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The G protein-coupled receptor (GPCR) superfamily represents the
most important class of pharmaceutical targets. Therefore, the
characterization of receptor cascades and their ligands is a prereq-
uisite to discovering novel drugs. Quantification of agonist-in-
duced second messengers and downstream-coupled kinase activ-
ities is central to characterization of GPCRs or other pathways that
converge on GPCR-mediated signaling. Furthermore, there is a
need for simple, cell-based assays that would report on direct or
indirect actions on GPCR-mediated effectors of signaling. More
generally, there is a demand for sensitive assays to quantify
alterations of protein complexes in vivo. We describe the devel-
opment of a Renilla luciferase (Rluc)-based protein fragment
complementation assay (PCA) that was designed specifically to
investigate dynamic protein complexes. We demonstrate these
features for GPCR-induced disassembly of protein kinase A (PKA)
regulatory and catalytic subunits, a key effector of GPCR signaling.
Taken together, our observations show that the PCA allows for
direct and accurate measurements of live changes of absolute
values of protein complex assembly and disassembly as well
as cellular imaging and dynamic localization of protein com-
plexes. Moreover, the Rluc-PCA has a sufficiently high signal-to-
background ratio to identify endogenously expressed Gas protein-
coupled receptors. We provide pharmacological evidence that the
phosphodiesterase-4 family selectively down-regulates constitu-
tive B-2 adrenergic- but not vasopressin-2 receptor-mediated PKA
activities. Our results show that the sensitivity of the Rluc-PCA
simplifies the recording of pharmacological profiles of GPCR-based
candidate drugs and could be extended to high-throughput
screens to identify novel direct modulators of PKA or upstream
components of GPCR signaling cascades.

G protein-coupled receptor | complementation assays |
protein—protein interactions | protein fragment

protein-coupled receptors (GPCRs) represent the largest

family of cell-surface molecules involved in signal transmis-
sion. GPCRs play roles in a broad range of biological processes
through regulating the majority of cell-to-cell and cell-to-
environment communication, and, consequently, their dysfunc-
tion manifests in numerous diseases (1, 2). The GPCR family has
enormous pharmacological importance, as demonstrated by the
fact that >30% of approved drugs elicit their therapeutic effect
by selectively acting on known members of this family (3). The
human genome harbors >800 putative GPCRs including a
considerable number with unknown physiological function or
ligands. GPCR cascades hence remain a major focus of molec-
ular pharmacology (4, 5).

Signal transduction by GPCRs is mediated by activation of
protein kinases (4), among which the most intensively studied is
the cAMP-dependent protein kinase A (PKA) (6). Various
extracellular signals converge on the cAMP/PKA pathway
through ligand binding to GPCRs. The adenylyl cyclase then
converts ATP to the ubiquitous second messenger cAMP.
Intracellular cAMP gradients are shaped through the sole means
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of degrading cAMP in the cells by phosphodiesterases (PDE),
providing a negative feedback system for down-regulating re-
ceptor-mediated signaling cascades (7). The release of this
second messenger induces the activation of its main effector,
PKA, by provoking the dissociation of activated catalytic sub-
units from the inhibiting regulatory subunits of PKA (Fig. 1) (7),
which enables the specific phosphorylation of a plethora of
substrates (8, 9).

Several cell-based assays have been developed to detect specific
activation of PKA, including fluorescence and bioluminescent
resonance energy transfer assays for detecting catalytic activity (10)
or cAMP-induced PKA subunit dissociation (11-13). These meth-
ods have been invaluable to the study of protein complex dynamics
and particularly to the integration of compartmentalized GPCR
signaling pathways (14-16). However, their range of application is
limited because of cellular autofluorescence (for fluorescence
resonance energy transfer), limited signal-to-background, and nar-
row dynamic range. Hence, more general and broadly desired
cell-based applications are not easily performed with these assays.
Among the most important are high-throughput screenings
to discover direct and indirect modulators of protein kinase activ-
ities (17).

We reasoned that the desired features of a cell-based assay
would be met by one that could capture the dynamics of PKA
subunit assembly and reassembly in cell populations and would
be based on a reporter system that could be easily implemented
with simple, off-the-shelf technology. On one hand we tried to
develop a reporter that addresses limitations of high-throughput
screening studies like sensitivity and signal stability, and on the
other hand the same sensor should offer the possibility to be used
at different stages of pharmacological drug evaluation (e.g.,
single cells, cell populations, and animal models). We report
here a protein-fragment complementation assay (PCA) based on
the reporter enzyme Renilla reniformis luciferase (Rluc) that
meets these requirements. The PCA strategy allows the detec-
tion of protein complex formation by fusing each of the proteins
of interest to two fragments of a “reporter” protein that has been
rationally dissected into two fragments by using protein engi-
neering strategies (18-21). Binding of the two proteins of
interest brings the unfolded fragments into proximity, allowing
for folding and reconstitution of measurable activity of the
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Fig. 1. Schematic representation of the PCA strategy using Rluc fragments
to study the dynamic complex of the PKA heterodimer [regulatory (R) and
catalytic (C) PKA subunits] in vivo. Cellular cAMP levels are controlled directly
by adenylyl cyclases (AC, production) and PDE (degradation). cCAMP elevation
and association with the R subunit of PKA induces dissociation of R and C
subunits, resulting in decreasing Rluc-PCA activity.

reporter protein, which can be of different types (19, 22-29). We
chose to develop the PKA sensor with the Rluc-PCA because of
the inherent sensitivity and lack of any cellular background of a
luminescent reporter. Although assays based on this enzyme
have been reported (25), we chose to redesign the assay for
improved signal based on structural constraints obtained by
structural homology modeling (30) (described below) and to
demonstrate its reversibility. Reversibility is absolutely necessary
for an effective PKA reporter because it is the cAMP-mediated
dissociation of the catalytic and regulatory subunit complex that
results in activation of PKA. Commonly used PCAs based on
GFP and its variants are irreversible and therefore act as
complex traps, preventing detection of protein complex disso-
ciation as we show here for the case of PKA. We previously
proposed and have demonstrated that PCAs could be designed
to be reversible (19, 29, 31, 32). Here we not only rationally
design the Rluc-PCA to be reversible but we also show that it can
accurately report known dissociation—association kinetics of
PKA subunits and known pharmacological responses in a natural
biological system. It is the first demonstration of a reversible
PCA upon natural dissociation of a protein complex due to
allosteric changes or posttranslational modifications. We also
show that the Rluc-PCA fragments unfold and separate after
dissociation of the PKA complex, demonstrating that the de-
tected disruption of the PKA complex represents true molecular
dissociation of the PKA subunit—-PCA fragment fusion proteins.
We illustrate pharmacological applications of this tool to (i)
identify endogenously expressed GPCRs and (i) to uncover a
selective role of PDE-4 family in down-regulating constitutive
B-2 adrenergic receptor (3,AR)- but not vasopressin-2 receptor
(V2R)-mediated PKA activities. These examples illustrate the
simplicity and versatility of the Rluc-PCA to study the dynamics
of protein complexes that are key to the understanding of
pharmacology in vivo.

Results

Design of the Rluc-PCA. The purpose of our study was to create a
PCA for quantification of dynamic protein complexes. We chose
to generate a PCA based on the Rluc, which is, because of its
simplicity and sensitivity, a widely used bioluminescence re-
porter. In contrast to the reported PCA version of Rluc (25), we
used a homology-modeled structure of Rluc to test different
dissection sites. Points of reporter protein dissection into two
PCA fragments are generally chosen based on the following
criteria: (i) the cut sites are as far as possible from the catalytic
site, (if) the fragments represent recognizable subdomains, (iii)
the reporter protein structure can be accessibly folded from
fragments fused to interacting proteins, and (iv) the cut sites are
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Fig. 2. A dynamic PKA activity sensor based on Rluc-PCA. (A) Schematic
representation for the design of a PCA-based PKA reporter. The regulatory
(Reg) and catalytic (Cat) PKA subunits were fused to fragment 1 [F(1)] or
fragment 2 [F(2)] of Rluc. (B) The Rluc-PCA was detected from transiently
transfected HEK293T cells in suspension aliquoted to 96-well microtiter plates.
Immunoblot analysis verifies expression of PCA-tagged proteins (representa-
tive experiment = SD of triplicates). RLU, relative luminescence units. (C) Effect
of forskolin (100 uM) and 3-isobutyl-1-methylxanthine (100 wM) treatment on
Reg-F(1):Cat-F(2) and Reg-F(1):Reg-F(2). The Rluc-PCA was detected from
transiently transfected HEK293T cells in suspension and aliquoted to 96-well
microtiter plates (mean = SD from three independent experiments). (D)
HEK293T cells coexpressing Reg-F(1):Cat-F(2) were treated for the indicated
times with forskolin (100 uM) and were subjected to immunoprecipitation
and Western blotting using anti-Rluc antibodies. (E) The Rluc-PCA was de-
tected from untreated and forskolin-treated (100 uM, 15 min) HEK293T cells
stably expressing Reg-F(1):Cat-F(2) in suspension (= SD from three indepen-
dent samples). Immunoblot analysis shows the expression of endogenously
expressed and overexpressed PKA subunits.

in nonstructured regions (19, 21, 22, 33). The structure of Rluc,
isolated from the marine “sea pansy” R. reniformis, has not been
solved; however, a simple Blast search (34) immediately identi-
fied several sequences with >40% sequence identity to the
bacterial haloalkane dehalogenases [supporting information (SI)
Fig. 6 and SI Methods). Based on this observation we submitted
the Rluc sequence to the Modeller database (35) and retrieved
three high-scoring structures of which, predictably, the highest
scoring was a haloalkane dehalogenase from the proteobacte-
rium Xanthobacter autotrophicus (Protein Data Bank ID code
1EDE).

Based on the predicted structure of Rluc and the PCA design
criteria we identified and tested several potential sites to dissect
the protein into separate complementary fragments (SI Fig. 74).
Among these, fragments that dissect the protein between amino
acids 110 and 111 proved to provide reconstitution of the highest
bioluminescence activity in overexpression experiments in Sac-
charomyces cerevisiae (SI Fig. 7B and SI Methods).

Design of Rluc-PCA Sensor of PKA Subunit Complex Dynamics. The
general scheme for construction and detection of the Rluc-PCA
PKA sensor consists of fusing complementary fragments of Rluc
to the regulatory (Reg) and catalytic (Cat) PKA subunits of PKA
(Figs. 1 and 24). In our first tests with HEK293T cells, quanti-
fication of the first 10 seconds of bioluminescence gave the
highest luciferase activities for coexpressed PKA combinations
of Reg-F(1):Cat-F(2) and Reg-F(1):Reg-F(2) after addition of
the Rluc substrate benzyl-coelenterazine. Neither expression of
individual nor coexpression of PCA fusion proteins Cat and the
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Ras binding domain of serine threonine kinase Raf (RafRBD),
which should not interact directly [Cat-F(1):Cat-F(2) and
RafRBD-F (1):Cat-F(2)], gave significant bioluminescence sig-
nals, confirming the specificity of the assay (Fig. 2B). These
results indicate that a direct protein—protein interaction is
necessary to promote reconstitution of Rluc enzyme activity.

Use of the PKA Sensor to Monitor Protein Complex Dynamics in Vivo.
To show that the Rluc-PCA could be used for kinetic studies of
protein complexes, we analyzed the effect of cAMP elevation on
Reg-F(1):Cat-F(2). We treated transiently transfected
HEK293T cells with the cAMP-elevating agent forskolin. For-
skolin induced disruption of the Reg-F(1):Cat-F(2) within 1 min
of treatment, and after 10 min almost 80% of the PCA fragment-
tagged PKA subunits were dissociated (Fig. 2C). In agreement
with in vitro data, an increase in cAMP concentration causes
partial dissociation of the type II PKA holoenzyme with ~20%
of the complex remaining associated (36). We measured reas-
sociation of the PKA subunit complex upon removal of forskolin
(Fig. 2C). Also consistent with this observation, pretreatment of
cells with the general nonselective PDE inhibitor 3-isobutyl-1-
methylxanthine and subsequent forskolin treatment for 10 min
followed by its removal maintained cAMP levels elevated and
prevented apparent reassociation of the PKA subunits. In con-
trast to the PKA heterodimer we detected no dissociation of
Reg-F(1):Reg-F(2) in response to forskolin (Fig. 2C).

Results of the PKA Rluc-PCA are consistent with the known
mechanism of dissociation and reassociation of PKA subunits. In
terms of the Rluc-PCA reporter, these results could be inter-
preted in two ways: either the cAMP-promoted dissociation of
the PKA subunits leads to a complete disassembly of the Rluc
reporter that dissociates as free fragments or it promotes a
conformational change within the assembled Rluc that results in
a loss of Rluc catalytic activity. To distinguish between these two
possibilities, we examined the association and dissociation of
Reg-F(1):Cat-F(2) in response to forskolin directly by immuno-
precipitation. We confirmed that the Reg-F(1):Cat-F(2) com-
plex is formed under basal conditions. Dissociation of the
PCA-PKA complex could be detected within the first minutes
after forskolin treatment (Fig. 2D). The time course of PKA
dissociation appears consistent with the observation we have
obtained with the bioluminescent readout. To demonstrate the
high sensitivity of the Rluc-PCA in measuring dynamic protein
complexes we generated stable HEK293T cell lines expressing
the Rluc-PCA PKA sensor. In response to forskolin we recorded
the dissociation of Reg-F(1):Cat-F(2) in individual clones with
expression levels of the biosensor similar to or far below endog-
enously expressed PKA subunits (Fig. 2E). The reversibility of
the Rluc-PCA PKA illustrated here stands in contrast with what
was observed with other popular PCAs based on the fragmen-
tation of GFP. Indeed we could not detect disruption of the PKA
subunit interaction using the Venus YFP-based PCA reporter in
response to cAMP elevation (SI Fig. 8 and SI Methods). Thus,
although GFP-based PCAs may have broad applications in
visualization, localization, and translocation of protein com-
plexes, existing GFP and mutant variant PCAs cannot be applied
to study dynamic protein complex assembly and disassembly.

Imaging of the Dynamic PKA Sensor in Living Cells. To test whether
our reporter could be used for localization studies, we performed
live cell imaging of transiently transfected HEK293T cells. Fig.
34 shows the comparison of bioluminescence intensities mea-
sured by luminometry of full-length and complemented Rluc
activities of adherent cells. We have obtained ~10% of the
full-length Rluc bioluminescence with the coexpressed PCA-
PKA combination Reg-F(1):Cat-F(2). As predicted, we ob-
served bioluminescence signal throughout the cell upon expres-
sion of the full-length Rluc (Fig. 3B). In contrast, the signal
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Fig. 3. Cellular imaging of bioluminescence of transiently transfected
HEK293T cells expressing full-length Rluc and Rluc-PCA. (A) The Rluc-PCA was
detected from HEK293T cells expressing indicated PCA fusion proteins (10
seconds) or full-length Rluc (1-second integration time) grown on 96-well
microtiter plates (mean =+ SD from triplicates). (B and C) Visualization of Rluc
bioluminescence of HEK293T cells. By using a CCD camera and integration
time of 30 seconds we imaged the bioluminescence (shown in gray scale) of
full-length Rluc (B) and localized bioluminescence of HEK293T cells expressing
Reg-F(1):Cat-F(2) (120 seconds) in PBS supplemented with 5 uM benzyl-
coelenterazine (C). (D) Effect of 30 min of forskolin (100 wM) pretreatment on
the bioluminescence of Reg-F(1):Cat-F(2) (120 seconds). Cotransfection of the
red fluorescent protein (RFP) serves as control for transfection. C, cytoplasm;
N, nucleus. (Scale bars: 5 um.)

generated by reconstituted Reg-F(1):Cat-F(2) was selectively
localized to the cytoplasm with a clear exclusion from the
nucleus (Fig. 3C). Upon pretreatment with forskolin for 30 min
the bioluminescence signal was no longer detectable (Fig. 3D).
These data indicate that imaging of bioluminescence is not only
feasible for localization studies but can also be used to detect
alterations of protein complexes.

Monitoring GPCR Activity Using the Rluc-PCA PKA Reporter. We next
examined whether the Rluc-PCA PKA reporter could be used to
study the dynamics of PKA activation under the control of
GPCR-mediated signal transduction pathways. We used physi-
ological stimuli to activate two Gas-coupled receptors, B,AR
and VR. Treatment of stable receptor cell lines [HEK293-8,AR
(37) or HEK293-V,R (38)] expressing the PCA-tagged PKA
sensor with the agonist isoproterenol (Fig. 44) or the antidi-
uretic hormone arginine—vasopressin (AVP) (Fig. 4B) induced
the dissociation of up to 80% of Reg-F(1):Cat-F(2) within the
first 15 min. The specificity of the receptor-mediated response
was confirmed by the observation that the B-adrenergic antag-
onist alprenolol and the V,R antagonist SR121363B blocked the
activation of the PKA reporter by isoproterenol and AVP,
respectively (Fig. 4 A and B).

These results indicate that discrete GPCR activation induces
the dissociation of the cAMP/PKA reporter Reg-F(1):Cat-F(2).
In contrast, isoproterenol or AVP treatment did not induce the
dissociation of the regulatory PKA homodimer.
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Fig. 4. Effect of GPCR agonists, antagonists, and PDE inhibition on PKA

activities. The Rluc-PCA was detected from transiently transfected HEK293T
cells grown on white-walled 96-well microtiter plates. (A) Effect of combina-
tions of alprenolol (10 uM, 60 min) pretreatment and isoproterenol (10 uM, 15
min) treatment of stable HEK293 clones expressing the B,AR on Reg-F(1):Cat-
F(2) or Reg-F(1):Reg-F(2) (mean = SD from triplicates). (B) Effect of SR121463B
(10 uM, 60 min) pretreatment and AVP (100 nM, 15 min) treatment of stable
HEK293 clones expressing the V;R on Reg-F(1):Cat-F(2) or Reg-F(1):Reg-F(2)
(mean = SD triplicates). (C) Stable V,R-HEK293 and 3,AR-HEK293 cells were
pretreated for indicated times with milrinone (10 M) and increasing concen-
trations of rolipram (uM) followed by plate reader analysis of the effect on the
Reg-F(1):Cat-F(2) (mean = SD from three independent experiments). (D) Sta-
ble B,AR-HEK293 cells were pretreated for 30 min with the selective 8,AR-
antagonist 1C1118,551 (1 wM) and isoproterenol (1 uM, 15 min) or increasing
concentrations of rolipram (uM, 15 min) followed by Rluc-PCA analysis of
Reg-F(1):Cat-F(2) (mean = SD from three independent experiments).

PDE4 Regulates Basal Activities of the B,AR. The accumulation of
cAMP is regulated through the activation of adenylyl cyclase by
Gag and its degradation by PDE activity. To test the role of PDE
in the regulation of constitutive basal GPCR activities we
quantified PKA activities in HEK293 cells treated with specific
inhibitors for those PDEs that have the highest activity in
HEK?293 cells, PDE3 and PDE4 (39). In HEK293 cells that stably
express the Gag-coupled receptors VR or B,AR, we transiently
transfected Reg-F(1):Cat-F(2) and treated the cells with the
PDE3 or PDE4 selective inhibitors milrinone or rolipram,
respectively. Milrinone had no effect on PKA activity, but
rolipram caused concentration- and time-dependent activation
of PKA in stable B,AR-HEK293 cells in the absence of any
ligand as well as in the presence of the neutral B,AR antagonist
alprenolol (SI Fig. 9). No response could be detected in V2R-
HEK293 cells (Fig. 4C) or HEK293 cells (data not shown).
Pretreatment of B,AR-HEK293 cells with the selective B,AR
antagonist ICI118,551 (inverse agonist) inhibited the rolipram
effect on PKA activation as well as the isoproterenol-mediated
response (Fig. 4D). This finding indicates that inhibition of
PDE4 increases the B;AR-mediated accumulation of cAMP and
therefore PKA activity. Binding of inverse agonists ICI118,511
and propranolol (data not shown) to the B,AR prevented the
receptor-mediated PKA response evoked by PDE4 inhibition
under basal conditions. These data indicate that the B,AR
spontaneous activity is a major contributor to the basal cAMP
levels that can be regulated by PDE4 in these cells.

Detecting Endogenously Expressed GPCRs Using the Rluc-PCA. We
next applied the Rluc-PCA PKA reporter to assess the presence
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Fig. 5. Identification of endogenously expressed GPCR cascades using the
Rluc-PCA PKA reporter. (A) The Rluc-PCA was detected from attached
HEK293T, HeLa, COS7, or U20S cells grown on white-walled 96-well microtiter
plates. Shown is the effect of combinations of alprenolol (10 wM, 60 min)
pretreatment and isoproterenol (10 uM, 15 min) treatment and combinations
of SR121463B (1 nM, 60 min) pretreatment and AVP (100 nM, 15 min) treat-
ment on Reg-F(1):Cat-F(2) (mean = SD from three independent experiments).
(B) The Rluc-PCA was detected from U20S cells stably expressing Reg-F(1):Cat-
F(2) in the presence and absence of isoproterenol (1 uM) (Left). Inmunoblot
analysis verifies the expression of endogenously expressed and overexpressed
regulatory and catalytic PKA subunits. ECsq values for isoproterenol-mediated
B-adrenergic activation were obtained by using increasing concentrations of
the ligand measured as changes of Reg-F(1):Cat-F(2) (Right; mean = SD from
three independent experiments). (C) Real-time kinetics (normalized on the
control experiment) in response to isoproterenol (1 uM) of Reg-F(1):Cat-F(2)
recorded with attached U20S cells (stable clone 1; three independent samples,
representative experiment). Washing steps were performed four times with
PBS after 10 min of first isoproterenol treatment. (D) Real-time kinetics
(normalized on the control experiment) of changes of Reg-F(1):Cat-F(2) re-
corded with attached U20S cells (stable clone 1) when treated with combi-
nations of 1CI118,551, alprenolol (both 10 uM, pretreatment 60 min), and
isoproterenol (1 pM). Half-times of PKA dissociation were calculated from
three independent experiments (mean = SD). Calculation of ECso and ti;,
values and curve fittings were done with Prism 3.01 (GraphPad) (mean = SD
from at least three independent samples).

of endogenously expressed GPCRs in selected cell lines. We
treated HEK293T, HeLa, COS7, and U20S cells, transiently
transfected with Reg-F(1):Cat-F(2), with combinations of V,R
and B2AR agonists and antagonists. After agonist treatment we
observed PKA activation only in COS7 and U20S cells in
response to the nonselective B-adrenergic agonist isoproterenol.
In HEK293T and HeLa cells we could not detect any isoprot-
erenol-mediated response, suggesting little or no activity of
B-adrenergic receptors. Pretreatment with the nonselective
B-adrenergic antagonist alprenolol inhibited the isoproterenol-
induced activation of the PKA reporter. No expression of
functional V;R can be detected in any tested cell line. (Fig. 54).
These results confirm that COS7 and U20S cells express at least
one subtype of B-adrenergic receptors endogenously.

Kinetics of B,AR-Mediated PKA Dissociation and Reassociation. We
generated a stable U20S cell line expressing the Rluc-PCA PKA
sensor to analyze responses of endogenously expressed GPCRs
(SI Methods). We performed immunoblotting analysis and detected
expression levels of Reg-F(1):Cat-F(2) at similar levels of endog-
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enously expressed PKA subunits in clone one (Fig. 5B Lower). In
response to isoproterenol treatment, we detected the dissociation of
Reg-F(1):Cat-F(2) (Fig. 5B Upper). The half-maximal effective
concentrations of isoproterenol required to induce PKA activation
(ECsp value) by endogenously expressed GPCR was determined to
be 5.2 = 3.5 nM (Fig. 5B Right), in the range of values obtained by
in vitro cAMP measurements of isoproterenol-treated B,AR-
expressing HEK293 cells (13.9 = 3.9 nM) (40).

Finally, we studied real-time continuous kinetics of PKA
activation by recording live cell bioluminescence of the whole
cell population. Subsequent to cAMP-triggered dissociation
(first isoproterenol) (Fig. 5C Left), reformation of the PCA-
tagged PKA complex could be detected immediately after
removal of isoproterenol within the first few seconds, reaching
the maximum amount of PKA holoenzyme in a biphasic process
within 2-3 min. Repeated isoproterenol treatment induced
dissociation of the Rluc-PCA PKA sensor, demonstrating that
the PCA detects PKA subunit reassociation (Fig. 5C Right).
Immediately after isoproterenol treatment we observed the
dissociation of the PKA reporter (¢1, = 30.47 = 3.03 seconds).
A similar pattern and timeframe of PKA activation has been
observed with fluorescence resonance energy transfer-based
PKA activity reporters in different cell types (10, 11). Pretreat-
ment of U20S cells with the nonselective B-adrenergic antag-
onist alprenolol and with the selective B-2 adrenergic antagonist
ICI118,551 prevented isoproterenol-mediated PKA activation to
the same extent (Fig. 5D), indicating that the response was
mediated by the B-2 adrenergic subtype.

Discussion

Our results demonstrate that the Rluc-PCA sensor meets several
requirements to study cell biological aspects of signal transmis-
sion in vivo. First we show that folding of rationally designed Rluc
fragments is reversible, which is a prerequisite to study signaling
events by the dynamics of protein complex assembly and disas-
sembly. The simplicity of this technology allows the detection of
interacting proteins even at expression levels far below the
endogenously expressed proteins, which causes fewer perturba-
tions of the cellular physiology. Second, the very high signal-to-
background ratio due to folding of the Rluc fragments in living
cells permits more sensitive detection of protein complex dy-
namics by imaging single cells or more simply by spectroscopic
monitoring of whole cell populations as would be desirable for
high-throughput screening applications.

Another advantage of the Rluc-PCA is the ability to record
and quantify repeatedly live changes of protein complexes in cell
populations. This approach provides the basis for accurate
determination of dose dependence of pharmacologically in-
duced alterations of protein complexes with temporal resolution
in the timeframe of seconds. In contrast to fluorescence and
bioluminescent resonance energy transfer approaches, Rluc-
PCA is a readout for absolute values of protein complexes, which
allows for the precise quantification of even modest perturba-
tions. Kinetics of protein complexes can be tracked via a simple
and undemanding protocol in high-throughput screening format
using 1,536-well plates (SI Fig. 10 and SI Methods). Reconsti-
tution of Rluc enzyme activity can be continuously measured for
>60 min (SI Fig. 11). Overall we demonstrate that Rluc-PCA can
be used as a reliable real-time sensor for detecting dynamic
protein complexes in living cells featured by its sensitivity and
simplicity.

We could not observe reversibility, a precondition to study
dynamic protein complexes, with the “barrel”-structured GFP-
based PCA (SI Fig. 8). We have tested every potential dissection
site in GFP and several variants and found none that are
reversible (data not shown). A key criterion for choosing a PCA
reporter has been to select those that have recognizable subdo-
mains (regions with more contact surface among a group of

16920 | www.pnas.org/cgi/doi/10.1073/pnas.0704257104

residues than with the rest of the structure) and to choose
dissection sites between these domains (21). The GFP B-barrel
structure has no such subdomains. It is possible that, given the
fewer contacts between subdomains, the dissociation of frag-
ments observed with the Rluc-PCA occurs first through disso-
ciation of its subdomains. The mechanistic details of PCA
dissociation are under investigation.

To assess pharmacological effects of cAMP modulation in
living cells we set out to use the Rluc-PCA in a biological system
to study protein complex dynamics of a key player in GPCR
cascades, PKA. Through the analysis of signaling cascades of two
prototypical Gas-coupled receptors we evaluated the extent to
which PDEs modulate constitutive basal GPCR activities (41).
We demonstrated that PDE4 inhibition selectively augments
B.AR-mediated PKA activation in the absence of any ligand
(Fig. 4C) as well as in the presence of the neutral $,AR
antagonist alprenolol (SI Fig. 9) while having no effect on
another Gas-coupled receptor (V:R). These findings better
define the role of the PDE4 family, whose involvement in
agonist-mediated B,AR signaling had been described (42, 43)
and whose inhibitors are therapeutic targets for a variety of
diseases (44). The existence of PDE4 and (3,AR in the same
complex under basal conditions could explain these results (45,
46). Interestingly, the effect of PDE4 inhibition could not be
observed after binding of the inverse agonists ICI118,551 (Fig.
4D) or propranolol (data not shown) to B,AR. Inverse agonists
stabilize the receptor in its inactive conformation, thereby
maximally inhibiting interaction of the receptor with Gs. The
neutral antagonist leaves the equilibrium between active and
inactive receptor more or less unchanged (47). Given the large
numbers of inverse agonists used clinically one could predict
unexpected synergistic effects of simultaneous treatment with
PDEA4 inhibitors.

Our study also confirms that the Rluc-PCA PKA sensor is
sensitive enough to report rapid alterations of protein complexes
originating from endogenously expressed receptors and effec-
tors. This is a prerequisite to reproduce known dissociation—
association kinetics and known pharmacological responses with
fidelity in response to GPCR stimulation. We further show that
it is possible to identify and characterize functional, endoge-
nously expressed receptors in a parallel fashion.

Given that the GPCR family is the most important class of
drug target, the Rluc-based PKA sensor represents a widely
applicable assay to study various aspects of GPCR signaling in
the context of drug discovery. Our findings demonstrate that
using combinations of selective agonists and antagonists it is
possible to assess key features of GPCRs such as (i) identifying
regulatory components and mechanism of constitutive GPCR
activities, (if) identifying subtypes of endogenously expressed
receptors in distinct cell lines, (iii) estimating dose-response
curves for ligands, and (iv) recording quantitatively the real-time
kinetics of PKA activation and inactivation.

In conclusion, our data indicate that using the newly devel-
oped Rluc-PCA PKA sensor we can quantify and image dynamic
protein complex assembly and disassembly, which are modulated
by distinct modules of the cAMP machinery. We have identified
a mechanism of how constitutive basal GPCR activities are
regulated and demonstrate a strategy to identify endogenously
expressed Gas-coupled receptors. Thus, this approach opens the
door to the identification and characterization of multiple
effectors of PKA. The design of further PCA sensors for distinct
Ga-coupled signaling cascades would provide a functional assay
platform to establish and analyze interconnected signaling
routes of kinases and the GPCR family.

Methods

Construction of Plasmids. Fragments [F(1):1-110aa; F(2):111-
310aa] of the humanized Rluc gene were PCR-amplified (tem-
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plate, phRL-CMV; Promega). Regulatory (rat, type I, Reg) and
catalytic (mouse, type «, Cat) subunits of PKA [cDNAs gener-
ously provided by M. Zaccolo, Dulbecco Telethon Institute,
Padua, Italy (11)] were subcloned into the 5’ end of the 10-aa
linker (GGGGS); and the Rluc-PCA fragments [Rluc-F(1) or
Rluc-F(2); pcDNA3.1].

Cell Culture and Immunoblot Analysis. Indicated cell lines were
plated into 12- or 96-well dishes and grown in DMEM (Invitro-
gen) supplemented with 10% FBS. Transient transfections were
performed with FuGENE-6 reagent (Roche). Cells were treated
with forskolin, 3-isobutyl-1-methylxanthine, AVP, isoprotere-
nol, alprenolol, ICI118,551, rolipram, milrinone (Sigma), and
SR121463B. The reactions were terminated and immunoblotted
with anti-Rluc antibodies [MAB4400 versus Rluc-F(2),
MAB4410 versus Rluc-F(1); Chemicon] or anti-Reg and anti-
Cat PKA antibodies (BD Transduction Laboratories).

Coimmunoprecipitation. PCA-tagged PKA complexes were immu-
noprecipitated from agonist-treated six-well dishes of HEK293T
cells. Cell lysate proteins were immunoprecipitated with 0.5 ug
of anti-Rluc antibodies (MAB4400; Chemicon) and protein
A/G-Sepharose (Calbiochem).
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Bioluminescence Assay. Immediately after treatment, exchange
of medium, and addition of 100 ul of PBS to the 96-well
white-walled plates (Corning), the bioluminescence analysis
using the LMaxII3¥ luminometer (Molecular Devices) was
initiated. Cells grown in 12-well plates were resuspended in 600
ul of PBS. A total of 100 ul of cell suspension (=107 cells) was
transferred to 96-well plates and subjected to bioluminescence
analysis. Rluc activities were monitored for the first 10 seconds
after addition of the substrate benzyl-coelenterazine (5 uM;
Nanolight).

Bioluminescence Imaging. Transfected HEK293T cells were
imaged on a Nikon Eclipse TE2000U inverted microscope
connected to a CoolSnap HQ Monochrome CCD camera (Pho-
tometrics) with binning 4 and CCD format of 6.45 X 6.45-um
pixels. Bioluminescence images were background-corrected and
processed by using Metamorph software (Universal Imaging).
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