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ABSTRACT: A-kinase anchoring proteins (AKAPs) play an
important role in the spatial and temporal regulation of protein
kinase A (PKA) by scaffolding critical intracellular signaling
complexes. Here we report the design of conformationally
constrained peptides that disrupt interactions between PKA and
AKAPs in an isoform-selective manner. Peptides derived from the
A Kinase Binding (AKB) domain of several AKAPs were
chemically modified to contain an all-hydrocarbon staple and
target the docking/dimerization domain of PKA-R, thereby
occluding AKAP interactions. The peptides are cell-permeable
against diverse human cell lines, are highly isoform-selective for PKA-RII, and can effectively inhibit interactions between AKAPs
and PKA-RII in intact cells. These peptides can be applied as useful reagents in cell-based studies to selectively disrupt AKAP-
localized PKA-RII activity and block AKAP signaling complexes. In summary, the novel hydrocarbon-stapled peptides developed
in this study represent a new class of AKAP disruptors to study compartmentalized RII-regulated PKA signaling in cells.

Protein kinase A (PKA), or cAMP-dependent protein
kinase, has broad substrate specificity and regulates a

myriad of highly diverse cellular processes. Multiple mecha-
nisms exist to fine-tune the spatial and temporal regulation of
PKA on subcellular signaling.1−3 The PKA holoenzyme
complex is a tetramer composed of two catalytic subunits
(PKA-C) and a regulatory subunit dimer (PKA-R). When
intracellular cAMP levels increase, the PKA-R subunits bind
cAMP and undergo a conformational change to release the
catalytic subunits, which then perform substrate phosphor-
ylation.4,5 Regulation of PKA activity is partly controlled
through the utilization of four distinct PKA-R subunit isoforms:
PKA-RI (RIα and RIβ) and PKA-RII (RIIα and RIIβ). The
PKA-R isoforms differ in many aspects including tissue
expression, cAMP sensitivity, and intracellular localization.1

PKA activity is further regulated by a class of proteins called
A kinase-anchoring proteins (AKAPs).3,6 The AKAP family is
structurally diverse but shares the commonality of binding to
PKA-R and compartmentalizing the PKA holoenzyme to
multiple subcellular locations including the plasma membrane,
endoplasmic reticulum, and mitochondria.3 AKAPs act as
scaffolding proteins that tether PKA along with other proteins
so as to integrate PKA activity into distinct multivalent
signaling complexes. Other proteins tethered to these

subcellular complexes include kinases, phosphatases, adenylyl
cyclases, phosphodiesterases, and various substrates.7−9 By
confining PKA to subsets of cellular substrates within a local
cAMP environment, AKAPs provide intrinsic specificity to
cAMP-PKA signaling pathways and therefore act as key
regulators for various cellular processes (Figure 1a).3,6 While
most AKAPs preferentially bind to PKA-RII, several AKAPs
have been identified that have PKA-RI specificity or can bind
both PKA-RI and PKA-RII (dual specific).10,11 Isoform-
selective interactions appear to be critical for AKAP-mediated
signaling since altered interactions between AKAPs and the
PKA-R isoforms correlate with misregulated PKA activity and
various disease states.12

The significance of AKAP regulation on PKA activity is
further underscored by its correlation with various disease
phenotypes. Altered AKAP activity is implicated in many
pathological processes including cardiovascular disorders,
immune diseases, and multiple cancer phenotypes.13−15 While
AKAPs are clearly important regulators of PKA, their full
biological roles are largely elusive due to the complex nature of
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spatial and temporal regulation. In order to elucidate the role of
AKAPs on localized PKA signaling, significant efforts have been
put forth to block interactions between PKA and AKAP in a
highly isoform-selective manner (Figure 1b). One of the first
peptide disruptors, Ht31, was derived from AKAP-Lbc and was
subsequently modified to contain a stearated moiety to allow
for cell permeability.16 Other peptides were also developed with
improved properties including greater isoform specificity or
higher binding affinities such as RIAD (RI-anchoring disruptor)
17 and SuperAKAP-IS.10 Collectively, these peptides have
become valuable tools to block PKA signaling mediated by
either PKA-RI or PKA-RII PKA. However, there are still
limitations with the physical properties of these compounds

including poor cellular uptake by intact cells, loss of the
secondary structural fold in solution, and susceptibility to
proteolytic degradation that is intrinsic to nonmodified peptidyl
bonds. Various modifications including addition of stearic
acid18 and additions of either a poly arginine tag or HIV-1 TAT
sequences19,20 have been utilized to improve cellular perme-
ability. Nevertheless, many limitations still exist using these
synthetic strategies including lack of reinforced secondary
structure in solution, relatively short half-life values, and
potential mislocalization caused by the addition of conjugated
sequences or moieties.
As an alternative strategy for the development of isoform-

selective AKAP disruptors, we applied hydrocarbon peptide
stapling. This chemical modification constrains the secondary
structure of α-helices through α-methylation and macrocyclic
ring formation (Figure 1c).21 Further, this modification was
found to increase the proteolytic stability of the peptide while
also making it more entropically favorable for binding by
locking it in a prebinding state.22 As a strategy to disrupt AKAP
interactions, we focused on the conserved AKB helix that is
shared among AKAPs. The AKB binds to the docking/
dimerization (D/D) domain of PKA-R that is formed at the
PKA-R dimer interface.23 Crystallographic studies show that
interactions between the amphipathic AKB peptides and the D/
D domain of either PKA-RI or PKA-RII are predominantly
driven by hydrophobic interactions.24,25 Many AKB or AKB-
like sequences have been previously identified; however, the
majority of these sequences are highly hydrophobic and
therefore are limited in their potential as biochemical tools.
We chose three intrinsically more hydrophilic sequences that
target the AKB binding and used these as templates for
generating hydrocarbon stapled peptide inhibitors: RIAD,
AKAP220, and small membrane AKAP (smAKAP). In addition,
the nonmodified AKB sequences inherently have specificity for
either PKA-RI or PKA-RII, thereby providing a basis for PKA-R
isoform selectivity (Figure 1b). Non-natural olefinic amino
acids ((S)-2-(4′-pentenyl)alanine), abbreviated as S5, were
introduced into the peptide sequences in the i, i + 4 positions
(Figure 1c). The olefinic amino acids were covalently cross-
linked using ring-closing metathesis chemistry.26,27 Libraries
were generated where N- and C-terminal truncations were
made to shorten the AKB sequence while preserving the
hydrophobic residues of the binding interface (Figure 2, parent
sequences). The hydrocarbon staples were introduced into
various positions of the sequence by introducing the non-
natural amino acids into positions on the solvent-exposed face
of the helix (black residues). However, after introduction of the
hydrocarbon staple into the parent sequences, these peptides
had poor water solubility and therefore demonstrated minimal
cell permeability (Supplementary Figure 1). To remedy the
limited cell permeability and solubility of these peptides, the
AKB peptide mimics were optimized to increase their
amphipathic properties through the addition of hydrophilic
Lys residues on the solvent-exposed face of the helix (Figure 2,
Lys-modified sequences). In addition, a short (PEG)3 group
was added to the N-terminus of the Lys-modified sequences to
further improve water solubility.
Next, the binding affinities of the Lys-modified stapled

peptides were measured using fluorescence polarization (FP)
assays. Peptides were screened against the D/D domains of
either RIα or RIIα (Figure 3a and Supplementary Figures 2−
4). The Lys-modified sequence lacking the addition of a
hydrocarbon staple for each sequence was used as a control. Of

Figure 1. RII-selective disruption of AKAP-mediated PKA anchoring
using hydrocarbon-stapled peptides. (a) AKAPs regulate the
phosphorylation of PKA substrates in a spatiotemporal manner by
recruiting related machinery to subcellular locations for compartmen-
talized signaling. (b) Isoform-selective peptides were designed to
mimic the AKB helix from AKAP that binds PKA-R. Peptides can be
engineered to have specificity toward either isoform of PKA-R, thereby
blocking downstream signaling through displacement of PKA-R from
the AKAP signaling complex. (c) Pairs of the non-natural amino acid
S5 (shown in dark gray) are introduced into AKB or AKB-like
sequences at i and i + 4 positions. A hydrocarbon staple is formed by
ring-closing olefin metathesis to form the conformationally con-
strained product. The hydrophobic residues that are essential for PKA-
AKAP interactions (shown in red) were left unchanged. The
engineered stapled peptide will target the AKB-binding site on the
surface of the docking/dimerization (D/D) domain of PKA-RII
(shown in blue). Structure rendered in PyMol using PDB ID
2HWN.24
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the stapled peptides tested, none had an appreciable binding
affinity for the PKA-RI subunit. Although the unmodified,
original sequence of RIAD and smAKAP both demonstrate
preferential binding to PKA-RI,12,17 the chemically modified
peptides are not as inherently flexible and therefore may have
altered binding properties including their entropic and
enthalpic properties. Nevertheless, multiple candidates were
found that were highly selective for PKA-RII binding. Indeed,
almost all of the peptides bearing a hydrocarbon staple at
various positions were found to increase the binding affinity for
PKA-RIIα. Among all of the Lys-modified peptides tested, three
were found that demonstrated KD values in the low nM range:
1K-3 (2 nM), 2K-3 (6.2 nM), and 3K-5 (2.1 nM). Further, 1K-
3 showed weak binding of PKA-RIα in the submicromolar
range, while 2K-3 and 3K-5 showed no appreciable binding
affinities to PKA-RIα. These three promising candidates for
highly selective disruption of PKA-RII were subsequently
renamed Stapled Anchoring Disruptors (STADs; 1K-3 is
STAD-1, 2K-3 is STAD-2, and 3K-5 is STAD-3). Stapled
scrambled controls were also examined for each STAD peptide.
Next, the KD values were measured for the three STAD

peptides using full-length constructs human PKA-R (RIα, RIβ,
RIIα, and RIIβ) since this would provide a more relevant
portrayal of binding affinities and selectivity in the context of
human cells (Figure 3b and c). Each of the isoforms was
purified as previously described28 and tested over a
concentration range from 0.1 nM to 15 μM. While all three
peptides were found to have KD values of 50 nM or less for
PKA- RIIα, STAD-1 also had a comparable affinity for PKA-
RIα (93 nM). However, STAD-2 and STAD-3 interacted more

weakly with PKA-RIα with STAD-2 having a KD value of
greater than 1 μM and STAD-3 having a value of 144 nM.
STAD-3 had the lowest KD values for PKA-RII (8 nM for RIIα
and 16 nM for RIIβ). However, STAD-2 has a slightly reduced
affinity compared to STAD-3 for PKA-RII (31 nm for RIIα
versus 64 nM for RIIβ) but has higher PKA-RII selectivity since
STAD-2 binding to PKA-RIIα is approximately 40 times more
favorable than for PKA-RIα. Thus, it appears that STAD-2 and
STAD-3 have the most pronounced isoform selectivity against
full-length human constructs of PKA-RII by approximately 1−2
orders of magnitude as compared to PKA-RI.
With isoform selectivity and low KD values confirmed, we

next wanted to test the cellular uptake of these compounds.
Three highly diverse human cell lines (HeLa, MDA-MB-231,
and PC-3 cells) were treated with 5 μM 5(6)-carboxyfluor-
escein-labeled peptides for 6 h before washing and fixation
(Figure 4a and Supplementary Figures 5−7). While the
nonstapled wild type control peptides for each peptide class
were virtually impermeable to each of the cell types, STAD-1,
STAD-2, and STAD-3 showed considerable intracellular access
in all three cell lines. Further, although some punctate staining
is evident, likely indicating intracellular localization in vesicles,
particularly for STAD-3, there is a considerable amount of
peptide localized in the cytoplasm that would therefore be
accessible to AKAP-PKA complexes. Of note, the original and
stapled parent sequences were not cell-permeable even after
addition of a hydrocarbon staple (Supplementary Figure 1);
however, the stapled STADs and their scramble control
peptides were all cell-permeable (Figure 4a and Supplementary
Figure 8). These observations indicate that addition of Lys
residues on the hydrophilic face of the peptide was needed to
promote cellular uptake of the peptide sequences.
Since the peptides appeared to have appreciable cytoplasmic

localization, we wanted to determine whether they were
physically interacting with PKA-R within the intracellular
environment. In order to test this, we performed immunopre-
cipitation assays using MDA-MB-231 cells (Figure 4b).
Biotinylated STAD peptides (1 μM) were added to the cell
media 1 h before lysis. Cells that were not peptide-treated were
used as a control. Pull-downs were performed, followed by
immunoblotting for either PKA-RI or PKA-RII. It is clear that
both STAD-2 and STAD-3 interact with PKA-RII, while
STAD-1 was found to weakly associate with PKA-RII in cells.
None of the peptides appear to have any affinity for PKA-RI
within cells. This experiment confirms that the STAD peptides
are highly RII-selective even within the context of a cellular
environment.
To determine whether the STAD peptides can effectively

block PKA signaling in cells, we monitored PKA substrate
phosphorylation in cells. MDA-MB-231 cells were serum-
starved overnight, followed by pretreatment with different
concentrations of STAD peptides for 1 h prior to stimulation
with 50 μM forskolin (Fsk) to increase cAMP levels. Serum-
starvation was performed to downregulate PKA activity so that
a robust activation of PKA could be detected upon stimulation
of intracellular cAMP levels in the presence or absence of the
STAD peptides. PKA activity was measured as a function of
substrate phosphorylation using the antiphospho-(Ser/Thr)
PKA substrate antibody to detect phosphorylated PKA
substrates in MDA-231 cells (Figure 4c). As a control, the
small molecule inhibitor H89 (50 μM) was used to inhibit
PKA-C activity. Phosphorylation of CREB was also independ-
ently monitored since this is a known AKAP-mediated

Figure 2. Sequences for design of stapled peptides. Original AKB or
AKB-like sequences were slightly shortened to yield the parent
sequences for the compound library. Optimization of the sequence was
performed to increase the amphipathic properties and water solubility
of the sequences, rendering the Lys-modified sequence libraries.
Helical wheels of the parent sequences demonstrate the hydrophobic
nature of the binding surface. The hydrophobic residues are shown in
red and were left unchanged. Non-natural amino acids and Lys
residues were introduced on the solvent-exposed hydrophilic surface.
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substrate of PKA.29 All three STAD peptides decreased
phosphorylation of various PKA substrates in a dose-dependent
manner as compared to the forskolin-stimulated positive
control. However, STAD-2 and STAD-3 appear to be more
effective at inhibiting substrate phosphorylation as well as
reducing phospho-CREB levels in these cell-based assays.
Furthermore, the effect on substrate phosphorylation is not
universal, but rather some substrates are more impacted than
others, most notably under the lower 4 μM treatment
conditions. This suggests that phosphorylation of substrates
that are regulated by signaling complexes involving AKAPs and
PKA-RII are disproportionately reduced. To confirm that the
peptide sequences are critical for targeted disruption of AKAP
signaling complexes, scrambled versions of each STAD peptide
were tested using the same assay. All three scrambled peptides

had no apparent inhibitory effect on PKA signaling as measured
by PKA substrate phosphorylation as well as phospho-CREB
levels (Figure 4d). Taken together, these results suggest that
STAD-2 and STAD-3 can be effectively localized within cells
and can selectively disrupt AKAP-regulated signaling involving
PKA-RII.
As a means of measuring the effects of the STAD peptides on

AKAP-anchored versus non-anchored PKA activity, cytosolic
PKA activity was probed using the diffusible biosensor AKAR4
in HeLa cells30 (Figure 4e and f). Cells treated with STAD-2
responded to Fsk (50 μM)/IBMX (100 μM) stimulation with a
15 ± 6% (n = 3) increase in yellow to cyan emission ratio,
compared to a 39 ± 3% (n = 9) response from cells treated
with the scramble control peptide. Using biosensor pmAKAR4
(targeted by a CAAX sequence), however, we found that

Figure 3. Stapled peptides are highly selective for the PKA-RII isoform. (a) Fluorescence polarization assays of the Lys-modified peptide libraries
were determined using purified protein constructs of the D/D domains from either PKA-RI or PKA-RII. S5 is represented using blue asterisk
symbols. Peptides were plated at a final concentration of 10 nM, and the D/D dimerization domains were tested over a concentration range of 0.1
nM to 100 μM. Dissociation constants were calculated using nonlinear regression and are presented as mean ± standard error of triplicates. 1K-3
(STAD-1), 2K-3 (STAD-2), and 3K-5 (STAD-3) were identified as peptides with low KD values for PKA-RII and were highly selective for PKA-RII
over PKA-RI. (b) Fluorescence polarization was measured using full-length human proteins for each PKA-R isoform. Each single FP experiment was
performed in triplicate. While all three peptides tested bound to PKA-RIIα with a KD value of 50 nM or less, STAD-2 and STAD-3 appear to have
the greatest selectivity for PKA-RII binding over PKA-RI. (c) Normalized FP spectra are shown for each of the full-length PKA R subunit isoforms.
PKA-RI is represented in red (closed circles = α, open circles = β), and PKA-RII is shown in blue (closed triangles = α, open triangles = β). STAD-2
and STAD-3 show preference for PKA-RII binding by 1−2 orders of magnitude.
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Figure 4. Hydrocarbon stapled peptides selectively bind PKA-RII and disrupt AKAP-mediated PKA signaling in cells. (a) Fluorescent images of
diverse cell lines (HeLa, MDA-MB-231, PC-3) after treatment with FITC-labeled peptides (5 μM) for 8 h demonstrates that STAD-1, -2, and -3 are
cell-permeable and have at least partial cytosolic localization. Each image is representative of three replicates. (b) Immunoprecipitation experiments
were performed in MDA-MB-231 cells. Cells were incubated with N-terminal biotin-labeled peptides (5 μM) and pulled down by avidin-coated
resin, and PKA-RI and PKA-RII were detected by immunoblotting. All three peptides demonstrated interactions with PKA-RII to varying degree,
while none showed any appreciable affinity for PKA-RI in cells. c) The STAD peptides were found to cause dose-dependent disruption of PKA
substrate phosphorylation. Cells were serum-starved, followed by stimulation with 50 μM forskolin (except the basal lane). The PKA inhibitor H89
was used as a control (50 μM). Phosphorylation of CREB was independently monitored to demonstrate that the peptides inhibit a known PKA
substrate that is partly regulated by AKAP activity. The image is representative of three independent experiments. (d) STAD scramble peptides (8
μM) were also monitored for their effects on PKA substrate phosphorylation. The scramble control peptides had no effect on PKA substrate
phosphorylation or on CREB phosphorylation after forskolin stimulation. (e, f) Cytosolic PKA activity was monitored using the AKAR4 reporter.
When treated with either STAD-2 or the STAD-2 scramble control, PKA activity was still stimulated by Fsk (50 μM) and IBMX (100 μM) and
inhibited by H89 (20 μM), indicating that STAD-2 does not affect nonlocalized PKA activity. (g, h) PKA activity localized near the plasma
membrane was monitored using the pmAKAR4 reporter. In this instance, PKA activity was not stimulated by Fsk/IBMX or inhibited by H89 in the
presence of STAD-2, indicating that STAD-2 selectively inhibits localized PKA activity. This effect was not evident when the pmAKAR4 reporter was
tested with the STAD-2 scramble control.
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STAD-2 could completely inhibit the subpool of PKA located
at plasma membrane as compared to a non-peptide-treated
control (Figure 4g and Supplementary Figure 9b). The
scramble STAD-2 control peptide did not alter the plasma
membrane (Figure 4h) PKA responses in HeLa cells.
In summary, we developed conformationally constrained,

cell-permeable peptides that are highly selective for disruption
of the interactions between AKAPs and PKA-RII. By
conformationally constraining these AKAP inhibitor peptides,
the binding interface is spatially poised to interact with the
D/D of PKA-RII while also decreasing susceptibility to
proteolytic degradation.21 While AKAPs are important
regulators of cAMP-mediated signaling in cells, there are still
many unknowns regarding their roles in normal and disease-
state signaling. This novel class of isoform-selective peptides
targeting the AKAP binding site on PKA-R can be utilized as
effective tools to selectively disrupt localized signaling
complexes mediated by interactions between AKAPs and
PKA-RII and block downstream signaling in normal and
disease-state cells.

■ METHODS
Materials. The N-α-Fmoc protected amino acids and Rink Amide

MBHA Resin were purchased from Novabiochem. (S)-N-Fmoc-2-(4′-
pentenyl)alanine was purchased from Okeanos Tech. All other
reagents and organic solvents used in this study were purchased
from Fisher Scientific except where noted. HPLC grade methanol,
acetonitrile, and trifluoroacetic acid were used for all solutions
involving preparation or analysis of samples.
Cell Culture. MDA-MB-231 and PC-3 cells were cultured in

Roswell Park Memorial Institute-1640 (RPMI) Medium with L-
glutamine (Lonza), 10% fetal bovine serum (Thermo Scientific), and
penicillin/streptomycin (Amresco). HeLa cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) with glucose and L-
glutamine (Lonza), 10% fetal bovine serum (Thermo Scientific), and
penicillin/streptomycin (Amresco).
Peptide Synthesis. Peptides were synthesized on Rink Amide

MBHA resin using standard 9-fluorenylmethoxycarbonyl (Fmoc) solid
phase synthesis. Deprotection steps were performed using a 25% (v/v)
solution of piperidine in 1-methyl-2-pyrrolidinone (NMP) for 30 min.
For each coupling step, 10 equiv of N-α-Fmoc-protected amino acids
(0.25 M final concentration in NMP) were added, followed by
addition of 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylami-
nium hexafluorophosphate (HCTU, 0.23 M final concentration) in
NMP and 8% (v/v) N,N-diisopropyl ethylamine (DIEA).
Olefin metathesis was performed using 0.4 equiv bis-

(tricyclohexylphosphine) benzylidene ruthenium(IV) dichloride
(Grubbs’ first generation catalyst, Sigma Aldrich) relative to resin
substitution. The reaction was performed in 1,2-dichloroethane at RT
for 1 h with agitation. The reaction was repeated once more using the
same conditions to ensure complete conversion to the cyclized
product. 11-Amino-3,6,9-trioxaundecanoic acid (NH-PEG3-
CH2COOH, ChemPep Inc.) was added to the N-terminus of all of
the Lys-modified sequences and their scramble controls. The PEG3
group was introduced using standard coupling conditions with 4
equivs before the addition of biotin or 5(6)-carboxyfluorescein. N-
Terminal fluorescein labeling was performed using 2 equiv of 5(6)-
carboxyfluorescein (Acros Organics) along with 0.046 M HCTU and
2% (v/v) DIEA in N,N-dimethylformamide (DMF) overnight. N-
Terminal biotin labeling was performed using 10 equiv of D-biotin
(Anaspec), 0.14 M HCTU, and 4% (v/v) DIEA in a 1:1 mixture of
DMF and dimethyl sulfoxide (DMSO) overnight. Completed peptides
were cleaved from resin using 95% trifluoroacetic acid, 2.5% water, and
2.5% of triisopropylsilane (Sigma Aldrich) for 4−5 h, precipitated in
methyl-tert-butyl ether at 4 °C, and lyophilized. All peptides were
purified by high-performance liquid chromatography (HPLC) and
verified by mass spectrometry (MS). Fluorescein-labeled peptides were

quantified by measuring absorbance of 5(6)-carboxyfluorescein at 495
nm using a Synergy 2 microplate reader (Bio-Tek). Biotin-labeled
peptides were quantified by measuring decreased absorbance of the 2-
hydroxyazobenzen-4′-carboxylic acid (HABA)-avidin complex (VWR)
at 500 nm.

The molecular weights of the purified peptides are as follows: 1K-wt
= 2537.4 (expected mass = 2537.8); 1K-1 = 2531.4 (expected mass =
2531.9); 1K-2 = 2531.4 (expected mass = 2531.9); 1K-3 (STAD-1) =
2530.5 (expected mass = 2531.0); 1K-4 = 2530.5 (expected mass =
2530.9); 1K-3-scr (STAD-1 scr) = 2516.1 (expected mass = 2516.9);
2K-wt = 2461.2 (expected mass = 2461.9); 2K-1 = 2436.3 (expected
mass = 2436.9); 2K-2 = 2435.1 (expected mass = 2436.0); 2K-3
(STAD-2) = 2454.0 (expected mass = 2455.0); 2K-3-scr (STAD-2 scr)
= 2454.0 (expected mass = 2455.0); 3K-wt = 2862.0 (expected mass =
2862.3); 3K-1 = 2827.5 (expected mass = 2828.3); 3K-2 = 2827.5
(expected mass = 2828.3); 3K-3 = 2827.2 (expected mass = 2828.3);
3K-4 = 2828.4 (expected mass = 2828.4); 3K-5 (STAD-3) = 2984.1
(expected mass = 2984.5); and 3K-5-scr (STAD-3 scr) = 2983.4
(expected mass = 2984.5).

Protein Expression and Purification. The RIα docking/
dimerization (D/D) domain (residues 1−61) of Bos taurus and the
RIIα D/D (1−44) of Rattus norvegicus were expressed as previously
described.24,31 RIα D/D or RIIα D/D cells were suspended and lysed
in buffer containing 20 mM Tris (pH 8.0), 100 mM NaCl, and 0.1
mM phenylmethanesulfonylfluoride (PMSF) before purification. The
protein constructs were purified using a Talon cobalt-affinity resin
(Clontech). Cobalt-purified proteins underwent further purification
using a Superdex 75 (10 mm × 300 mm) size exclusion column
(AKTA) on an AKTA Purifier UPC 10 (AKTA). Proteins were
concentrated using Vivaspin 6 columns with a 3 kDa molecular weight
cutoff (GE Healthcare). Proteins were concentrated, and 20% glycerol
was added before being snap frozen in liquid nitrogen and stored at
−80 °C.

Expression and Purification of Recombinant PKA-R Sub-
units. Recombinant human PKA regulatory subunits (hRIα, hRIβ,
hRIIα, hRIIβ) were expressed and purified as previously described
using Sp-8-AEA-cAMPS agarose.28 SDS-polyacrylamide gel electro-
phoresis was used to monitor protein expression and purity. Typically,
the recombinant proteins were purified to ≥95% homogeneity.

Fluorescence Polarization Using D/D Domain Constructs.
Fluorescence polarization (FP) assays were used to measure the
binding affinity of designed peptides to the D/D domain of the PKA
regulatory subunit isoforms. Each fluorescein-labeled peptide (10 nM)
was plated with either RIα D/D or RIIα D/D. The protein constructs
were 10-fold serially diluted from 100 μM to 0.1 nM in 10 mM
HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, and 0.005% Surfactant
P20. The plates were incubated in the dark at RT for 30 min.
Fluorescence polarization was measured in triplicate using a Synergy 2
microplate reader (Biotek). Binding curves were generated, and
dissociation constants (KD) were calculated from the nonlinear
regression curve using GraphPad Prism.

Fluorescence Polarization Using Full Length PKA-R. To
investigate the binding affinity of AKAP peptides to the full-length
regulatory subunits of PKA, FP was applied in a direct assay format.
Increasing concentrations (from 0.1 nM to 15 μM) of the four
different PKA regulatory subunits were mixed with 5−10 nM
fluorescently labeled AKAP peptide in 20 mM MOPS pH 7, 150
mM NaCl, 0.005% (v/v) CHAPS. Data were obtained using a
FusionTM alpha-FP plate reader at RT and a data acquisition of 2 s at
Ex 485 nm/Em 535 nm in a 384 well microtiterplate (Perkin-Elmer
Optiplate, black). Data represent the mean ± standard error of the
mean of triplicate measurements (n = 3 per data point) for a single
experiment. KD determination was performed as described above.

Cell Permeability Assays. HeLa, MDA-MB-231 or PC-3 cells per
well were seeded at 100,000 cells/well on 8-well tissue culture slides
(BD Biosciences). Cells were grown overnight in medium with 10%
fetal bovine serum. Next, 5 μM 5(6)-carboxyfluorescein-labeled
peptides were added and incubated at 37 °C for 6 h before fixation
in 2% paraformaldehyde. Slides were imaged using an Olympus X71
fluorescent microscope.
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Immunoprecipitation Assays. MDA-MB-231 cells were pre-
treated with 1 μM biotin-labeled peptides before being lysed in NP-40
buffer (20 mM Tris-HCl, pH 8, 137 mM NaCl, 10% glycerol, 1%
Nonidet P-40, 2 mM EDTA). Lysates were incubated with 50 μL
immobilized avidin resin (G-Biosciences) overnight at 4 °C. The resin
was collected by centrifugation at 1000*g for 2 min, washed three
times with NP-40 buffer and boiled in Laemmli sample buffer (60 mM
Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01%
bromophenol blue) at 95 °C for 5 min. PKA-RI (1:500, BD
Biosciences) and RII (1:1500, Abcam) antibodies were used for
Western blot detection. Antirabbit IRDye 800CW (1:25,000) and
antimouse IRDye 680LT(1:30,000) secondary antibodies were used
(LI-COR Biosciences). Blots were imaged using an Odyssey Fc
imaging system (LI-COR Biosciences).
Detection of Phosphorylated PKA Substrates. MDA-MB-231

cells were grown on 12-well culture plate. Cells were serum-starved for
24 h in serum-free RPMI media with glutamine (0.3 g/L). Peptides
were added to cell at either 2, 4, or 8 μM concentrations for 1 h,
followed by stimulation with 50 μM forskolin for 10 min. As a control,
cells were treated with H89 (50 μM) for 30 min prior to forskolin
stimulation. Cells were lysed in Laemmli sample buffer and analyzed
by Western blotting. Anti-phosphoserine/threonine PKA substrate
(1:1000, Cell Signaling Technology) or tubulin (1:2000, DSHB)
primary antibodies were used, followed by antirabbit IRDye 800CW
(1:25,000) or antimouse IRDye 680LT secondary antibodies
(1:30,000) (LI-COR Biosciences). Blots were imaged using an
Odyssey Fc imaging system.
AKAR Reporter Assays. The HeLa cells utilized for these

experiments were between passages 60 and 61. Cells were maintained
in DMEM growth media supplemented with 10% FBS and 1%
penicillin and streptomycin. They were transfected with the
appropriate biosensor at an approximate confluency of 70% using
Lipofectamine 2000 reagent and incubated for 24 h. Prior to imaging,
cells were pretreated with 5 μM active or control peptides at 37 °C in
DMEM for 6 h. They were then imaged in HBSS buffer supplemented
with the corresponding peptide at RT.
Epifluorescence imaging was performed on a Zeiss Axiovert 200 M

Microscope equipped with a xenon lamp and a cooled CCD, under a
40X oil immersion objective. FRET microscopy of CFP/YFP
biosensors was performed using the following excitation/emission
filter combinations (bandwidths in nm): CFP: Ex 420/20, Em 475/40;
YFP: Ex 495/10, Em 535/25; FRET: Ex 420/20, Em 535/25. All
epifluorescence experiments were subsequently analyzed using the
MetaFluor software. All cells were analyzed, including those with
visible blebbing or other morphological defects. Such cells typically
present problems such as biosensor leakage and did not accurately
reflect activity. They were therefore rejected from reporting. The
reported FRET ratio is calculated as follows and normalized with
respect to the first frame in the time series (I = intensity):

−
−

I I

I I
FRET FRET,background

CFP CFP,background
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