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Abstract

Generation of the prototypic second messenger cAMP instigates numerous signaling events. A 

major intracellular target of cAMP is Protein kinase A (PKA), a Ser/Thr protein kinase. Where 

and when this enzyme is activated inside the cell has profound implications on the functional 

impact of PKA. It is now well established that PKA signaling is focused locally into subcellular 

signaling ‘islands’ or ‘signalosomes.’ The A-Kinase Anchoring Proteins (AKAPs) play a critical 

role in this process by dictating spatial and temporal aspects of PKA action. Genetically encoded 

biosensors, small molecule and peptide-based disruptors of PKA signaling are valuable tools 

for rigorous investigation of local PKA action at the biochemical level. This chapter focuses 

on approaches to evaluate PKA signaling islands, including a simple assay for monitoring the 

interaction of an AKAP with a tunable PKA holoenzyme. This latter approach evaluates the 

composition of PKA holoenzymes, in which regulatory subunits and catalytic subunits can be 

visualized in the presence of test compounds and small molecule inhibitors.
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1 Introduction

The human protein kinome is a remarkable source of signaling enzymes [1]. Investigation 

of kinase biology requires the exploitation of biochemical and cellular assays that invariably 

include validated chemical probes [1]. Protein kinase A (PKA) is the textbook example 

of a second messenger-activated protein kinase, whose regulation by cAMP has been 

fundamental to the development of the cell signaling field [2]. Recent work raises the 

prospect of selective intervention in human diseases driven by PKA mutations, such as 
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adrenocortical Cushing’s syndrome [3–5]. The PKA holoenzyme is composed of a tetramer 

of regulatory (R) and catalytic (C) subunits whose catalytic output is controlled, at least 

in part, by the reversible binding of cAMP to the R subunits. The A Kinase Anchoring 

Proteins (AKAPs) are signaling scaffolds that play a fundamental role in the spatial and 

temporal targeting of the PKA holoenzyme [6, 7]. Although AKAPs differ greatly in 

primary sequence, subcellular localization and their diverse repertoire of binding partners, 

they share the defining feature of a high-affinity interaction with the regulatory subunits 

(RI or RII) of the PKA holoenzyme, at a distinct site to those involved in cAMP binding. 

PKA anchoring proceeds through an amphipathic helix that inserts into a customized groove 

formed by the docking and dimerization (D/D) of the R-subunit protomers [8–10]. When 

tethered to AKAPs, the PKA holoenzyme is spatially restricted with access to appropriate 

cellular substrates that mediate cellular outcomes [11] (Fig. 1). This offers one mechanism 

to selectively promote cellular events that proceed through the ubiquitous second messenger 

molecule cAMP [12, 13]. However, the PKA-binding module is only one facet of AKAP 

action. Other domains of anchoring proteins can interact independently to allow distinct 

enzymes to integrate other second messenger signals within multivalent assemblies [14–16]. 

Diversification of these signaling complexes also occurs, because macromolecular assembles 

contain other kinases, protein phosphatases, adenylyl cyclases, phosphodiesterases and 

selected PKA substrates [17–21].

Complexity within PKA signaling is augmented by the utilization of four distinct regulatory 

subunit isoforms of PKA: RI (RIα and RIβ) and RII (RIIα and RIIβ) which differ in their 

tissue distribution and concentration, cAMP sensitivity, and affinities for AKAPs. These 

additional layers finely tune PKA activity [22, 23]. The vast majority of AKAPs selectively 

bind the RII isoform; however, a limited number of dual-specific AKAPs are thought to 

interact with RI [9, 24–26]. Moreover, due to the dynamic and compartment-specific nature 

of interactions with AKAPs and other PKA signaling components, uncovering the intricacies 

of AKAP-mediated signaling events has proven to be a substantial challenge. To confound 

matters further, the human genome encodes in excess of fifty AKAP genes and most 

cell types express at least 10–15 different anchoring proteins [27]. Additionally, the PKA 

C-subunits are thought to have hundreds of distinct substrates. Likewise, certain AKAPs are 

expressed as families of alternatively spliced transcripts with distinct biological functions 

[28, 29]. This level of complexity makes it difficult to definitively elucidate individual roles 

for each AKAP signaling island. One strategy to study the role of anchoring in signaling 

events is to selectively displace PKA subtypes from the AKAP platform. Consequently, 

isoform-selective disruptors have been developed (Fig. 2; Table 1) [30, 31]. Although these 

reagents are valuable tools to study AKAP–PKA signaling, one major drawback is that 

these inhibitors nonspecifically occlude the AKAP anchoring site on the regulatory subunits. 

This results in indiscriminate interruption of AKAP interactions with either the RI or RII 

isoforms.

1.1 RII-Selective Disruptors of AKAP Complexes

The original AKAP disruptor peptide, Ht31, was derived from the PKA-anchoring domain 

of AKAP-Lbc [32]. The discovery of this peptide set a precedence for investigating 

docking interactions between AKAPs and the RII subunit. Although Ht31 has limited cell 
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permeability, chemical modification of the peptide increases its overall hydrophobicity[33]. 

The addition of stearic or myristic acid to the N-terminus of the peptide enhances cellular 

permeability. However, the conjugation of a lipid moiety contributes to retention of Ht31 

in cell membranes. Lipid modified forms of Ht31 and the negative proline analog control 

(Ht31 and Ht31P) are available as commercial reagents. A bioinformatics approach was 

subsequently used to identify an RII-specific consensus sequence [34], which was then 

optimized by peptide array screening to produce a more potent RII inhibitor peptide, AKAP-

in silico (AKAP-IS). This peptide was shown to have improved affinity for RII as compared 

to the Ht31 peptide. The Kd value of AKAP-IS is less than 1 nM for RII, but is in the mid-

high nM range for RI. Initially, the AKAP-IS peptide was not cell permeable and had limited 

solubility in aqueous solution. However, the subsequent addition of a TAT sequence at the 

N-terminus of AKAP-IS partially improved cell permeability [35]. Despite the enhanced 

hydrophilicity afforded by 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-guided optimization approach (from the structures of the AKAP docking site on 

RIIα alone and in complex with AKAP-IS) in combination with peptide screening assays, 

AKAP-IS was further modified to improve the affinity and selectivity, which resulted in 

SuperAKAP-IS [9]. This peptide disruptor exhibited superior RII selectivity, with fourfold 

higher affinity for RII and approximately 12-fold less affinity for RI as compared to 

AKAP-IS. Based on the observation that AKAP18 has a higher affinity for RIIα and that 

an N-terminally truncated form, AKAP18δ, has an even higher affinity, a new class of 

disruptor peptides were generated [36]. This class of peptides possess high-affinity for RIIα 
with dissociation constants as low as 0.4 nM. Analysis of sequence divergence between 

these peptides helped to further illuminate important residues for engagement with the 

RII docking site. Analogous to Ht31, the AKAP18δ peptides were also modified with the 

addition of a stearate moiety in order to promote cellular uptake. Within the last 10 years, 

small molecules have also been developed to disrupt AKAP–RII interactions [37, 38]. Very 

large, and relatively flat surfaced, such as the protein–protein interaction interface between 

the amphipathic helix of an AKAP and the RII D/D docking site, are notoriously difficult 

to target using small molecule approaches, which could partially explain the relative lack of 

progress in this field of research. As such, these compounds currently have limited cellular 

potency (IC50 = 20–40 μM), but serve as a starting point for compound optimization using 

a small molecule targeting approach. Despite the current limitations, these small molecule 

scaffolds remain an exciting research area that merit further investigation.

Another promising development in anchoring disruptor peptides is the recent introduction 

of Stapled AKAP Disruptor (STAD) peptides. Chemically modified RII-specific AKAP 

disruptors were developed by incorporating non-natural amino acids into the A-kinase 

binding (AKB) sequences to bestow small-molecule-like properties onto the peptide 

sequences [31]. Synthetic libraries were designed based on previously identified AKB or 

AKB-like sequences, where non-natural 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 

[39]. 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 peptide 
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“staple” introduced significant hydrophobicity to an already hydrophobic sequence, so the 

addition of a small PEG-3 linker at the N-terminus was required to improved solubility for 

cell-based experiments. The rapid cellular uptake, resistance to degradation, and relatively 

long half-lives in cells of the STAD peptides provide a more flexible platform for studying 

dynamic AKAP signaling events under a variety of conditions.

All of the PKA-anchoring disruptor reagents discussed have been patterned after an AKAP 

motif. Recently, a phage selection procedure was employed that exploited high-resolution 

structural information to engineer RII D/D domain mutants that are selective for a particular 

AKAP [40]. Competitive selection screening revealed RII sequences (RSelect) that were 

preferential for interaction with specific AKAP proteins. Biochemical and cell-based 

experiments validated the efficacy of RSelect mutants for AKAP2 and AKAP18. 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. However, the 

utility of the RSelect mutants is somewhat limited.

Although numerous RII-specific AKAP disruptors have been developed, designing peptides 

for RI-selective interactions has proven to be more elusive. The first RI-selective peptide 

inhibitors were identified through peptide array screening nearly a decade after the design 

of Ht31 and its inactive control Ht31-Pro [41]. The prototype used for the peptide array 

was derived from the A-kinase binding (AKB) domain of AKAP10 [41]. Although the 

crystal structure of the AKB-binding 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 unmodified peptides, is that they lack cell 

permeability and therefore require transfection or genetic encoding in order to characterize 

their activity in cells.

Subsequent studies employed a bioinformatics approach coupled with peptide array 

screening to yield a RI-selective peptide termed RIAD [42]. The binding sequences from 

several dual-specificity AKAPs were used as the starting point to develop RI 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. Although 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 proteolytic stability [43]. However, the 

cell permeability of RIAD analogs remains an issue.

Probing the structure of RIα reveals several unique features that differentiate the D/D 

domain from that of RII, and which are likely key determinants of AKAP specificity [44]. 

These changes include an altered depth of the binding groove, the presence of an inter-
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subunit disulfide bridge within the AKAP binding site, and a unique spatial arrangement 

of restrictive amino acid lining the AKB binding pocket. These structural insights will 

undoubtedly lead to the development of optimized peptide-based or synthetic scaffolds that 

can discriminate against RII interactions while maintaining high-affinity binding with RI. 

Furthermore, additional AKAP selectivity for RI anchoring may involve a separate interface 

that is upstream of the amphipathic helix, known as the RI-specifier region (RISR), which is 

capable of augmenting RI binding [45]. Cellular delivery of a RISR peptide was shown to 

disrupt RI binding and may serve as an additional targeting site for RI-specific disruption.

1.2 cAMP-Modulatory Effectors

As a means to interrogate AKAP signaling events in cell-based studies, multiple strategies 

can be applied to stimulate intracellular cAMP production (Table 2). While some reagents 

stimulate cAMP to physiological levels, many cause inappropriately high concentrations 

of cAMP. The labdane diterpene, forskolin, is a potent supraphysiological activator of 

adenylyl cyclase (AC), and is perhaps the most widely used reagent for modulating 

cAMP signaling and PKA activity. To date, over 10,000 citations describe use the use of 

forskolin for this purpose. Forskolin is a natural product isolated from Coleus forskohlii 
that reversibly increases cAMP concentrations in diverse tissue types [46]. Eight of the 

nine membrane-bound isoforms of AC are stimulated to different extents by forskolin 

[47], with AC9 being the only major outlier [48] [49]. Since the expression profiles 

of the AC isoforms are tissue-specific, the potency of forskolin in different cellular 

contexts can vary considerably, and will often result in cAMP concentrations that are not 

physiologically relevant [47]. An alternative approach for increasing intracellular cAMP 

is through inhibition of phosphodiesterase (PDE) activity. A nonspecific PDE inhibitor, 

3-isobutyl-1-methylxanthine (IBMX), was identified from a panel of xanthine derivatives 

to have inhibitory effects on PDEs [50]. IBMX is a moderately potent inhibitor of the 

majority of PDE isoforms but appears to have no effect on PDE8 or PDE9 [51]. Due to 

its broad inhibitory activity towards PDEs, IBMX is routinely used in conjunction with 

an AC-stimulating agent (such as forskolin) to further increase overall intracellular cAMP. 

However, additional caution must be taken when interpreting results from experiments using 

a forskolin/IBMX cocktail to stimulate PKA as this combination stimulates ‘unnatural’ 

cAMP production and prolongs the second messenger response well beyond a ‘typical’ time 

course.

A much more physiologically relevant means to stimulate cAMP production is through 

activation of β1- and β2-adrenergic receptors by isoproterenol (isoprenaline) [52]. 

Isoproterenol is a synthetic catecholamine that acts as an agonist for this subclass of G 

protein-coupled receptors (GPCRs). Upon stimulation of β-adrenergic receptors, Gs proteins 

are activated leading to stimulation of AC activity. After isoproterenol stimulation, cAMP 

levels rise significantly, but then fall back to near background levelsand are resistant 

to further stimulation even in the presence of persistent isoproterenol treatment [53]. 

Although β-adrenergic receptors 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 cAMP-stimulating agent 

for sustained periods. A simple competitive chemical strategy to induce cAMP-sensitive 
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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 [54]. 

Although there are clear advantaged of using DB-cAMP analogs, it remains unclear whether 

they are resistant to all of the cAMP PDE subtypes that exist in a typical cell, in particular 

PDE8, PDE10, and PDE11 [55].

1.3 PKA Inhibitors: From proteins to small molecules

The heat-stable protein inhibitor of PKA was first purified from rabbit skeletal muscle over 

50 years ago [56]. Tissue protein kinase inhibitor (PKI) is expressed as three isoforms [57] 

found in a range of cell types. PKI possesses an affinity for PKA in the sub-micromolar 

range [58], which can be recapitulated biochemically with purified PKA components [59] 

and also employed in purified recombinant form for the induction of biological responses 

in vivo [60]. A short, 20-amino-acid sequence was subsequently 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 [61–63]. At the core of the PKI peptide is a 

pseudosubstate sequence of RRNAI where the alanine occupies the active site cleft of the 

C subunit [61–63]. Multiple analogs derived from this 20-mer sequence were synthesized to 

define the residues that are critical for its inhibitory activity [64, 65]. This sequence was also 

found to be highly specific for PKA with no inhibitory effect on PKG [64]. PKI not only 

acts to block the catalytic site on PKA [66], but also serves to mop up any free C subunit 

inside the cell [67]. A variety of PKI inhibitor peptide analogs and recombinant PKI protein 

[59] are commercially available that possess a high affinity for PKA and are recognized 

to have exquisite specificity for PKA at very low concentrations comparable to chemical 

kinase inhibitors (see below). Recently, very high affinity stapled peptide mimics of the PKI 

pseudosubstrate with cellular permeability have also been developed [68].

Chemical inhibitors of PKA-C—In addition to targeting by a variety of promiscuous 

kinases inhibitors, such as staurosporine and K252a [59, 69], several early chemical 

inhibitors of PKA, such as H89, are widely used in the literature. H89 is an isoquinoline-

based small molecule that was derived from an earlier inhibitor, H8 [70]. While H8 targeted 

both PKA and PKG, H89 was found to be a potent inhibitor of PKA but also had inhibitory 

activity against several other kinases including PKG, PKC, casein kinases I and II, and 

CamKII [69, 71]. Further work identified that H89 acts as a competitive inhibitor of ATP 

binding to occupy and prevent substrate phosphorylation; this binding event can be probed 

both directly and indirectly, either enzymatically [72] or by using analytical DSF with 

purified recombinant C-subunits [59]. While H89 is an effective inhibitor of PKA, numerous 

off-target effects have been documented, including disruption of intracellular signaling 

pathways and inhibition of a significant number of related (AGC-kinase) protein kinases, 

some of which are inhibited even more potently than PKA [69, 73, 74]. Although H89 

and its analoges are among the most commonly used of all PKA inhibitors in research, 

caution should be used when interpreting data, due to its numerous off-target effects. 

The same is likely to be true for multi-targeted AGC kinase inhibitors that inhibit PKA, 

such as AT13148 [75], which likely exerts anti-cancer effects through the blockade of 

multiple signaling pathways. Overall, there remains an urgent need to generate new drug-
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like molecules that can interfere with PKA signaling, although the ubiquity of PKA in cell 

biology makes this a challenge currently for kinase inhibitors, in contrast to targeted AKAP 

blockade [5]. Finally, cyclic nucleotide analogs such as Rp-cAMPS (adenosine-3′,5′- cyclic 

monophosphorothioate Rp-isomer) have also been used as indirect inhibitory agents for 

PKA signaling. Rp-cAMPS is cell permeable and acts as an antagonist of cAMP to prevent 

activation of PKA by competing with cAMP at nucleotide-binding sites on the regulatory 

subunits of PKA [76, 77]. 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- Cl-cAMPS are recognized to have improved permeability and 

greater potency [78]. However, 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 unintended secondary effects.

The versatility of the PKA holoenzyme system for biochemical analysis comes about in 

part due to a historical ability to purify stable components from biological tissues and 

recombinant sources for rapid analysis in different experimental systems [60, 79–81]. The 

ready availability of affinity-tagged recombinant proteins for in vitro study is also central 

for screening procedures to study the mechanism of PKA signaling in simplified systems 

(Figure 3). For example, in-frame genetic fusion of the C and RII subunits generates a 

catalytically-active PKA polypeptide that drives substrate phosphorylation in response to 

agonists in cells depleted of endogenous subunits [11]. This work also suggested that local 

PKA signaling in cells can occur without physical separation of the C and RII subunits. The 

anchored chimeric PKA holoenzyme appears to signal within ~200Å of the AKAP anchor, 

confirming that spatiotemporal targeting of PKA-based signaling is likely to occur. In 

addition, we identified that bacterially overexpressed recombinant PKA C-subunit contains 

at-least 12 autophosphorylation sites not found in a catalytically-dead variant [59, 82], and 

that these proteins can spontaneously assemble into stoichiometric and sub-stoichiometric 

complexes in solution that can be analysed by intact MS and DSF [59]. Furthermore, 

scaffolded cAMP-responsive holoenzyme complexes can be manipulated in vitro for semi-

quantitative analysis using gel-based approaches [11].

In this chapter, we describe a simple biochemical assay for the evaluation of cAMP effects 

on an artificially created AKAP-PKA holoenzyme complex. We also describe, in detail, 

simple protocols for the generation of highly purified recombinant AKAP-79, PKA RII and 

C- subunits, which can be reassembled into anchored holoenzyme complex in a test-tube. 

The formation of these high-order complexes can be investigated by a variety of approaches, 

including Mass Spectrometry [11, 59]. In particular, complex behavior can be assessed 

after the addition of exogenous reagents to evaluate multivalent protein binding. This is 

exemplified in the presented example by the physical separation of RII and C-subunits 

in the presence of different concentrations of cAMP, which can be readily visualized by 

SDS-PAGE (Figure 3).
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2 Materials

Prepare all solutions in deionised water at room temperature. Store all reagents at room 

temperature unless otherwise indicated. All binding assays should be performed in chilled 

tubes kept on ice unless indicated.

2.1 Expression and Purification of AKAP-79, PKA-C and PKA-RII proteins

The following bacterial expression plasmids are validated for the generation of full length 

recombinant C and RII PKA subunits and a GST-AKAP truncation mutant in BL21 (DE3) 

pLysS E. coli cells: pOPINJ-human His-GST-AKAP79297–417 (3C cleavable N-terminal 

6His, GST tag, amino acids 297–417, ~20 kDa after cleavage of ~30 kDa GST tag), pET-30 

Ek/LIC-mouse PKA-C (N-terminal 6His tag, amino acids 1–351, ~40 kDa), pET-30 Ek/

LIC-human PKA-RIIα (N-terminal 6His tag, amino acids 1–381, ~50 kDa). See [11, 59] for 

further details

2.1.1 List of Required Chemicals and Reagents:

1. Chemically-competent E. coli cells: BL21 (DE3) pLysS cells. Cells can be 

purchased or made chemically competent in house using standard procedures.

2. Luria Broth (LB) agar plates: 3.7 g of LB agar in 100 mL water (sufficient to 

make ~5 × 20 mL agar plates). Sterilise the agar using an autoclave (121 °C 

under 20 psi for at least 30 min) and allow to cool to 55–60 °C. Under sterile 

conditions, add the appropriate antibiotics and pour the agar in to the required 

number of petri dishes. Leave the plates to solidify for ~30 mins.

3. LB broth: 2.5 g of solid LB is dissolved in 100 mL water. Sterilise using an 

autoclave.

4. Antibiotics for selection of transformed E. coli: ampicillin - final concentration 

50 μg/mL (pOPINJ); kanamycin-final concentration 50 μg/mL (pET-30 Ek/LIC). 

Both antibiotics are prepared as 1000x stocks in water. BL21 (DE3) pLysS 

cells also need to be maintained in chloramphenicol - final concentration 35 

μg/mL. Chloramphenicol is prepared as a 1000x stock in 100% (v/v) ethanol. All 

antibiotic stocks should be stored at −22°C

5. Isopropyl β-D-1-thiogalactopyranoside (IPTG): 100 mM. 1.19 g of IPTG in 50 

mL water. Sterilise using a 0.45 μM syringe and store at −20°C.

6. Complete™ EDTA-free Protease Inhibitor tablets (Roche).

7. Ni-NTA agarose resin for purification of His-tagged proteins; reduced 

glutathione (GSH) sepharose for purification of GST-tagged proteins.

8. Lysis buffer: 50 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1 mM DTT, 0.1 mM 

EDTA, 0.1 mM EDTA, 1% (v/v) Triton X-100, 10% (v/v) glycerol, 10 mM 

imidazole (see Note 1). Pipette 10 mL of glycerol in to a 100 mL graduated 

measuring cylinder and add 5 mL of 1 M Tris-HCl, pH 7.4, 10 mL of 3 M NaCl, 

100 μL of 1 M DTT, 100 μL of 100 mM EDTA, 100 μL of 100 mM EGTA, 1 

mL of 1 M imidazole and 1 mL of Triton X-100 (see Note 2). Adjust volume to 
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100 mL with water and supplement the buffer with 2 × Complete™ EDTA-free 

Protease Inhibitor tablets just before use. Lysis buffer can be stored at 4°C.

9. Gel filtration buffer: 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM DTT, 10% 

(v/v) glycerol. Pour 100 mL of glycerol in to a 1 L graduated measuring cylinder 

and add 50 mL of 1 M Tris-HCl, pH 7.4, 33 mL 3 M NaCl, and 1 mL DTT. 

Adjust the volume to 1 L with water. (see Note 3).

10. High salt wash buffer: 50 mM Tris-HCl, pH 7.4, 500 mM NaCl, 20 mM 

Imidazole. Add 5 mL of 1 M Tris-HCl, pH 7.4, 16.67 mL of 3 M NaCl, 2 

mL of 1 M imidazole to a 100 mL graduated measuring cylinder. Add water to a 

final volume of 100 mL.

11. Ni-NTA elution buffer: 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM DTT, 

500 mM imidazole. Add 5 mL of 1 M Tris-HCl, pH 7.4, 3.33 mL of 3 M NaCl, 

500 mL of 1 M imidazole, and 100 μL of 1 M DTT to a 100 mL graduated 

cylinder and add water to a final volume of 100 mL.

12. GSH elution buffer: Prepare as for Ni-NTA elution buffer, but substitute 500 mM 

imidazole with 10 mM reduced glutathione (307 mg).

13. Temperature regulated shaking incubator with capacity for holding 2 and 0.1 L 

volume glass conical flasks.

14. HiLoad 16/600 Superdex 200 size exclusion chromatography (SEC) column (GE 

Healthcare Life Sciences) or equivalent.

15. Automatic liquid chromatography system (AKTA or similar).

16. Disposable plastic gravity flow columns (e.g. PD-10 columns).

17. Ultrasonic cell disruptor.

2.2 In vitro AKAP-RII-C binding assay

List of Reagents:

1. Purified recombinant PKA-C and RIIα subunits and AKAP79297–417 containing 

a 3C-protease cleavable GST tag.

2. Purified Rhinovirus 3C protease (cleaves between a glutamine and glycine of 

targets containing an LEVLFQ/GP consensus sequence, commercially available).

3. 2x AKAP-PKA binding buffer: 100 mM Tris-HCl, pH 7.4, 200 mM NaCl, 10 

mM DTT. Add 10 mL 1 M Tris-HCl, pH 7.4, 6.66 mL 3 M NaCl, and 200 μL 1 

M DTT to a 100 mL measuring cylinder, and adjust the volume to 100 mL with 

water. Use at 1x concentration in the assay.

4. GSH sepharose.

5. 1 mM cAMP and 5’-AMP: Dissolve 3.2 mg cAMP in 10 mL water, 3.2 mg 

5’-AMP in 10 mL water. Adjust pH of both solutions to 8.0 with NaOH and 

freeze prior to storage.

6. A heating shaking dry bath.
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3 Methods

3.1 Expression and purification of recombinant RII, C and AKAP proteins in BL21 (DE3) 
pLysS E. coli.

1. For each protein to be purified, prepare 4 × 2 L and 1 × 200 mL glass conical 

flasks with 750 mL and 100 mL sterile LB broth respectively.

2. Under sterile conditions, transform 50 μL of competent BL21 (DE3) pLysS cells 

with 10 ng of plasmid DNA (using standard transformation procedures). Spread 

the transformed bacteria on to pre-warmed agar plates containing the appropriate 

selection antibiotics and incubate overnight at 37 °C.

3. Inoculate 100 mL LB broth (supplemented with the appropriate antibiotics) with 

a single freshly transformed colony, and incubate overnight at 37 °C in an orbital 

shaking incubator (180–240 rpm).

4. Inoculate each of the 4 × 750 mL LB broth flasks (supplemented with the 

appropriate antibiotics) with 5 mL of the overnight culture and incubate at 

37°C (240 rpm) for ~2–3 hours until the OD600nm reaches 0.6 – 0.8. Reduce 

the temperature of the incubator and the bacterial culture to 18°C and induce 

protein expression with the addition of 0.4 mM (3 mL 100 mM) IPTG. Incubate 

overnight (~18 hours) at 240 rpm.

5. Collect the cells by centrifugation at 5000 × g for 10 mins, 4 °C.

6. Decant the supernatant and collect and pool the cell pellets. Recombinant 

proteins can either be immediately harvested (Step 3.2) or the bacterial pellets 

can be flash frozen in liquid nitrogen and stored at −20°C for ~1 week.

3.2 Lysis of the bacterial cell pellet.

1. Resuspend the bacterial pellet in ice-cold lysis buffer (~10 mL per gram of 

bacterial pellet) and transfer to a 100 mL glass beaker.

2. Use an ultrasonic cell disruptor to lyse the bacterial suspension on ice. Sonicate 

for 30 seconds and then cool for 1 min to prevent overheating. Repeat for 6–10 

cycles or as required (see Note 4).

3. Centrifuge the lysate in a pre-chilled centrifuge at 43000 × g for 60 min at 4°C.

4. Collect the supernatant and pass through a 0.45 μM syringe filter to remove 

any remaining cell debris or aggregated material. Keep the clarified supernatant 

on ice to maintain protein stability throughout the purification procedure. It is 

recommended that a sample of the total cell lysate is also taken for further 

analysis.

3.3 Protein purification.

The following described the procedure for batch affinity purification of PKA and/or AKAP 

proteins using a ‘column-free’ binding step using a GST-binding resin (such as GSH 
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sepharose) and a 6His-binding resin (such as Ni-NTA agarose). To minimize proteolysis, 

perform all of the purification steps at 4°C.

1. Equilibrate 16/600 Superdex 200 pg SEC column with 300 mL gel filtration 

buffer at a flow rate of 1 mL/min with the pressure limit set to 0.6 MPa.

2. Transfer 2 mL of 50 % Ni-NTA or GSH sepharose slurry (1 ml resting bead 

volume) in to a disposable plastic gravity flow column. Wash and equilibrate the 

settled beads by passing through 10 × column volumes of water followed by 5 × 

column volumes of cell lysis buffer (see Note 5). Care must be taken to prevent 

the beads drying.

3. Resuspend the equilibrated affinity resin in the cell lysate and incubate at 4°C 

with gentle agitation (using a magnetic stirrer) for 1 h to enable binding of 

the recombinant proteins. Due to the lower binding efficiency of GST to the 

GSH resin at 4 °C, it is recommended that the binding stage for GST-AKAP is 

extended to ~3h.

4. Sequentially reapply the lysate containing the suspended affinity resin in to the 

plastic column until all of the beads have been collected. Collect and sample the 

‘non-binding’ fraction of the lysate for further analysis.

5. Wash the beads in with ~ 50 column volumes of high salt wash buffer.

6. Elute the bound protein by applying 10 column volumes of the appropriate 

elution buffer and collect as 500 μL fractions as it comes off the column.

7. Identify protein-containing elution fractions by SDS-PAGE and Coomassie Blue 

staining (see Note 6). It is recommended that samples of the total lysate and the 

‘non-binding’ Ni-NTA fraction are also analysed at this point.

8. Pool the protein containing fractions and remove any residual aggregated 

material by centrifugation at 16,000 × g for 20 mins (4 °C) prior to SEC (see 
Note 7).

9. If necessary, purify the protein further by SEC, collecting 1.0 mL elution 

fractions.

10. Analyse eluted fractions after SEC by SDS-PAGE and Coomassie blue staining.

11. Pool the protein containing fractions.

12. The protein can be flash frozen in liquid nitrogen and stored at −80°C (see Note 

8).

3.4 AKAP-RII binding assay (Figure 3A)

The following details the specifics of an in vitro GST ‘pull-down’ assay to detect the level 

of association/dissociation of PKA holoenzyme complexes bound to a purified GST-3C-

AKAP79 fragment in the presence of increasing concentrations of cAMP, or the control 

non-cyclic nucleotide 5’-AMP.
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1. Prepare 6 microcentrifuge tubes containing serial dilution stocks of cAMP at 10x 

concentration (1 – 0.01 mM). Complete dissociation of the PKA holoenzyme 

complex is achieved at cAMP concentrations ≥100 μM.

2. Transfer 320 μl of 50 % glutathione sepharose slurry in to a microcentrifuge 

tube and centrifuge at 5’000 × g for 1 min. Remove and discard the supernatant, 

taking care not to disturb the pelleted beads. This will provide a 160 μl packed 

bead volume which is sufficient to perform 8 individual pull-down assays (20 μl 

per assay). The volumes can be adjusted proportionally depending on the number 

assays required.

3. Equilibrate the beads by resuspending them in 1 mL 1x AKAP-PKA binding 

buffer before centrifuging them again at 5’000 × g (1 min).

4. Carefully remove the supernatant and wash the beads an additional two times 

(see Note 9).

5. Remove the supernatant and add 200 μL of 1x AKAP-PKA binding buffer 

containing 40 μg of GST-AKAP79297–417 (~5 μg protein per assay). Incubate for 

~3 h at 4 °C with gentle agitation to allow binding of GST-AKAP79297–417 to the 

resin.

6. Pellet the beads (5’000 × g, 1 min) and remove the supernatant.

7. Wash the beads 5 times in 1 mL ice cold AKAP-PKA binding buffer (as for step 

3.4.3) to remove residual unbound protein.

8. Resuspend the pelleted AKAP-bound GSH beads in 1 mL ice cold AKAP-

PKA binding buffer and evenly distribute the suspended bead slurry between 

8 microcentrifuge tubes (~125 μL per tube). To ensure that all tubes contain 

an equal volume of AKAP-bound beads, mix the slurry between aliquots by 

pipetting up and down to prevent bead sedimentation.

9. Centrifuge the microcentrifuge tubes again and carefully remove as much of the 

supernatant as possible without disturbing the beads.

10. Prepare a 450 μL PKA stock solution containing 16 μM PKA-C, 8 μM PKA-

RIIα and 250 μL of 2x AKAP-PKA binding buffer. Adjust the volume to 450 μL 

with water.

11. Combine the PKA stock solution with the different concentration of 10x cAMP 

(45 μL PKA mix + 5 μL 10x cAMP). A control assay containing no cAMP (5 μL 

water) is also required.

12. As a negative control, prepare a final assay (as above) containing 100 μM 

5’-AMP, which will be incapable of dissociating the PKA holoenzyme.

13. Combine all 8 of the 50 μL PKA solutions with the 8 microcentrifuge tubes 

containing the AKAP-bound GSH beads, and incubate at 30°C for 20 mins in a 

shaking drybath with enough agitation to maintain the beads in suspension.
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14. Pellet the beads by centrifugation as previously describe and wash three times 

in 1 mL ice cold 1x AKAP-PKA binding buffer to remove non-bound and 

dissociated protein. Remove the supernatant.

15. Resuspend the beads in 30 μL 1x AKAP-PKA binding buffer supplemented with 

~200 ng of 3C. Incubate the beads again in a shaking drybath at 30°C for 30 

mins (see Note 10).

16. Pellet the beads by centrifugation and remove 25 μL of the supernatant which 

will contain the PKA holoenzyme complex and can be analysed by SDS-PAGE 

(12 % acrylamide gel) and Coomassie blue staining. The order that the proteins 

will appear on the gel (from top to bottom) will be PKA-RIIα (~50 kDa), 

PKA-C (~40 kDa) and AKAP79297–417 (~20 kDa). A low intensity band 

corresponding to 3C protease can sometimes be detected above AKAP79297–417, 

although this depends upon the amount of 3C protease used

17. A concomitant reduction in the intensity of the PKA-C band will be observed 

as a function of the increasing concentration of cAMP. 5’AMP (which does not 

bind detectably to R subunit) serves as a convenient negative control (See Figure 

3B).

3.5 SDS-PAGE and Commassie Blue staining

1. Resolving gel buffer: 1.5 mM Tris-HCl, pH 8.8: 181.7 g Tris base in 900 mL 

water. Adjust the pH to 8.8 with HCl and bring the final volume to 1 L with 

water.

2. Stacking gel buffer: 0.5 mM Tris-HCl, pH 6.8: 60.6 g Tris base in 900 mL water. 

Adjust the pH to 6.8 with HCl and bring the final volume to 1 L with water.

3. Bis-Acrylamide solution: 29.2:0.8 acrylamide:bis ratio.

4. Ammonium persulfate (APS): 10% (w/v) in water. 0.1 g APS in 1 mL water.

5. N,N,N,N’-Tetramethyl-ethylenediamine (TEMED).

6. SDS-PAGE running buffer (10x): 25 mM Tris, 192 mM glycine, 3.5 mM SDS. 

60.57 g Tris, 288.3 g glycine and 20 g SDS in 2 L of water and mix. Dilute 100 

mL of 10x SDS-PAGE running buffer in 900 mL water for to make a 1x solution 

for use.

7. 5x SDS-PAGE loading buffer

8. Pre-stained molecular mass standards.

9. 1 mM glass gel plates, 1 mM 10 well combs, and electrophoresis system for 

SDS-PAGE.

10. Coomassie blue: 500 mL methanol, 1 g of Brilliant Blue, 100 mL acetic in 1 L 

(with water). Mix well.

11. Destaining solution: 200 mL methanol, 100 mL acetic acid in 1 L (with water). 

Mix well.
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12. Plastic container for Coomassie blue gel staining.

3.6 Biophysical analysis of purified recombinant PKA signaling components

Related techniques to evaluate biochemical interactions with purified AKAP, RII and C 

subunits include Differential Scanning Fluorimetry (DSF), circular dichroism and native 

mass spectrometry, and these are described in more detail in [59, 83]. For example, DSF 

can be employed for analysis of direct binding of cAMP to purified RII subunits discussed 

in this chapter (and does not require prior unfolding to strip of endogenous cAMP that can 

co-purify from bacteria [84]), or for the titration of small molecules such as kinase inhibitors 

with C-subunits. In addition, the binding of the heat-stable PKI inhibitor protein and derived 

peptides to C subunits, and the interaction of a variety of non-specific kinase inhibitors with 

the ATP site of C-subunits is described [59]. These studies also include careful evaluation of 

a ‘kinase-dead’ PKA catalytic domain [60] that does not bind to ATP or PKI in solution, but 

can still interact with a panel of chemical PKA inhibitors, as well as an R133A RII mutant 

that does not interact with RII subunits or PKI [59].

4. Notes

1. Buffer stock solutions: 1 M Tris-HCl, pH 7.4 – 121.14 g of Tris base in 800 mL 

water, adjust to pH 7.4 with HCl and make up the volume to 1 L with water; 3 M 

NaCl – 175.32 g of NaCl in 1 L water; 1 M imidazole – 68.07 g imidazole in 1 

L water (adjust pH to 7.4 with HCl); 1 M DTT – 15.43 g DTT in 10 mL water 

(aliquot and store at −20 °C); 100 mM EGTA – 19 g in 500 mL water; 100 mM 

EDTA – 14.6 g in 500 mL water (adjust the pH of EDTA and EGTA to 8.0 with 

NaOH).

2. Triton X-100 is extremely viscous. To aid pipetting accuracy, remove the end 

point of the pipette tip with scissors.

3. Gel filtration buffer must be filtered and degassed for at least 1 hour prior to use 

in SEC.

4. Sonication conditions will vary depending on the type of system and the size of 

the probe used.

5. Alternatively, a syringe attached to the end of the column with a small stretch of 

rubber tubing can be used to manually draw through the liquid phase containing 

the eluate.

6. We typically use 10% resolving acrylamide gels of 1 mm thickness for SDS-

PAGE, loading approximately 5–10 μL of sample per well.

7. It may be necessary to concentrate the pooled eluted protein in order to load it all 

on to the SEC column. For improved purification resolution, it is recommended 

that a ~1 mL protein volume is applied to the Superdex 200 16/60 column.

8. It is recommended that the purified protein be aliquoted prior to cryo-storage to 

avoid damage caused repeated freeze/thaw cycles.
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9. GSH beads are provided as a slurry in 20% (v/v) ethanol, which must be 

removed with successive wash steps to prevent denaturation of the assay 

proteins.

10. Proteolytic cleavage of the GST tag (which remains bound to the GSH beads) 

from the AKAP79 protein results in the elution of the intact PKA holoenzyme 

complex in the mobile phase, which is then collected for analysis by SDS-PAGE.
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Fig. 1. 
Signaling through AKAP complexes. When intracellular concentrations of cAMP are low, 

the PKA holoenzyme complex is largely bound to AKAPs. AKAPs are localized to 

intracellular sites including the plasma membrane and organelles, thereby concentrating 

PKA to particular locations within the cell. Upon stimulation, intracellular cAMP levels 

increase. Each R-subunit of PKA binds up to two cAMP molecules and undergoes an 

allosteric conformational change to loosen contacts with the activated catalytic subunits. 

Active C subunits are then able to phosphorylate adjacent substrates.
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Fig. 2. 
Some published peptide disruptors of AKAP complexes. Isoform-selective disruptors were 

developed to have specificity of targeting toward either the RI or RII 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 complements the binding surface of the D/D domain 

of the R-subunits. Asterisks represent incorporation of the unnatural amino acid (S)-2-(4′-

pentenyl)alanine to form an all-hydrocarbon bridge within the sequece.
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Fig. 3. 
Biochemical analysis of the AKAP:RII:C interaction in the presence and absence of 

exogenous cAMP titrated over a range of concentrations. (A) Cartoon of the assay 

procedure, which detects free C-subunits released into solution from previously assembled 

AKAP:RII complexes (B) SDS-PAGE showing the electrophoretic mobility and staining 

intensity of 3C-generated cleaved AKAP and the relative amounts of associated RII and C 

subunits. The amount of 3C-cleaved AKAP and RII remain constant in the assay. A high 

concentration of 5’AMP serves as an internal control, since it does not lead to C-subunit 

release.
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Table 1

PKA inhibitor compounds for modulation of PKA-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

AT13148 Clinical candidate broad PKA/AGC kinase inhibitor
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Table 2

Classical cAMP-stimulating agents for activation of PKA signaling-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
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