31 and the negative
proline analog control (St-Ht31 and St-Ht31P) are widely avail-
able as commercial reagents.
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Since there is considerable amino acid divergence between the
PKA-anchoring helices of various AKAPs, a bioinformatics approach
was used to identify an RII-specific consensus sequence [25]. This
sequence was then optimized by peptide array screening to identify
a more potent RII inhibitor peptide, AKAP-in silico (AKAP-IS)
[25]. This peptide was shown to have improved affinity for RII as
compared to Ht31 peptide. The Kd value of AKAP-IS is less than
1 nM for RII, while it has a Kd value for RI in the mid-high nM
range. The initial AKAP-IS peptide was not cell permeable and also
had limited solubility in aqueous solution. However, a subsequent
modification introduced a TAT sequence at the N-terminus of
AKAP-1S to greatly improve cell permeability for cell-based experi-
ments [26]. Despite the hydrophilicity of the TAT sequence, the
conjugated peptide, TAT-AKAP-IS, is still highly hydrophobic and
requires solubilization in an aqueous 10 % DMSO solution. Using a
structure-based approach, AKAP-IS was further optimized to
improve the affinity and selectivity to yield SuperAKAP-IS [4]. In
order to achieve this, the crystal structure of the AKAP docking site
on RIla was solved either alone or in complex with the inhibitor
peptide AKAP-IS [4]. The identification of key residues involved in
binding to the RII isoform and the use of further peptide screening
arrays allowed for the design of a peptide disruptor with significantly
enhanced RII selectivity that had fourfold higher affinity for RII and
approximately 12-fold less affinity for RI as compared to AKAP-IS.

Based on the biological observation that AKAP18 has a high
affinity for Rlla and that an N-terminally truncated form,
AKAP185, has an even higher affinity, a new class of disruptor pep-
tides was derived [27]. This class of peptides demonstrated high
affinity for RlIla with dissociation constants as low as
0.4 nM. Analysis of sequence divergence between these peptides
helped to further define important residues for engagement with
the RII docking site. Analogous to Ht31, the AKAP183 peptides
were also modified with the addition of a stearate moiety in order
to promote cellular uptake.

Within the last 5 years, small molecules were developed to dis-
rupt AKAP-RII interactions [28, 29]. Very large, relatively flat
surfaces, such as the protein—protein interaction interface between
the amphipathic helix of an AKAP and the RIT D /D docking site,
are notoriously difficult to target using small molecule approaches.
These small molecule scaffolds are an exciting new area for further
investigation. Although these different compounds have limited
potency (IC50=20-40 pM), this is a promising starting point for
compound optimization using a small molecule targeting approach.
Moreover, development of more selective small molecule scatfolds
could yield anchoring disruptors with improved efficacy as they
may evade some of the shortcomings inherent in peptides includ-
ing limited cell permeability, low stability, and loss of secondary
structural folds in solution.
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Perhaps the most promising development in anchoring disrup-
tor peptides is the recent introduction of Stapled AKAP Disruptor
(STAD) peptides. Chemically modified RII-specific AKAP disrup-
tors were developed where nonnatural amino acids were incorpo-
rated into A-kinase binding (AKB) sequences to bestow
small-molecule-like properties onto the peptide sequences [21].
Synthetic libraries were designed based on previously identified
AKB or AKB-like sequences, where nonnatural olefinic amino
acids were incorporated and cyclized so as to conformationally
constrain an alpha-helical fold. This chemical modification was
previously shown to promote cellular permeability and proteolytic
stability to peptides [30]. The STAD peptides developed in this
study are highly cell permeable and effectively block interactions
between AKAPs and RII inside cells. The incorporation of the pep-
tide “staple” introduced significant hydrophobicity to an already
hydrophobic sequence, so the addition of a small PEG-3 linker was
added to the N-terminus to notably improve water solubility for
cell-based experiments. The rapid cellular uptake, resistance to
degradation, and relatively long half-lives in cells of the STAD pep-
tides provide a more flexible platform for studying dynamic AKAP
signaling events under a variety of conditions.

All of the PKA-anchoring disruptor reagents discussed thus far
have been patterned after an AKAP motif. Recently, a phage selec-
tion procedure was employed that exploits high-resolution structural
information to engineer RII D /D domain mutants that are selective
for a particular AKAP [31]. Competitive selection screening revealed
RII sequences (Rgee) that were preferential for interaction with an
individual AKAP. Biochemical and cell-based experiments validated
the efficacy of Rg... mutants for AKAP2 and AKAPI18. This new
class of engineered proteins based on the reciprocal surface of the
AKAP-PKA interaction has the potential to be used to dissect the
contributions of different AKAP-targeted pools of PKA and aid in
the design of compounds targeting these subset populations.

Although numerous RII-specific AKAP disruptors have been iden-
tified, designing peptides for Rl-selective interactions has proven
to be more elusive. The first Rl-selective peptide inhibitors were
identified through peptide array screening nearly a decade after the
design of Ht31 [32]. The prototype used for the peptide array was
derived from the A-kinase binding (AKB) domain of AKAP10
[32]. Although the crystal structure of the AKB domain of RI was
not solved at the time, the minimal sequence required and surface
residue interactions involved in docking to RI were described
through systematic analysis. Based on this study, the AKB binding
site on RI was shown to involve multiple interactions with charged
residues, while the analogous binding site on RII was shown to
largely provide a hydrophobic patch for AKB binding. A major
limitation of the peptides identified in this study, as with many
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1.3 cAMP-
Stimulating Conditions

unmodified peptides, is that they lack cell permeability and there-
fore require transfection or genetic encoding in order to character-
ize their activity in cells.

Subsequent studies employed a bioinformatics approach cou-
pled with peptide array screening to yield the RI-selective peptide,
RIAD [33]. The binding sequences from several dual-specific
AKAPs were used as a starting point to steer toward Rl specificity.
RIAD was found to have a notably improved binding affinity for
RI as well as greater specificity for RI over RII. While the RIAD
peptide alone was not cell permeable, the C-terminal addition of
11 arginine residues afforded this property. While transfection can
result in artifacts and compensatory expression changes within the
cell, the cell-permeable version of RIAD was utilized to illustrate
disruption of RI-specific AKAP interactions in intact, non-modified
cells. RIAD analogs were later developed that incorporated non-
natural and natural amino acids into the sequence to improve pro-
teolytic stability [34]. However, cell permeability of the RIAD
analogs remains an issue.

The crystal structure of the docking/dimerization (D/D)
domain of Rla was solved in recent years [35]. Numerous struc-
tural differences were identified between RI and RII that dictate
engagement with various AKB sequences including the depth of
the binding groove, the presence of a disulfide bridge within the
binding site, and a shift of registry for binding by the AKB
sequence. These structural insights will undoubtedly lead to the
development of optimized peptide-based or synthetic scatfolds
that can discriminate against RII interactions while maintaining
high-atfinity binding with RI. Additional selectivity in RI anchor-
ing may involve a separate RI-binding interface that is upstream of
the amphipathic helix. A distinct region upstream of the docking
helix was identified on Rl-specific AKAPs [36]. This RI-specific
region (RISR) was also shown to disrupt RI binding and may serve
as an additional targeting site for RI-specific disruption.

As a means to interrogate AKAP signaling events in cell-based
studies, multiple strategies can be applied to stimulate increased
levels of intracellular cAMP (Table 2). While some reagents stimu-
late cAMP to physiological levels, many cause inappropriately high
concentrations of cAMP. Forskolin is perhaps the most widely used
stimulator of cAMP production by activating adenylyl cyclase (AC)
activity. To date, nearly 10,000 citations list the use of forskolin as
a PKA activator. Forskolin is a diterpene natural product isolated
from Coleus forskoblii [37] and was found to stimulate cAMP con-
centrations in diverse tissue types in a reversible manner [38].
Eight of the nine membrane-bound isoforms of AC are stimulated
by forskolin [39], with AC9 being the exception [40]. Further, the
potency of stimulation varies among the different isoforms [41].
Since expression and regulation of the AC isoforms vary among
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Table 2
cAMP-stimulating agents for activation of AKAP complexes

cAMP-stimulating agents Mechanism of action

Forskolin Activates adenylyl cyclases

IBMX Inhibits PDEs

Isoproterenol Indirectly activates adenylyl cyclases
PGE2 Indirectly activates adenylyl cyclases
DB-cAMP Activates PKA

cell and tissue types, the extent of forskolin-induced stimulation of
cAMP can vary considerably and often to levels that are not physi-
ologically relevant [ 39 ]. However, since forskolin acts as an agonist
for the majority of the AC isoforms, it is considered to be a general,
potent stimulator of intracellular cAMP across diverse cell types.

Another approach for increasing intracellular cAMP levels is
through inhibition of phosphodiesterase (PDE) activity. A nonspe-
cific PDE inhibitor, 3-isobutyl-1-methylxanthine (IBMX), was first
identified from a panel screen of various xanthine derivatives to
have inhibitory effects on PDEs [42]. IBMX is a moderately potent
inhibitor against the majority of PDE isoforms but appears to have
no effect on PDE8 or PDE9 [43]. Due to its broad inhibitory
activity on PDEs, IBMX is routinely used in conjunction with an
AC-stimulating agent such as forskolin to further increase overall
intracellular cAMP concentrations. Additional caution must be
taken when interpreting results from experiments that use a
forskolin/IBMX cocktail to stimulate PKA as this combination
treatment stimulates ¢AMP production to supraphysiological
levels and prolongs the second messenger response well beyond its
normal time course.

A much more physiologically relevant means to stimulate cAMP
production is through activation of f1- and p2-adrenergic receptors
by isoproterenol (isoprenaline) [44]. Isoproterenol is a synthetic
catecholamine that acts as an agonist for this subclass of G protein-
coupled receptors (GPCRs). Upon stimulation of f-adrenergic
receptors, Gs proteins are activated inside cells, thereby leading to
stimulation of AC activity. After isoproterenol stimulation, cAMP
levels rise significantly, but then fall back to near background levels
and are resistant to further stimulation even in the presence of per-
sistent isoproterenol treatment [45]. Although p-adrenergic recep-
tors are widely expressed in a variety of cells and isoproterenol can
elicit a notable effect on cAMP levels, isoproterenol-stimulated
cAMP production is useful for short time-course studies but is not
effective as a cCAMP-stimulating agent for sustainable periods.
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1.4  PKA Inhibitors

Another physiologically relevant method for cAMP stimulation
involves prostaglandin E2 (PGE2). PGE2 is a hormonelike biologi-
cal compound that binds to a subclass of G protein-coupled recep-
tors called the E prostanoids (EP) [46]. Both EP2 and EP4 can
stimulate cAMP production, but EP4 is broadly expressed while
EP2 is only expressed in limited tissue/cell types [47]. Although
isoproterenol and PGE2 activate different classes of GPCRs, both
compounds ultimately lead to activation of Gs proteins and ACs.

A chemical strategy to induce cAMP-sensitive signaling was
developed using the cell-permeable cAMP analog, dibutyryl cyclic
adenosine monophosphate (DB-cAMP). Although the compound
enters the cell in an inactive form, hydrolysis of one of the butyrate
groups permits the compound to activate PKA [48]. The butyrate
cleavage product was also found to cause significant, unintended
secondary effects in cells including differentiation, activation of cell
signaling pathways, and growth inhibition [48]. Subsequent mono-
butyrated analogs of DB-cAMP are now available that have reduced
hydrolysis and therefore have limited off-target effects caused by
the butyrate side product [49]. Although there are clear advantages
of these DB-cAMP analogs, it remains unclear whether they are
resistant to all of the cAMP phosphodiesterase subtypes that exist
in a typical cell, in particular PDES, PDE10, and PDEI11 [50].

Over 40 years ago, a protein inhibitor of PKA was identified [51].
Protein kinase inhibitor (PKI) is expressed as three isoforms [52]
that differ in expression in different tissues and cells and has an affin-
ity for PKA in the sub-micromolar range [53]. A short, 20-amino-
acid sequence was identified as the inhibitory component of PKI,
and a synthetic peptide spanning this sequence was shown to act as
a highly selective, potent inhibitor of PKA [54-56]. Multiple ana-
logs derived from this 20-mer sequence were synthesized and tested
so as to define the residues that are critical for its inhibitory activity
[57-59]. This sequence was also found to be highly specific for PKA
with no inhibitory effect on PKG [58]. PKI acts as a substrate mimic
to block the catalytic site on PKA, thereby preventing substrate
phosphorylation [60]. This mechanism provides greater target
specificity of PKI for PKA; however, at high concentrations of PKI
treatment, oft-target effects have been documented [61]. A variety
of PKI inhibitor peptide analogs are commercially available that
have a high affinity for PKA and are recognized to have exquisite
specificity for PKA at lower concentrations.

H89 is an isoquinoline-based small molecule that was derived
from an earlier inhibitor, H8 [62]. While HS8 targeted both PKA
and PKG, H89 was found to be a potent inhibitor of PKA but also
had weak antagonistic activity against several other kinases includ-
ing PKG, PKC,; casein kinases I and II, and CamKII [63]. H89 acts
as a competitive inhibitor of ATP binding to occupy and prevent
substrate phosphorylation. While H89 is an effective inhibitor of



1.5 Practical
Considerations

Disruption of AKAP Complexes 145

PKA, numerous off-target effects have been documented including
disruption of various intracellular signaling pathways and inhibition
of a significant number of kinases, including some that were inhib-
ited at greater levels than PKA [64]. Although H89 is among the
most commonly used of all PKA inhibitors, caution should be used
in interpretation of results due to its numerous off-target effects.

Cyclic nucleotide analogs such as Rp-cAMPS (adenosine-3',5'-
cyclic monophosphorothioate Rp-isomer) have also been used as
an inhibitory agent for PKA. Rp-cAMPS is cell permeable and acts
as an antagonist of cAMP to prevent activation of PKA by binding
to the cAMP-binding sites on the regulatory subunits of PKA [65,
66]. This cAMP analog also demonstrates resistance to hydrolysis
by phosphodiesterases. Although Rp-cAMPS has limited cell
permeability, newer versions such as Rp-8-Br-cAMPS and Rp-8-
CIl-cAMPS are recognized to have improved permeability and
greater potency [67]. Yet, since additional signaling elements
bind cAMP; it is possible that these analogs may also have other
cellular targets aside from PKA-R and can thereby cause unin-
tended secondary effects.

There are clear advantages of screening peptide disruptors in vitro
prior to their use for cellular analysis. This is particularly relevant
since cross talk is extremely common in kinase signaling cas-
cades and AKAP-specific signaling events are not fully elucidated.
Strategies that specifically interrogate the physical interaction
between AKAPs and the D/D binding groove of the R-subunits
provide a clearer route to identify disruptors. These interactions can
be further validated using competitive binding experiments using a
known disruptor such as Ht-31 or RIAD to confirm binding to the
same interaction surface. A common strategy used for screening is
fluorescence polarization where binding of potential disruptors is
measured in solution using an increasing concentration of disrup-
tor. This will provide dissociation constant for each disruptor and is
a critical first step before entering more complex, cell-based experi-
ments. Outlined below is a protocol that we have used to develop
and characterize these anchoring disruptor peptides.

2 Materials

1. Purified D/D domain of RI and RII [68, 69].
2. Lysis Buffer: 20 mM Tris, pH 8; 100 mM NaCl, 0.1 mM PMSE.

3. Assay Buffer: 10 mM HEPES, pH 7.4; 150 mM NaCl, 3 mM
EDTA, 0.005 % P20.

4. Fluorescently labeled peptide stocks in DMSO.
Black opaque low-binding plates (384 well).

o o

. Plate reader capable of ED.
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3 Methods

. For each protein concentration to be tested, prepare an 80 pL.

solution of fluorescently labeled peptide (diluted in assay buf-
fer; see Note 1) to a microcentrifuge tube at a concentration of
20 nM. The peptide should be clear in solution with no visible
precipitate (see Note 2). Once the protein is added, the final
concentration will be 10 nM.

. In a separate microcentrifuge tube, create serial dilution stocks

of RI or RII in assay buffer at a 2x concentration (se¢ Note 3).
The final protein concentration should be tested to as high a
concentration as possible to reach a plateau of nonbinding.
For the D/D domains of RI and RII, higher concentrations
should reach 50-100 pM. The protein should be tested over a
serial dilution range down to 0.1 nM or lower, depending on
the affinity of the peptide. The protein should be serially
diluted two- to tenfold over this concentration range. For
each protein concentration, prepare 80 pL of stock solution.

. Combine the peptide solution with each solution of the differ-

ent protein concentrations (80 pL protein and 80 pL peptide)
and gently invert multiple times to ensure proper mixing
(see Note 4). Add 50 pL of the solution to each of three wells.

4. Repeat step 3 for each protein concentration tested.

. As a negative control lacking protein, combine 80 pL peptide

(20 nM) diluted in assay buffer with 80 pL assay buffer. Invert
to mix and plate 50 pL per well into three wells.

. As a positive control, a known AKAP inhibitor peptide can be

used (see Note 5). Combine 80 pL of the control peptide
(20 nM in assay buffer) with either RI or RII over the same
concentration range (80 pL. per concentration). For each con-
centration, plate 50 pL in triplicate.

. Store the plate in the dark at room temperature for 30-60 min

before reading (see Note 6).

. Read the plate using absorbance /emission values that are suit-

able for the peptide label and obtain FP values for each well.

. Convert polarization values to anisotropy to determine the

relative Ky, values for each inhibitor peptide tested.

4 Notes

. Many AKAP disruptor peptides are extremely hydrophobic.

To facilitate solubility in buffer, concentrated peptide stock
solutions are prepared in DMSO, often in the range of
1-10 mM. Tenfold serial dilutions of the peptide in buffer are
performed to accurately reach a 10 nM final concentration.
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. If the peptide precipitates out of solution, sonication of the

solution may promote solubility of the peptide. As an alterna-

tive, a minimal amount of peptide-solubilizing agent may need
to be added to the media (e.g., DMSO).

. To maintain protein stability in solution, the protein dilutions

are prepared on ice using freshly thawed protein.

. Inverting the solution should be performed with great care to

minimize the introduction of bubbles in solution, which will
interfere with fluorescence readings. If bubbles are present,
they may be removed by low-speed centrifugation of the
microplate.

. A standard AKAP disruptor and its corresponding negative

control that is commercially available are Ht31 and Ht31P.

. Longer or shorter incubation times may be necessary for opti-

mal results. As an initial trial, the plate can be analyzed every
30 min over a 2-h time course to identify an optimal time
point for analysis.
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