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The second messenger molecule cAMP links extracellular signals to intracellular

responses. The main cellular cAMP effector is the compartmentalized protein kinase

A (PKA). Upon receptor initiated cAMP-mobilization, PKA regulatory subunits (R) bind

cAMP thereby triggering dissociation and activation of bound PKA catalytic subunits

(PKAc). Mutations in PKAc or RIa subunits manipulate PKA dynamics and activities

which contribute to specific disease patterns. Mutations activating cAMP/PKA signaling

contribute to carcinogenesis or hormone excess, while inactivating mutations cause

hormone deficiency or resistance. Here we extended the application spectrum of a

Protein-fragment Complementation Assay based on the Renilla Luciferase to determine

binary protein:protein interactions (PPIs) of the PKA network. We compared time- and

dose-dependent influences of cAMP-elevation on mutually exclusive PPIs of PKAc with

the phosphotransferase inhibiting RIIb and RIa subunits and the protein kinase inhibitor

peptide (PKI). We analyzed PKA dynamics following integration of patient mutations

into PKAc and RIa. We observed that oncogenic modifications of PKAc(L206R) and

RIa(1184-236) as well as rare disease mutations in RIa(R368X) affect complex formation

of PKA and its responsiveness to cAMP elevation. With the cell-based PKA PPI reporter

platform we precisely quantified the mechanistic details how inhibitory PKA interactions

and defined patient mutations contribute to PKA functions.

Keywords: molecular interactions, patient mutations, cAMP-dependent protein kinase A, protein-fragment

complementation assay, GPCR, Carney complex, Acrodysostosis

Introduction

Small molecules represent the vast majority of cellular components. They are either substrates or
products of numerous biochemical reactions. By acting as hormones or ligands, small molecules
control protein functions, and molecular interactions which affect signal transmission. Molecular
interactions of secondmessenger molecules with distinct proteins alter protein:protein interactions
(PPIs) and signal propagation (Clapham, 2007; Scott and Pawson, 2009; Taylor et al., 2012; Li et al.,
2013). The secondmessenger concept explains the dynamic wiring of membrane receptor pathways
to a vast array of intracellular PPIs. One prominent example is the canonical second messenger
molecule cyclic AMP (cAMP). It is an evolutionary conserved transmitter of membrane receptor
originating input signals. A large number of G protein-coupled receptor (GPCR) cascade utilizes
cAMP as intracellular second messenger (Neves et al., 2002; Pierce et al., 2002; Lefkowitz, 2007;
O’Hayre et al., 2014). cAMPmolecules dynamically bind to and regulate activities of its key effector
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kinase, the cAMP-dependent protein kinase A (PKA). The
mechanistic details of cAMP-PKA activation is a textbook
paradigm for allostery and small molecule:protein interactions
(Taylor et al., 2012; Zhang et al., 2012). In its inactive
state the PKA holoenzyme consists of a PKA regulatory
subunit homodimer (R; type Ia, Ib, IIa, IIb) which inhibits
the phosphotransferase activity of two PKA catalytic subunits
(PKAc) through binding. Upon selective GPCR activation
cAMP production through adenylyl cyclase (AC) activities is
initiated; on the contrary, phosphodiesterase (PDE) control
cAMP degradation (Dessauer, 2009; Houslay, 2010). cAMP
binding to spatially compartmentalized type I (RI2:PKAc2) or
type II (RII2:PKAc2) PKA holoenzymes causes a conformational
change, hence dissociation, and activation of phosphotransferase
activities of PKAc. As a consequence PKAc phosphorylates
compartmentalized substrates which affects enzyme activities,
PPI, localization, or protein abundance (Scott and Pawson, 2009;
Lignitto et al., 2011, 2013; Taylor et al., 2012; Bachmann et al.,
2013; Scott et al., 2013; Filteau et al., 2015). To guarantee
substrate specificity PKA R subunits bind A kinase-anchoring
proteins (AKAPs) which organize the subcellular targeting of
PKA activities (Wong and Scott, 2004; Skroblin et al., 2010;
Scott et al., 2013). To desensitize PKA phosphotransferase
activities nuclear PKAc subunits are specifically inhibited
through binding to the protein kinase inhibitor peptide (PKI)
(Walsh et al., 1971; Scott et al., 1985; Dalton and Dewey, 2006).
Deregulation of cAMP/PKA functions contribute to different
diseases. Inactivating PRKAR1A gene (RIa) and activating
PRKACA gene (PKAc) mutations/fusions provoke deregulated
PKAc activities. As examples, mutations in RIa and PKAc
account for the generation of endocrine tumors, cortisol-
producing adenomas, and chimeric fusions with PKAc have
been linked to the manifestation of hepatocellular carcinoma
(Groussin et al., 2002; Meoli et al., 2008; Stratakis, 2013;
Beuschlein et al., 2014; Calebiro et al., 2014; Cao et al., 2014;
Di Dalmazi et al., 2014; Espiard et al., 2014; Goh et al., 2014;
Honeyman et al., 2014; Sato et al., 2014; Cheung et al., 2015;
Zilbermint and Stratakis, 2015). However, specific PRKAR1A
gene (RIa) mutations impair cAMP-dependent PKA activation
and cause hormone resistance as observed in the rare disease
Acrodysostosis (a form of skeletal dysplasia) (Linglart et al.,
2011; Assié, 2012; Silve et al., 2012). Here we tested the
impact of functionally different PKA mutations on mutually
exclusive molecular protein interactions using an extended
PPI reporter platform based on the Renilla luciferase protein-
fragment complementation assay (Rluc PCA) (Stefan et al., 2007;
Röck et al., 2015). We show that the presented Rluc PCA
platform—which is based on binary PKA network interactions—
can be applied to analyze the consequences of patient mutations
and upstream receptor activities on defined PKA PPIs directly in
living cells.

Materials and Methods

Cell Culture and Antibodies
HEK293 and U2OS cells were grown in DMEM supplemented
with 10% FBS. Transient transfections were performed with

Transfectin reagent (Biorad). Cells were treated with Forskolin
(Biaffin) or Isoproterenol (Sigma) with indicated concentrations
and for the indicated time frames. As primary antibody we used
mouse anti-PKAc (BD Bioscience, #610981).

Constructs
The Rluc PCA based hybrid proteins RIIb-F[1] and PKAc-F[2]
have been designed as previously described (Stefan et al., 2007).
Rluc PCA fusions with PKI and RIa have been generated using
an analogous cloning approach. Following PCR amplification of
the of the human RIa (alpha) gene (protein accession number:
NP_002725.1) and PKI alpha gene (protein accession number:
AAA72716; addgene plasmid # 45066) (Day et al., 1989) we
fused them C-terminally with either -F[1] or -F[2] of the Rluc
PCA. PKA subunits and PKI were subcloned into the 5′ end the
10aa linker (GGGGS)2 and the Rluc PCA fragments (pcDNA3.1
backbone vector). Site directedmutagenesis have been performed
to generate the PKAc amino acid (aa) mutations G187V and
L206R in the PRKACA gene and the RIa aa mutations R368X (X
stands for the stop codon of the patient mutation; we generated
the corresponding RIa truncation) in the PRKAR1A gene. In
addition we deleted the corresponding nucleotide sequence from
the aa 184–236 in the PRKAR1A gene.

Renilla Luciferase PCA of Detached Cells
HEK293 cells were grown in DMEM supplemented with 10%
FBS. We transiently overexpressed indicated versions of the Rluc
PCA based reporter constructs in 24 or 12 well-plate formats.
In case of the HEK293 cells we exchanged growth medium
and resuspended cells in PBS 24 or 48 h post-transfection. Cell
suspensions were transferred to 96-well plates and subjected
to luminescence analysis using the LMax™-II-384 luminometer
(Molecular Devices). Rluc luminescence signals were integrated
for 10 s.

Renilla Luciferase PCA of Attached Cells
We seeded U2OS cells into white-walled 96 well-plates with
transparent bottom. We transiently overexpressed indicated
versions of the Rluc PCA based reporter constructs. 24 or 48 h
post-transfection we exchanged growth medium with PBS. We
performed luminescence analyses of attached U2OS cells at room
temperature using the LMax™-II-384 luminometer (Molecular
Devices). Time dependent changes of the Rluc luminescence
signals were integrated in 3-s intervals following addition of
the Rluc substrate benzyl-coelenterazine (5µM; Nanolight) with
or without Isoproterenol (final concentration 10µM) (Stefan
et al., 2007). Following determination of the Rluc PCA signals we
normalized the resulting signals on the control experiment (data
points without Isoproterenol treatment).

Results

The purpose of our study was to extend the application spectrum
of a PPI reporter platform (Rluc PCA) to quantify mutually
exclusive PKA interactions directly in living cells. It is the
simplicity and sensitivity of the genetically encoded Rluc PCA
which enables different kinds of perturbation studies to unveil
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mechanistic details of PKA dynamics. The Rluc PCA facilitates
the precise quantification of cellular PPI in an appropriate
in vivo setting (Röck et al., 2015). In Figure 1 we illustrate
the Rluc PCA design principle to analyze binary PPI of PKAc
subunits. PPIs of R subunits and PKI with PKAc trigger
folding and complementation of appended PCA-fragments.
Following addition of the Rluc substrate benzyl-coelenterazine
Rluc PCA emitted bioluminescence signals reflect quantifiable
cellular PPI. Elevations of cAMP levels and defined patient
mutations in RIa or PKAc affect PPI between the kinase
inhibitory proteins (R/PKI) and PKAcwhich is indicated through
alterations of bioluminescence signals. For the cloning of the
PPI reporter constructs we fused the carboxy terminus of the
PKA subunits (PKAc, RIIb, RIa) and PKI to complementary
fragments of the Rluc PCA (either -F[1] or -F[2]). In all
cases the bait/prey proteins and the Rluc PCA fragments are
separated by an interjacent 10 amino acid (aa) linker with
the sequence (GGGGS)2. It is a standard linker we previously
showed to function using the dynamic RIIb:PKAc Rluc PCA
reporter (Stefan et al., 2007). We started with analyzes of time
and dose dependent effects of distinct cAMP elevating agents
on binary PKA interactions before we initiated investigations of
the correlation of cAMP elevation, PPI and patient mutations.
In our first tests we transiently over-expressed indicated Rluc
PCA pairs in HEK293 cells. We detected significant Rluc PCA
originating bioluminescence signals of existing PPI between
RIIb:RIIb, RIIb:PKAc, RIa:PKAc, and PKI:PKAc. No significant
bioluminescence signals with R subunit:PKI combinations were
detectable (Figure 2A). These data confirm the specificity of
the assay and the suitability to analyze PKAc complexes with
differentially localized phosphotransferase inhibitors. PKA R
subunits sense and bind cAMP. We tested different modes of
cAMP elevation. We used the general cAMP elevating agent
Forskolin to maximally activate AC mediated cAMP production.
In addition, we activated a prototypical GPCR which is coupled
to cAMP production, the beta-2 adrenergic receptor (β2AR),
respectively. In this context it needs to be considered that
distinct mechanism have been described how β2AR switch
their G protein coupling from stimulatory G proteins to
inhibitory ones (Baillie et al., 2003). We used HEK293 cells
stably expressing β2AR. Activation of different βAR subtypes
are related to proliferation, cardiac function, and memory and
learning (Daaka et al., 1997; Wong and Scott, 2004; Zhang et al.,
2005; Thaker et al., 2006; Lefkowitz, 2007). As predicted, we
observed that both Forskolin exposure and the activation of β2AR
(with Isoproterenol) triggered R:PKAc complex dissociation. We
observed no major changes of PPI between PKI:PKAc and RIIb
homodimers following 15min of cAMP elevation (Figure 2B).
These results indicate that discrete GPCR/cAMP activation
induces dissociation of heterodimeric RIa:PKAc and RIIb:PKAc
complexes which underlines the suitability of Rluc PCA to
characterize transient and small molecule regulated PPI in vivo.

In order to evaluate dose dependent changes of type I and
type II PKA dynamics we treated HEK293-β2AR cells with
increasing concentrations of the non-selective beta adrenergic
agonist Isoproterenol. We observed that similar half maximal
effective concentrations of Isoproterenol induce PKA type I

FIGURE 1 | Rluc PCA design principle. The PKA subunits PKAc, RIa, and

RIIb have been C-terminally tagged with Rluc PCA fragments (-F[1], -F[2]).

PPIs trigger folding and complementation of appended PCA-fragments. The

emitted bioluminescence signal is a quantitative description of cellular PPIs.

Elevations of cAMP levels and integration of distinct patient mutations in RIa

and PKAc affect protein complex formation. Following addition of the Rluc

substrate benzyl-coelenterazine Rluc PCA emitted bioluminescence signals

reflect quantifiable PPI.

and type II activation in the used stable HEK293 cell line
(Figure 3A). As predicted, we observed no major impact of
β2AR-mediated cAMP elevation on RIIb homodimers and
the PKI:PKAc complex. Next, we wanted to track time
dependent changes of the studied PPIs. We switched to the
well-attached human osteosarcoma cell line U2OS. We set
out to monitor GPCR mediated changes of PPI in the first
4min of agonist exposure of attached U2OS cells expressing
endogenous β2AR directly in the 96-multiwell plate (Stefan
et al., 2007). Following transient overexpression of the four Rluc
PCA pairs (RIa:PKAc, RIIb:PKAc, RIIb:RIIb, PKI:PKAc) and
full length Rluc we observed that Isoproterenol immediately
induced the dissociation of heterodimeric type I and type II
PKA complexes with similar kinetics. Again, β2AR activation
for 4min has no major effect on the RIIb dimer and on
PKAc:PKI interactions (Figure 3B). The results from the real-
time measurements of PKA kinetics using whole cell populations
underline the suitability of the Rluc PCA to compare subtype-
receptor controlled PPI dynamics in distinct cell settings.

Next, we analyzed different kind of patient mutations of
PKA subunits and their impact on binary PKA network
interactions. We selected patient mutations of PKAc and
RIa which contribute to disease etiology and progression
(Carney et al., 1985; Horvath et al., 2010; Stratakis, 2013;
Beuschlein et al., 2014; Calebiro et al., 2014; Cao et al., 2014;
Di Dalmazi et al., 2014; Espiard et al., 2014; Goh et al., 2014;
Honeyman et al., 2014; Salpea and Stratakis, 2014; Sato et al.,
2014; Cheung et al., 2015; Zilbermint and Stratakis, 2015). We
started with analyses of PKAc mutations and their effect on
compartmentalized PPI of PKAc with R subunits (type I and II)
and PKI (Figure 4A). In addition we investigated the impact of
cAMP alterations on wild type and mutant PKA complexes. We
introduced two patient mutations into the PKAc-F[2] Rluc PCA
constructs. It has been described that the PKAc mutation G187V
diminished, whereas the hotspot mutation L206R of PKAc in
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FIGURE 2 | Impact of receptor activities and kinase mutations on

PPIs of PKA in human cell lines. (A) Co-transfection of HEK293 cells

with indicated Rluc PCA pairs followed by Rluc PCA analyses have been

performed. The amount of PKI hybrid constructs have been bisected for

cell transfections (representative of n = 5; ±SD from triplicates). (B)

Indicated combinations of Rluc PCA tagged components of the binary

PKA network have been subjected to Rluc PCA measurements. The

effect of Forskolin (50µM; 15min) and Isoproterenol (10µM; 15min) on

complex formation has been determined (average from at least n = 3

independent experiments; ±SEM). Basal PPIs of RIIb:RIIb, RIIb:PKAc,

RIa:PKAc, and PKI:PKAc have been set to 100%. The percentage

change of PPI is shown.

FIGURE 3 | Time and dose dependent impact of β2AR activities on

PPIs. (A) HEK293-β2AR cells transiently expressing indicated Rluc PCA pairs

have been exposed to dose-dependent Isoproterenol treatments (15min).

PPIs have been determined using the Rluc PCA as read out (representative

experiment from n = 3; ±SD from triplicates). PPIs of RIIb:RIIb, RIIb:PKAc,

RIa:PKAc, and PKI:PKAc upon 1 pM Isoproterenol exposure have been set

to 100%. (B) U2OS cells transiently expressing indicated Rluc PCA pairs

have been exposed to time-dependent Isoproterenol treatments (10µM).

Time dependent changes of the Rluc luminescence signals were integrated

for 3 s intervals following addition of the Rluc substrate benzyl-coelenterazine

(5µM) with or without Isoproterenol. Following determination of Rluc PCA

signals we normalized the data points on the experiments with the full length

Rluc (±Isoproterenol) and on the control experiment (without Isoproterenol).

Shown is a representative experiment of n = 3; ±SEM.

adrenal Cushing’s syndrome promoted PKAc activity (Soberg
et al., 2012; Cao et al., 2014; Di Dalmazi et al., 2014; Sato et al.,
2014). Following co-expression of PCA pairs in HEK293 cells we
observed a significant reduction of complex formation of PKAc
mutants with all three PKA-inhibitory proteins. To our surprise
also the interaction with PKI was significantly reduced. cAMP
binding to the heterodimeric wild type PKA reporter (RIa:PKAc,
RIIb:PKAc) caused complex dissociation (Stefan et al., 2007,
2011; Bachmann et al., 2013). Only in the case of RIIb:PKAc-
G187V the remaining PPI was still responsive to general cAMP
elevation using Forskolin (Figure 4B). The expression level of
mutated PKAc-F[2] was slightly reduced (Figure 4C). These
data underline that the patient mutation PKAc-L206R and the
mutant PKAc-G187V significantly reduce complex formation
with RIa, RIIb, and PKI. However, we show that RIIb has still the
potential to bind to the catalytic inactive PKAc-G187V mutant.
No remaining PPIs of inhibitory R/PKI proteins with the critical
PKAc-L206R mutant were detected.

Following analyses of PKAc patient mutations we tested the
consequence of mutating RIa on complex formation with PKAc

(Figure 5A). In the RIa R subunit a variety of mutations have
been found which lead to distinct human diseases (Figure 5A)
(Horvath et al., 2010). We decided to test a patient mutation
which causes the expression of a RIa protein lacking the aa
sequence encoded by exon 6 (R1a 1184-236) which contribute
to the multiple neoplasia and lentiginosis syndrome Carney
complex (Groussin et al., 2002; Meoli et al., 2008). It is a disease
described as “the complex of myxomas, spotty skin pigmentation
and endocrine over activity” (Carney et al., 1985; Veugelers et al.,
2004; Horvath et al., 2010; Salpea and Stratakis, 2014). In case of
the Carney complex a collection of RIa mutations lead to PKA
activation. As second mutation we introduced one stop codon
at the position R368X in RIa which results in a truncation of
the last 14 amino acids of the RIa protein. This heterozygous de
novomutation has been identified in patients with Acrodysostosis
(a rare form of skeletal dysplasia) which is caused through a
resistance to several hormones (Linglart et al., 2011). In case of
Acrodysostosis RIa mutations lead to PKA inactivation.

To quantitatively evaluate the impact of these two patient
mutations on PPI we transfected the same DNA amount of
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FIGURE 4 | Impact of PKAc mutations and cAMP elevation on

PPIs emanating from PKAc. (A) cAMP elevation leads to PKA

activation: cAMP binds to R subunits and triggers dissociation of active

PKAc subunits which phosphorylate substrates in cytoplasm and

nucleus. PKI inactivates nuclear PKI complexes. PKAc mutations

deregulate the binary PKA network. (B) Following site directed

mutagenesis of PKAc-F[2], combinations of wild type and mutant Rluc

PCA tagged PKA subunits have been subjected to Rluc PCA

measurements. The effect of forskolin (50µM; 10min) on PKA complex

formation has been determined (n = 4 independent experiments, ±SEM).

(C) Immunoblotting shows expression levels of endogenous PKAc and

F[2]-tagged PKAc variants.

FIGURE 5 | Impact of RIa mutations and cAMP elevation on PKA

type I complexes. (A) Ligand-mediated activation of GPCR pathways

linked to cAMP production lead to activation of PKA holoenzymes.

cAMP binds to RIa subunits and triggers dissociation of active PKAc

subunits which phosphorylate substrates in cytoplasm and nucleus. RIa

mutations deregulate RIa:PKAc dynamics. (B) Following indicated

modifications of RIa-F[1] sequences, combinations of wild type and

mutant Rluc PCA tagged PKA subunits have been subjected to Rluc

PCA measurements. The effect of isoproterenol (1µM, 10min; 48 h

transient PCA reporter expression) on PKA complex formation has been

determined (at least n = 3 independent experiments, ±SEM). (C)

Analyses of Rluc PCA based homodimer formations of wild type and

mutated RIa have been performed (at least n = 3 independent

experiments, ±SEM).

indicated Rluc PCA constructs into HEK293 cells. We observed
that the R1a 1184-236 deletion in RIa-F[1] reduced basal
PPI with PKAc-F[2] to less than 50% (Figure 5B). No major
changes of R subunit dimerization of R1a 1184-236:RIa was
detectable (Figure 5C). Upon cAMP elevation with Isoproterenol
the remaining PKA complex can be activated to a similar extend
as the wild type PKA type I complex. In parallel we analyzed
the truncated RIa protein simulating the stop codon at position
R368 of RIa (=14aa truncation). First, we observed elevated levels
of inactive RIa:PKAc complexes. Second, upon cAMP elevation
with Isoproterenol we recorded less PKA dynamics (Figure 5B).
No major changes of R subunit dimerization of RIa-R368X:RIa
was detectable (Figure 5C). Apparently the RIa-R368X mutated
PKA type I complex is less responsive to cAMP elevations.
The R368X mutation impairs the cAMP-dependent dissociation
of RIa from PKAc. These data underline that specific patient
mutations in RIa have different consequences on both the PKA
holoenzyme complex formation and on cAMP-induced PKA
activation.

Overall our data indicate that the presented Rluc PCA PKA
reporter platform is suitable to quantify dynamic and mutually
exclusive protein complex assembly and disassembly of the
binary PKA network, which is controlled through oscillations
of cAMP levels. In addition, we clearly demonstrate with this
proof of concept study that observed PPI dynamics of wild type
and mutated PKA complexes support findings and hypotheses of
disease relevant PKA associations.

Discussion

The ability to precisely record PPI dynamics of the binary
PKA network is central for understanding compartmentalized
cAMP signal transmission. We present a highly sensitive and
easy applicable reporter platform to systematically quantify,
map, and manipulate PKA protein complex formation in
real time. We show that second messenger initiated changes
of PKA reflect connections to upstream located receptor
pathways. The implementation of the PPI reporter allows
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for more accurate and quantitative specification of receptor-
effector relationships directly in the preferred cell type. In
light of disease relevant PKAc variations (mutations, fusions,
decontrolled upstream pathways) application of the PKA Rluc
PCA platform offers the possibility to systematically test different
means of kinase perturbations using the available biosensor
toolbox. We quantified mutually exclusive PKAc interactions
which account for different spatially controlled cell functions.
We showed that the PPI reporter implementation simplified the
determination of consequences of PPI relevant patientmutations.
Such comparative in vivo analyses will facilitate the decision
how to interfere with deregulated PKA functions. We showed
that two PKAc mutations display differences in the binary
PPI pattern. We revealed that cAMP-sensing R subunits and
PKI form no PPIs with PKAc-L206R, a hotspot mutation of
PKAc in adrenal Cushing’s syndrome which promotes PKAc
activity (Cao et al., 2014; Di Dalmazi et al., 2014). First, this
implements that PKAc-L206R cannot be compartmentalized
through R/PKI and indirect AKAP interactions. Second, PKAc-
L206R operates independently of cAMP. Therefore, alternative
means need to be prosecuted to reduce the deregulated
phosphotransferase activity. Besides inhibitory small molecules
we believe that targeting the stability of PKAc-L206R is one
alternative.

We also tested two patient mutations of RIa which are
related to two different diseases showing opposite effects on PKA
activity. We demonstrated that the Carney complex relevant
R1a-1184-236 mutation had a major impact on PKA complex
formationwhen compared to the wild type PKAholoenzyme type
I. Our data showed that R1a-1184-236 has less affinity for PKAc.
We assume that the reduced affinity for PKAc contributes to
disease relevant elevations of PKAc phosphotranferase activities.
The second mutation RIa-R368X (=14aa truncation) caused
a defect in PKA activation. The mutation introduces a stop
codon and shortens the cAMP binding domain B. The resulting
deletion of 14 aa at the C terminus reduced the cooperative
binding of cAMP first to binding domain B and then to binding
domain A, which is a prerequisite for PKAc dissociation and

activation (Kim et al., 2007; Bertherat et al., 2009; Linglart et al.,
2011; Taylor et al., 2012). We showed that this truncation is
sufficient to elevate basal RIa-1-368:PKAc complexes. Primarily
this complex was less responsive to GPCR/cAMP mediated PKA
activation what correlates with the findings of Linglart and
colleagues (Linglart et al., 2011; Silve et al., 2012). Interestingly,
we detectedmarginal cAMP-dependent activation of the mutated
PKA complex. This underscores the suitability of the PKA
Rluc PCA reporter to detect even modest changes of PPIs in
response to second messenger elevations. Overall we underline
with this study that the Rluc PCA is a versatile reporter
system to map transient and small molecule controlled PPI.
Besides linking membrane receptor pathways to alterations of
molecular interactions, the consequence of patient mutations
on PPI can be tested with a simple protocol and in parallel
fashion. The implementation of this PPI reporter platform will
unveil consequences of distinct patient mutations on binary PKA
network dynamics. We envision that the mutation approach will
disclose hot spots in these critically regulated kinase complexes

which become pharmaceutical targets to target both PPI and/or
cAMP sensing. This will help to gain novel insights into
mechanism of PKA activation which will be relevant for the
diagnosis and for identifying treatments of kinase involved
diseases.

Author Contributions

RR, JM, VB, and ES performed the experiments. RR, JM, VB, and
ES analyzed the results. ES wrote the manuscript.

Acknowledgments

We thank Sonja Geisler and Andrea Schraffl for technical
and Gabi Reiter for management support. This work was
supported by a student scholarship from the Center forMolecular
Biosciences Innsbruck and by grants from the Austrian Science
Fund (FWF; P22608, P27606) and the Tyrolean Science Fund.

References

Assié, G. (2012). One single signaling pathway for so many different biological

functions: lessons from the cyclic adenosine monophosphate/protein kinase

A pathway-related diseases. J. Clin. Endocrinol. Metab. 97, 4355–4357. doi:

10.1210/jc.2012-3659

Bachmann, V. A., Riml, A., Huber, R. G., Baillie, G. S., Liedl, K. R.,

Valovka, T., et al. (2013). Reciprocal regulation of PKA and Rac signaling.

Proc. Natl. Acad. Sci. U.S.A. 110, 8531–8536. doi: 10.1073/pnas.12159

02110

Baillie, G. S., Sood, A., McPhee, I., Gall, I., Perry, S. J., Lefkowitz, R. J., et al. (2003).

Beta-Arrestin-mediated PDE4 cAMP phosphodiesterase recruitment regulates

beta-adrenoceptor switching from Gs to Gi. Proc. Natl. Acad. Sci. U.S.A. 100,

940–945. doi: 10.1073/pnas.262787199

Bertherat, J., Horvath, A., Groussin, L., Grabar, S., Boikos, S., Cazabat, L., et al.

(2009). Mutations in regulatory subunit type 1A of cyclic adenosine 5′-

monophosphate-dependent protein kinase (PRKAR1A): phenotype analysis

in 353 patients and 80 different genotypes. J. Clin. Endocrinol. Metab. 94,

2085–2091. doi: 10.1210/jc.2008-2333

Beuschlein, F., Fassnacht, M., Assié, G., Calebiro, D., Stratakis, C. A., Osswald,

A., et al. (2014). Constitutive activation of PKA catalytic subunit in adrenal

Cushing’s syndrome. N. Engl. J. Med. 370, 1019–1028. doi: 10.1056/NEJMoa13

10359

Calebiro, D., Hannawacker, A., Lyga, S., Bathon, K., Zabel, U., Ronchi, C., et al.

(2014). PKA catalytic subunit mutations in adrenocortical Cushing’s adenoma

impair association with the regulatory subunit. Nat. Commun. 5, 5680. doi:

10.1038/ncomms6680

Cao, Y., He, M., Gao, Z., Peng, Y., Li, Y., Li, L., et al. (2014). Activating hotspot

L205R mutation in PRKACA and adrenal Cushing’s syndrome. Science 344,

913–917. doi: 10.1126/science.1249480

Carney, J. A., Gordon, H., Carpenter, P. C., Shenoy, B. V., and Go, V. L. (1985).

The complex of myxomas, spotty pigmentation, and endocrine overactivity.

Medicine (Baltimore). 64, 270–283. doi: 10.1097/00005792-198507000-

00007

Cheung, J., Ginter, C., Cassidy, M., Franklin, M. C., Rudolph, M. J., Robine,

N., et al. (2015). Structural insights into mis-regulation of protein kinase

A in human tumors. Proc. Natl. Acad. Sci. U.S.A. 112, 1374–1379. doi:

10.1073/pnas.1424206112

Frontiers in Pharmacology | www.frontiersin.org 6 August 2015 | Volume 6 | Article 170

http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive


Röck et al. Mutations affect compartmentalized PKA interactions

Clapham, D. E. (2007). Calcium signaling. Cell 131, 1047–1058. doi:

10.1016/j.cell.2007.11.028

Daaka, Y., Luttrell, L. M., and Lefkowitz, R. J. (1997). Switching of the coupling

of the beta2-adrenergic receptor to different G proteins by protein kinase A.

Nature 390, 88–91. doi: 10.1038/36362

Dalton, G. D., and Dewey, W. L. (2006). Protein kinase inhibitor peptide

(PKI): a family of endogenous neuropeptides that modulate neuronal

cAMP-dependent protein kinase function. Neuropeptides 40, 23–34. doi:

10.1016/j.npep.2005.10.002

Day, R. N., Walder, J. A., and Maurer, R. A. (1989). A protein kinase inhibitor gene

reduces both basal and multihormone-stimulated prolactin gene transcription.

J. Biol. Chem. 264, 431–436.

Dessauer, C. W. (2009). Adenylyl cyclase–A-kinase anchoring protein complexes:

the next dimension in cAMP signaling. Mol. Pharmacol. 76, 935–941. doi:

10.1124/mol.109.059345

Di Dalmazi, G., Kisker, C., Calebiro, D., Mannelli, M., Canu, L., Arnaldi, G.,

et al. (2014). Novel somatic mutations in the catalytic subunit of the protein

kinase A as a cause of adrenal Cushing’s syndrome: a European multicentric

study. J. Clin. Endocrinol. Metab. 99, E2093–E2100. doi: 10.1210/jc.2014-

2152

Espiard, S., Ragazzon, B., and Bertherat, J. (2014). Protein kinase a alterations in

adrenocortical tumors. Horm. Metab. Res. 46, 869–875. doi: 10.1055/s-0034-

1385908

Filteau, M., Diss, G., Torres-Quiroz, F., Dubé, A. K., Schraffl, A., Bachmann,

V. A., et al. (2015). Systematic identification of signal integration by protein

kinase A. Proc. Natl. Acad. Sci. U.S.A. 112, 4501–4506. doi: 10.1073/pnas.14099

38112

Goh, G., Scholl, U. I., Healy, J. M., Choi, M., Prasad, M. L., Nelson-Williams, C.,

et al. (2014). Recurrent activating mutation in PRKACA in cortisol-producing

adrenal tumors. Nat. Genet. 46, 613–617. doi: 10.1038/ng.2956

Groussin, L., Kirschner, L. S., Vincent-Dejean, C., Perlemoine, K., Jullian, E.,

Delemer, B., et al. (2002). Molecular analysis of the cyclic AMP-dependent

protein kinase A (PKA) regulatory subunit 1A (PRKAR1A) gene in patients

with Carney complex and primary pigmented nodular adrenocortical disease

(PPNAD) reveals novel mutations and clues for pathophysiology: augmented

PKA signaling is associated with adrenal tumorigenesis in PPNAD.Am. J. Hum.

Genet. 71, 1433–1442. doi: 10.1086/344579

Honeyman, J. N., Simon, E. P., Robine, N., Chiaroni-Clarke, R., Darcy, D. G.,

Lim, I. I., et al. (2014). Detection of a recurrent DNAJB1-PRKACA chimeric

transcript in fibrolamellar hepatocellular carcinoma. Science 343, 1010–1014.

doi: 10.1126/science.1249484

Horvath, A., Bertherat, J., Groussin, L., Guillaud-Bataille, M., Tsang, K., Cazabat,

L., et al. (2010). Mutations and polymorphisms in the gene encoding regulatory

subunit type 1-alpha of protein kinase A (PRKAR1A): an update. Hum. Mutat.

31, 369–379. doi: 10.1002/humu.21178

Houslay, M. D. (2010). Underpinning compartmentalised cAMP signalling

through targeted cAMP breakdown. Trends Biochem. Sci. 35, 91–100. doi:

10.1016/j.tibs.2009.09.007

Kim, C., Cheng, C. Y., Saldanha, S. A., and Taylor, S. S. (2007). PKA-I holoenzyme

structure reveals a mechanism for cAMP-dependent activation. Cell 130,

1032–1043. doi: 10.1016/j.cell.2007.07.018

Lefkowitz, R. J. (2007). Seven transmembrane receptors: something old, something

new. Acta Physiol. (Oxf). 190, 9–19. doi: 10.1111/j.1365-201X.2007.01693.x

Li, X., Wang, X., and Snyder, M. (2013). Systematic investigation of protein-small

molecule interactions. IUBMB Life 65, 2–8. doi: 10.1002/iub.1111

Lignitto, L., Arcella, A., Sepe, M., Rinaldi, L., Delle Donne, R., Gallo, A., et al.

(2013). Proteolysis of MOB1 by the ubiquitin ligase praja2 attenuates Hippo

signalling and supports glioblastoma growth. Nat. Commun. 4, 1822. doi:

10.1038/ncomms2791

Lignitto, L., Carlucci, A., Sepe, M., Stefan, E., Cuomo, O., Nisticò, R., et al. (2011).

Control of PKA stability and signalling by the RING ligase praja2.Nat. Cell Biol.

13, 412–422. doi: 10.1038/ncb2209

Linglart, A., Menguy, C., Couvineau, A., Auzan, C., Gunes, Y., Cancel,

M., et al. (2011). Recurrent PRKAR1A mutation in acrodysostosis with

hormone resistance. N. Engl. J. Med. 364, 2218–2226. doi: 10.1056/NEJMoa10

12717

Meoli, E., Bossis, I., Cazabat, L., Mavrakis, M., Horvath, A., Stergiopoulos, S., et al.

(2008). Protein kinase A effects of an expressed PRKAR1Amutation associated

with aggressive tumors. Cancer Res. 68, 3133–3141. doi: 10.1158/0008-

5472.CAN-08-0064

Neves, S. R., Ram, P. T., and Iyengar, R. (2002). G protein pathways. Science 296,

1636–1639. doi: 10.1126/science.1071550

O’Hayre, M., Degese, M. S., and Gutkind, J. S. (2014). Novel insights into G protein

and G protein-coupled receptor signaling in cancer. Curr. Opin. Cell Biol. 27,

126–135. doi: 10.1016/j.ceb.2014.01.005

Pierce, K. L., Premont, R. T., and Lefkowitz, R. J. (2002). Seven-transmembrane

receptors. Nat. Rev. Mol. Cell Biol. 3, 639–650. doi: 10.1038/nrm908

Röck, R., Bachmann, V., Bhang, H. E., Malleshaiah, M., Raffeiner, P., Mayrhofer,

J. E., et al. (2015). In-vivo detection of binary PKA network interactions

upon activation of endogenous GPCRs. Sci. Rep. 5:11133. doi: 10.1038/srep

11133

Salpea, P., and Stratakis, C. A. (2014). Carney complex and McCune Albright

syndrome: an overview of clinical manifestations and human molecular

genetics.Mol. Cell. Endocrinol. 386, 85–91. doi: 10.1016/j.mce.2013.08.022

Sato, Y., Maekawa, S., Ishii, R., Sanada, M., Morikawa, T., Shiraishi, Y., et al. (2014).

Recurrent somatic mutations underlie corticotropin-independent Cushing’s

syndrome. Science 344, 917–920. doi: 10.1126/science.1252328

Scott, J. D., and Pawson, T. (2009). Cell signaling in space and time: where

proteins come together and when they’re apart. Science 326, 1220–1224. doi:

10.1126/science.1175668

Scott, J. D., Dessauer, C. W., and Taskén, K. (2013). Creating order from chaos:

cellular regulation by kinase anchoring. Annu. Rev. Pharmacol. Toxicol. 53,

187–210. doi: 10.1146/annurev-pharmtox-011112-140204

Scott, J. D., Fischer, E. H., Demaille, J. G., and Krebs, E. G. (1985). Identification

of an inhibitory region of the heat-stable protein inhibitor of the cAMP-

dependent protein kinase. Proc. Natl. Acad. Sci. U.S.A. 82, 4379–4383. doi:

10.1073/pnas.82.13.4379

Silve, C., Clauser, E., and Linglart, A. (2012). Acrodysostosis.Horm.Metab. Res. 44,

749–758. doi: 10.1055/s-0032-1316330

Skroblin, P., Grossmann, S., Schäfer, G., Rosenthal, W., and Klussmann, E. (2010).

Mechanisms of protein kinase A anchoring. Int. Rev. Cell Mol. Biol. 283,

235–330. doi: 10.1016/S1937-6448(10)83005-9

Søberg, K., Larsen, A. C., Diskar, M., Backe, P. H., Bjørås, M., Jahnsen, T., et al.

(2012). Identification and characterization of novel mutations in the human

gene encoding the catalytic subunit Calpha of protein kinase A (PKA). PLoS

ONE 7:e34838. doi: 10.1371/journal.pone.0034838

Stefan, E., Aquin, S., Berger, N., Landry, C. R., Nyfeler, B., Bouvier, M., et al. (2007).

Quantification of dynamic protein complexes using Renilla luciferase fragment

complementation applied to protein kinase A activities in vivo. Proc. Natl. Acad.

Sci. U.S.A. 104, 16916–16921. doi: 10.1073/pnas.0704257104

Stefan, E., Malleshaiah, M. K., Breton, B., Ear, P. H., Bachmann, V.,

Beyermann, M., et al. (2011). PKA regulatory subunits mediate synergy among

conserved G-protein-coupled receptor cascades. Nat. Commun. 2, 598. doi:

10.1038/ncomms1605

Stratakis, C. A. (2013). cAMP/PKA signaling defects in tumors: genetics and tissue-

specific pluripotential cell-derived lesions in human and mouse. Mol. Cell.

Endocrinol. 371, 208–220. doi: 10.1016/j.mce.2013.01.015

Taylor, S. S., Ilouz, R., Zhang, P., and Kornev, A. P. (2012). Assembly of allosteric

macromolecular switches: lessons from PKA. Nat. Rev. Mol. Cell Biol. 13,

646–658. doi: 10.1038/nrm3432

Thaker, P. H., Han, L. Y., Kamat, A. A., Arevalo, J. M., Takahashi, R., Lu, C.,

et al. (2006). Chronic stress promotes tumor growth and angiogenesis in a

mouse model of ovarian carcinoma. Nat. Med. 12, 939–944. doi: 10.1038/

nm1447

Veugelers, M., Wilkes, D., Burton, K., McDermott, D. A., Song, Y., Goldstein,

M. M., et al. (2004). Comparative PRKAR1A genotype-phenotype analyses

in humans with Carney complex and prkar1a haploinsufficient mice.

Proc. Natl. Acad. Sci. U.S.A. 101, 14222–14227. doi: 10.1073/pnas.0405

535101

Walsh, D. A., Ashby, C. D., Gonzalez, C., Calkins, D., Fischer, E. H., and

Krebs, E. G. (1971). Purification and characterization of a protein inhibitor of

adenosine 3′,5′-monophosphate-dependent protein kinases. J. Biol. Chem. 246,

1977–1985.

Wong, W., and Scott, J. D. (2004). AKAP signalling complexes: focal points

in space and time. Nat. Rev. Mol. Cell Biol. 5, 959–970. doi: 10.1038/

nrm1527

Frontiers in Pharmacology | www.frontiersin.org 7 August 2015 | Volume 6 | Article 170

http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive


Röck et al. Mutations affect compartmentalized PKA interactions

Zhang, J., Hupfeld, C. J., Taylor, S. S., Olefsky, J. M., and Tsien, R. Y. (2005). Insulin

disrupts beta-adrenergic signalling to protein kinase A in adipocytes. Nature

437, 569–573. doi: 10.1038/nature04140

Zhang, P., Smith-Nguyen, E. V., Keshwani, M. M., Deal, M. S., Kornev,

A. P., and Taylor, S. S. (2012). Structure and allostery of the PKA

RIIbeta tetrameric holoenzyme. Science 335, 712–716. doi: 10.1126/science.12

13979

Zilbermint, M., and Stratakis, C. A. (2015). Protein kinase A defects and cortisol-

producing adrenal tumors. Curr. Opin. Endocrinol. Diabetes Obes. 22, 157–162.

doi: 10.1097/MED.0000000000000149

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2015 Röck, Mayrhofer, Bachmann and Stefan. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 8 August 2015 | Volume 6 | Article 170

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

	Impact of kinase activating and inactivating patient mutations on binary PKA interactions
	Introduction
	Materials and Methods
	Cell Culture and Antibodies
	Constructs
	Renilla Luciferase PCA of Detached Cells
	Renilla Luciferase PCA of Attached Cells

	Results
	Discussion
	Author Contributions
	Acknowledgments
	References


