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ABSTRACT

A novel cell-based functional assay to directly monitor G protein-coupled receptor (GPCR) activation in a high-through-
put format, based on a common GPCR regulation mechanism, the interaction between �-arrestin and ligand-activated
GPCR, is described. A protein-protein interaction technology, the InteraX™ system, uses a pair of inactive -
galactosidase (�-gal) deletion mutants as fusion partners to the protein targets of interest. To monitor GPCR activation,
stable cell lines expressing both GPCR- and �-arrestin-�-gal fusion proteins are generated. Following ligand stimula-
tion, �-arrestin binds to the activated GPCR, and this interaction drives functional complementation of the �-gal mu-
tant fragments. GPCR activation is measured directly by quantitating restored �-gal activity. The authors have vali-
dated this assay system with two functionally divergent GPCRs: the �2-adrenergic amine receptor and the CXCR2
chemokine-binding receptor. Both receptors are activated or blocked with known agonists and antagonists in a dose-de-
pendent manner. The �2-adrenergic receptor cell line was screened with the LOPAC™ compound library to identify
both agonists and antagonists, validating this system for high-throughput screening performance in a 96-well microplate
format. Hit specificity was confirmed by quantitating the level of cAMP. This assay system has also been performed in a
high-density (384-well) microplate format. This system provides a specific, sensitive, and robust methodology for study-
ing and screening GPCR-mediated signaling pathways.

INTRODUCTION

G PROTEIN-COUPLED RECEPTORS (GPCRs) mediate a wide variety
of biological processes, including phototransduction,

neurotransmission, chemoattraction, cardiac output, feeding be-
havior, pain modulation, and olfactory and gustatory sensory. We
have developed a novel cell-based protein-protein interaction
technology to directly monitor GPCR activation. This system is
based on β-galactosidase (β-gal) enzyme complementation and
comprises 2 inactive β-galactosidase deletion mutants as fusion
partners to the protein pairs of interest. Physical interaction of the
2 target proteins drives complementation of the β-gal fusion
fragments, resulting in measurable β-gal enzymatic activity.1-4

We used a GPCR andβ-arrestin as protein partners to monitor
GPCR activation through β-gal complementation. β-Arrestins
are ubiquitously expressed in all cell types and have also been
shown to mediate the internalization and resensitization of many
known GPCRs.5-8 β-Arrestins bind with high affinity to the ago-
nist-activated GPCR carboxyl-terminal tail. This high-affinity

binding requires a G protein-coupled receptor kinase (GRK) to
phosphorylate the GPCR,9-12 uncoupling the receptor from hetero-
trimeric G proteins, which results in receptor desensitization,9,10,13-17

a common mechanism among functionally diverse GPCRs.5,9,16,18

A GPCR coding sequence is fused to one β-gal mutant fragment
(∆α), and β-arrestin is fused to another β-gal fragment (∆ω). In
cells stably expressing these fusions, following ligand stimula-
tion, β-arrestin binds to the activated GPCR and drives com-
plementation of the β-gal fragments. β-gal activity is then mea-
sured directly in the culture plate with a chemiluminescent β-
galactosidase assay. The interaction between an agonist-stimu-
lated GPCR and β-arrestin has been demonstrated by numerous
studies. Translocation of a β-arrestin-GFP fusion protein to
ligand-activated GPCRs at the cell surface19,20 and biolumin-
escence resonance energy transfer between the β2-adrenergic re-
ceptor and β-arrestin21 have both been used to validate the sens-
ing of a GPCR-β-arrestin interaction to monitor GPCR signaling
events.

The β2-adrenergic receptor (β2AR) is one of the most well-
characterized members of the GPCR family and is an important
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therapeutic target for several clinical conditions.22 We con-
structed a β2-adrenergic receptor cell line, which expresses the
β2-adrenergic receptor fused to the β-gal ∆α fragment and β-
arrestin 2 (βarr2) fused to the β-gal ∆ω fragment (β2AR-∆α/
βarr2-∆ω). We have demonstrated dose-dependentβ-gal activity
in β2AR-∆α/βarr2-∆ω cells in response to agonist treatment, as
well as inhibition with antagonist treatment. In addition, we have
evaluated the CXCR2 chemokine receptor in this system with
both agonists and antagonists. CXCR2 is a high-affinity receptor
expressed primarily on neutrophils that responds to interleukin-8
(IL-8) and other CXC chemokines.23,24

To validate this technology for high-throughput screening
(HTS) evaluation of GPCR agonist and antagonist identification,
we screened the β2AR-∆α/βarr2-∆ω cell line against the Library
of Pharmacologically Active Compounds (LOPAC™), a library
collection of 640 compounds with known biological activities.
We identified 5 out of 7 of the known β2AR agonists with >50%
maximum induction and all of 7 known β-adrenergic antagonists
included in the LOPAC™ library. Assay performance criteria
met the acceptable standards of a quantitative HTS assay with an
average Z factor of > 0.5. To confirm the specificity of antago-
nists identified, we assayed cAMP production and evaluated
compound toxicity. We also evaluated the β2-adrenergic receptor
cell line performance in a 384-well microplate format, requiring
development of a suspension cell protocol. In addition, this sys-
tem has been evaluated for high-throughput screening with a cell
line containing EGFR fused to the β-galactosidase fragments.
EGF-induced EGFR dimerization was validated in both 96-and
384-well screening formats, and favorably low false-inhibitor hit
rates were obtained.25

This protein-protein interaction technology provides a ro-
bust, low false-positive cell-based assay system for GPCR acti-
vation and functional analysis of GPCR signaling pathways. In
addition, the application of the InteraX™ system to GPCR sig-
naling analysis meets the requirements of high-throughput
screening.

MATERIALS AND METHODS

Cell line construction

The human β2-adrenergic receptor, CXCR2 receptor, and β-
arrestin 2 coding sequences were PCR-amplified and cloned into
retroviral expression vectors containing the ∆α or ∆ω β-
galactosidase fragments, as described elsewhere.1 To construct
the β2AR-∆α/βarr2-∆ω and CXCR2-∆α/βarr2-∆ω InteraX™
cell lines, we first introduced the retroviral GPCR-∆α expression
vector into PT67 packaging cells (Clontech, Palo Alto, CA) with
FuGENE™ 6 transfection agent (Roche, Indianapolis, IN). Two
days later, media containing viral particles were used to infect
C2C12 mouse myoblast cells (ATCC, Manassas, VA). Infected
cells were selected with G418 (Life Technologies, Rockville,
MD). Stable clones were obtained by limiting dilution, and ex-
pression was confirmed by β-gal ELISA, as described previ-
ously.3 GPCR-∆α-expressing clones were infected with
retrovirally packaged βarr2-∆ω expression vector, as described
above. Dual-infected pools were selected with G418 and
hygromycin B and cloned by limiting dilution or by FACS for the

CXCR2 cell line using an anti-CXCR2 monoclonal antibody
(R&D Systems, Minneapolis, MN) with the Alexa Fluor™ sig-
nal amplification kit (Molecular Probes, Eugene, OR). Cells
coexpressing the GPCR and β-arrestin fusions were cultured in
DMEM with 20% FBS, 0.1 mg/ml streptomycin, 100 U/ml peni-
cillin, 0.5 mg/ml hygromycin B, and 1 mg/ml G418 at 37 °C in
10% CO2.

Induction/inhibition of β2AR and CXCR2 receptors

β2AR-∆α/βarr2-∆ω cells were plated at 10,000 cells/well
(96-well format) and cultured for 20 to 24 h. For agonist dose re-
sponse, cells were then incubated with (–)isoproterenol (Sigma
Chemical Co., St. Louis, MO) or procaterol (Sigma)/0.3 mM
ascorbic acid in serum-free DMEM for 60 min at 37 °C. For an-
tagonist dose response, cells were preincubated for 10 min in
serum-free DMEM containing ICI-118,551 (Sigma) or propranolol
(Sigma), followed by addition of 10 µM (–)isoproterenol/0.3 mM
ascorbic acid for 60 min at 37 °C.

CXCR2-∆α/βarr2-∆ω cells were plated at 10,000 to 20,000
cells/well (96-well format) and cultured for 20 to 24 h. For ago-
nist dose response, cells were starved for 2 h in DMEM/0.1%
FBS and then induced with IL-8 (Sigma) or GROα (Calbiochem,
San Diego, CA) in DMEM/0.1% FBS for 2 h. For antagonist
dose response, dilutions of antagonist SB225002 (Calbiochem)
and 10 nM IL-8 were added sequentially in DMEM/0.1% FBS,
and cells were then incubated for 2 h.

For all agonist and antagonist experiments, β-gal activity was
then quantitated with the chemiluminescent Gal-Screen® reagent
(Applied Biosystems, Foster City, CA). Gal-Screen® Buffer A
(100 µl/well for 96-well format and 35 µl/well for 384-well for-
mat) was added, and plates were incubated at room temperature
for 60 min. Light emission was measured with the TR717™
microplate luminometer (Applied Biosystems) for 1 s/well or
imaged with the NorthStar™ HTS Workstation (Applied
Biosystems) for 60 s/plate (96-well) and 120 s/plate (384-well).
Data represent the average relative light units (RLU) of either du-
plicates or triplicates.

Screening automation

For screening, cell dispensing, media aspiration, compound
addition, and assay reagent handling were performed with the
Multidrop™ 384 microvolume dispenser (ThermoLabsystems,
Franklin, MA), the Elx405™ Select plate washer (BIO-TEK In-
strument, Winooski, VT), and the PlateMate™ automated
pipettor (Matrix Technologies, Hudson, NH).

Agonist screen

β2AR-∆α/βarr2-∆ω cells were plated (10,000 cells/well) in
96-well plates and cultured for 24 h. Media were removed, and
90 µl of serum-free DMEM (phenol red-free)/0.3 mM ascorbic
acid was added. LOPAC™ library compounds (Sigma) were di-
luted in serum-free DMEM (phenol red-free)/0.3 mM ascorbic
acid and added (10 µl/well) at a final concentration of 2 µM and
incubated at 37 °C for 60 min.β-gal activity was quantitated with
the Gal-Screen® reagent. The performance of the agonist screen

452 YAN ET AL.



was analyzed with the HTS Datadisplay 4.0 software (Applied
Biosystems).

Antagonist screen

β2AR-∆α/βarr2-∆ω cells were plated (10,000 cells/well) in
96-well plates and cultured for 24 to 48 h. Media were removed,
and 80µl of serum-free DMEM (phenol red-free)/0.3 mM ascor-
bic acid was added. LOPAC™ compounds were diluted in se-
rum-free DMEM (phenol red-free)/0.3 mM ascorbic acid and
added (10 µl/well) at final concentrations of 10 µM or 2 µM and
incubated for 10 min at room temperature. The β2AR agonist,
(–)isoproterenol (+)bitartrate salt, was then added (10 µl/well) at
a final concentration of 10µM and incubated at 37 °C for 60 min.
β-gal activity was quantitated with the Gal-Screen® reagent. The
performance of the antagonist screen was analyzed with the HTS
Datadisplay 4.0 software (Applied Biosystems).

Measurement of cAMP

β2AR-∆α/βarr2-∆ω cells were plated (10,000 cells/well) in a
96-well plate for 24 h, and then medium was changed to serum-
free DMEM (phenol red-free)/0.3 mM ascorbic acid/IBMX
(Sigma). Compounds were incubated with cells for 15 min prior
to measuring the cAMP level with the cAMP-Screen™
chemiluminescent immunoassay reagents (Applied
Biosystems).26 Light emission was measured with the TR717™
microplate luminometer (Applied Biosystems).

Toxicity assay

Cells (10,000 cells/well) were incubated with compounds for
~20 h. Then, the Alamar Blue™ reagent (10 µl/well,
BIOSOURCE International, Camarillo, CA) was added and in-
cubated for 4 h. Fluorescence was measured using an excitation
wavelength of 550 nm, and emission (590 nm maximum) was
measured at 595 nm with the HTS 7000 Bio Assay Reader
(Perkin-Elmer, Shelton, CT).

HTS detection protocol for cells in suspension

β2AR-∆α/βarr2-∆ω cells were dissociated with 0.25%
Trypsin/EDTA (Sigma) or with nonenzymatic solution (Sigma),
washed with PBS, and suspended in serum-free DMEM (phenol
red-free) medium containing 0.3 mM ascorbic acid. Cells were
dispensed into a 96-well (90 µl/well) or a 384-well (30 µl/well)
microplate with the Multidrop™ 384 microvolume dispenser
(ThermoLabsystems). For both 96-well and 384-well plates,
10,000 to 20,000 cells/well were seeded, and compounds were
then added immediately (10 µl/well for 96-well, 5 µl/well for
384-well) with the PlateMate™ automated pipettor (Matrix
Technologies) and incubated at 37 °C for 60 min. β-gal activity
was quantitated with the Gal-Screen® reagent as described. In
brief, 100 µl (96-well) or 35 µl (384-well) of Gal-Screen® Buffer
A was dispensed with the Mult idrop™ dispenser
(ThermoLabsystems) and incubated at 37 °C for 60 min. Light
emission was measured either by the TR717™ luminometer (1 s/
well for 96-well) (Applied Biosystems) or by the NorthStar™
HTS Workstation (120 s/plate for 384-well) (Applied
Biosystems).

RESULTS AND DISCUSSION

Agonist and antagonist dose-dependent β-gal
complementation

We have established 2 stable cell lines, β2AR-∆α/βarr2-∆ω
and CXCR2-∆α/βarr2-∆ω, to study GPCR activation with the
InteraX™ assay system (illustrated in Figure 1). The 2 β-gal de-
letion mutants, ∆α and ∆ω, are individually inactive and have a
low affinity for each other. Following agonist stimulation, in
cells coexpressing GPCR-∆α and βarr2-∆ω fusion proteins, the
complementation of β-galactosidase activity is a direct readout
for ligand-induced GPCR activation via the β-arrestin
interaction.

The association of the β2-adrenergic receptor (β2AR) with β-
arrestin 2 is known to be agonist dependent.9 Cells coexpressing
both β2AR-∆α and βarr2-∆ω fusion proteins were analyzed for
agonist-induced β-gal complementation to demonstrate the use
of β-gal enzyme complementation to directly monitor ligand-in-
duced GPCR activation and β-arrestin binding. As shown in Fig-
ure 2A, β2AR-∆α/βarr2-∆ω cells responded to two known
agonists, isoproterenol and procaterol, with a dose-dependent in-
crease in β-gal activity. The EC50 obtained for isoproterenol is
27 nM, and the EC50 for procaterol is 15 nM. The value obtained
with isoproterenol is similar to that reported for isoproterenol-
stimulated β2AR sequestration in HEK-293 cells (11 nM) and
adenylyl cyclase activity in Sf9 cells expressing β2AR (23
nM),27,28 while the EC50 value for procaterol was not found in the
literature.

Dose-dependent inhibition of the β-gal interaction readout
was demonstrated with the β2AR antagonists propranolol and
ICI-118,551 in the presence of 10 µM isoproterenol (Fig. 2B).
The IC50 obtained is 140 nM for propanolol and 78 nM for ICI-
118,551. These results demonstrate that β-gal complementation
with the InteraX™ system can be used to monitor β2-adrenergic
receptor response to both agonists and antagonists in quantitative
pharmacological studies.
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FIG. 1. The InteraX™-based G protein-coupled receptor (GPCR) as-
say system. The inactiveβ-gal deletion mutants,∆α and∆ω, are fused to the
carboxyl terminus of a GPCR and β-arrestin 2, respectively. Fusion pro-
teins are stably expressed in cells following retroviral infection and clone
selection. Interaction of ligand-activated GPCR with β-arrestin 2 drives
complementation of the β-gal mutant fragments.



Chemokine receptors form a distinct group of structurally re-
lated proteins within the GPCR superfamily. This assay method
has been extended to the evaluation of the chemokine receptor
CXCR2. Ligand-activated CXCR2 has been shown to interact
with β-arrestin 1 by coimmunoprecipitation in HEK293 cells29

and to rapidly desensitize and internalize on agonist stimu-
lation.30 Cells coexpressing CXCR2-∆α and βarr2-∆ωwere ana-
lyzed for agonist-induced response (unpublished data), and EC50

values observed for IL-8 (1 nM) and GROα (3 nM) are very simi-
lar to those measured in human HEK293 cells expressing
CXCR2 using a calcium flux response, 4 nM for IL-8 and 5 nM
for GROα, respectively. Furthermore, this activation is specific,
as macrophage inflammatory protein-1α, a CC chemokine spe-
cific for several CCRs, failed to induce activation of the CXCR2
receptor. To further confirm the specificity of this system as a
functional readout for receptor activation and inhibition, we used
a known CXCR2 antagonist, SB 225002,31 to block agonist-in-
duced CXCR2 interaction with β-arrestin 2. SB 225002 inhib-
ited IL-8-induced CXCR2 binding to β-arrestin 2 in a dose-de-
pendent manner with an IC50 value of 45 nM, similar to that
reported.31

Agonist screening

To further validate this cell-based protein-protein interaction
assay system, we performed a high-throughput screen for both
agonist and antagonist activities with the β2AR-∆α/βarr2-∆ω
cell line against the LOPAC™ compound library, which includes
640 known pharmacologically active compounds. For agonist
screening, cells were incubated with compounds at 2 µM for 60
min in a serum-free medium containing 0.3 mM ascorbic acid.
Compounds were tested in duplicate. A known agonist,
isoproterenol, was used as the positive control, and the same me-
dia without isoproterenol were used as the untreated control. All

wells were treated identically and contained 0.02% DMSO,
which has been determined to have no adverse effect on the cells
or the assay at that concentration (data not shown). The effect of
each compound on the induction of β-gal complementation is
shown in Figure 3. The agonist activities obtained from most of
compounds fall below 34.8% β-gal induction, 3 times that of
standard deviation, and are considered insignificant activities.
Six compounds demonstrated significant induction (> 50%) of
β-gal activity. Table 1 lists the 24 known adrenergic agonists in-
cluded in the LOPAC™ library and the one additional compound
with agonist activity. The agonist activity is expressed as the per-
centage of maximal β-gal induction by 2 µM isoproterenol. Of
these 24 agonists, 7 are knownβ2-,β-adrenergic and nonselective
adrenergic agonists and would be expected to have agonist activ-
ity in this assay. Five out of 7 compounds were identified in the
screening assay to have > 50% of maximum induction. The other
2β- orβ2-adrenergic agonists showed slight to moderate activity.
Compound N-153 (nylidrin), a β-adrenergic selective agonist,
showed 12% of maximal induction, and the subtype-specific β2-
adrenergic agonist A-109 (salbutamol) showed 20% induction.
These 2 compounds have been tested for dose-dependent β-gal
complementation, and they demonstrated little or no activity on
β-adrenergic receptor activation (data not shown). Compound C-
147 also showed > 50% of maximum induction. This compound
has been classified as an antagonist of the sigma receptor. How-
ever, neither the compound nor the sigma receptor has been re-
ported to have any similarities to the structure of β-adrenergic
agonists or to the receptor sequence. The overall results of the ag-
onist screen indicate that this cell-based system has a low false-
positive rate (1/640) for monitoring GPCR activation by sensing
of the β-arrestin 2/activated-GPCR interaction. The low hit rate
suggests that this cell-based functional assay system has high se-
lectivity for agonist-induced activity.

454 YAN ET AL.

FIG. 2. Agonist and antagonist dose response with β2AR-∆α/βarr2-∆ω cells. (A) Agonist dose response with isoproterenol and procaterol. (B) Inhibi-
tion of isoproterenol-induced β-gal interaction readout. Dose-dependent inhibition of isoproterenol-stimulated β-gal activity is observed following pretreat-
ment with propranolol and ICI-118,551. Data represent the average relative light units (RLU) of triplicates. Error bars indicate standard deviation.
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Antagonist screening

For antagonist screening of the β2AR-∆α/βarr2-∆ω cells,
compounds were tested in duplicate at both 2 µM and 10 µM.
The performance of the antagonist screen was analyzed with the
HTS Datadisplay 4.0 software. A total of 28 plates were assayed.
After examining the data with 3 statistical measures, including
percentage of coefficient of variation (%CV), Z factor, and signal
to noise (S/N), 3 assay plates showed high %CV (7%-12%) and
low Z factors (< 0.2) and were thus rejected.

The antagonist screen also demonstrates high specificity.
Eight hits, including the 7 predicted hits, were obtained with >
50% inhibition of the isoproterenol-induced β-gal interaction
readout at the 10 µM and 2 µM compound, while 8 other com-
pounds only showed >50% inhibition at only 10 µM (see Table
2). Table 2 lists all of the known adrenergic antagonists included
in the LOPAC™ library, as well as potential antagonist com-
pounds showing > 50% inhibition. All of these compounds were
tested for cytotoxicity with the fluorescent Alamar Blue™ assay,
which measures metabolic activity by quantitation of the re-
duced redox indicator resulting from cell growth. The active
compounds not known to target adrenergic receptors express
varying degrees of toxicity, especially compounds C-198, C-
129, and S-148 (data not shown).

To confirm specificity of initial hits, we repeated the receptor-
arrestin interaction assay, and hits were validated with an addi-
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TABLE 1. RESULTS OF THE AGONIST SCREEN WITH THE LOPAC™ LIBRARY

Subtype % Induction

Compound ID Position Class of Action Type of Receptor Specificity of -gal Activitya Commentsb

E-104 RK002-A6 Agonist Adrenergic — 88.2 *
M-133 RK002-H7 Agonist Adrenergic — 56.5 *
I-102 RK002-B6 Agonist Adrenergic beta 85.8 *
I-104 RK002-C7 Agonist Adrenergic beta 82.9 *
I-103 RK002-C6 Agonist Adrenergic beta 71.1 *
N-153 RK002-F8 Agonist Adrenergic beta 11.9 *
A-109 RK002-A2 Agonist Adrenergic beta2 20.4 *
D-172 RK002-H5 Agonist Adrenergic beta1 4.7
B-169 RK002-F4 Agonist Adrenergic beta3 2.4
C-125 RK002-B5 Agonist/Antagonist Adrenergic beta 0
N-113 RK002-C8 Agonist Adrenergic alpha, beta1 15
B-001 RK002-F2 Agonist Adrenergic alpha2 0
B-002 RK002-G2 Agonist Adrenergic alpha2 0
B-012 RK002-D3 Agonist Adrenergic alpha 0
B-161 RK002-D4 Agonist Adrenergic alpha2 0
C-223 RK002-F2 Agonist Adrenergic alpha1A 0
G-110 RK002-D6 Agonist Adrenergic alpha2 5.1
I-114 RK002-D7 Agonist Adrenergic alpha2 2.8
M-134 RK002-A8 Agonist Adrenergic alpha1 0
O-101 RK002-H8 Agonist Adrenergic alpha 0
O-110 RK002-A9 Agonist Adrenergic alpha2A 0
P-133 RK002-A10 Agonist Adrenergic alpha1 5.3
U-104 RK002-E11 Agonist Adrenergic alpha2 0.9
X-101 RK002-F11 Agonist Adrenergic alpha2 2.4
C-147 RK005-G4 Antagonist Sigma — 54.1

aComplemented β-gal activity from 2µM (–)isoproterenol stimulation is used as 100% induction.
bThe asterisks indicate that compounds are expected to have agonist activity.
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FIG. 3. LOPAC™ library agonist screening. The LOPAC™ library
(640 compounds) was assayed in duplicate for each screen. Each bar repre-
sents the effect of each compound on the β-gal interaction readout. The
β2AR-∆α/βarr2-∆ω cells were incubated with compounds at 2 µM at 37 °C
for 60 min. The induction of β-gal activity is expressed as a percentage of
isoproterenol induction (performed in the same plate).



tional functional assay for inhibition of cAMP production, a
well-characterized response in β2-adrenergic receptor signaling.
The specificity of 7 of the 16 initial hits was confirmed, with
these compounds showing > 50% inhibition of the receptor-
arrestin interaction readout and > 50% inhibition of cAMP pro-
duction at both 10 µM and 2 µM. Figure 4 shows the correlation
between the inhibition results of the receptor-arrestin interaction
assay (retest data) and the secondary assay for cAMP production
obtained at the 2µM compound. Most compounds demonstrated
a good correlation between inhibition of the receptor-arrestin in-
teraction and inhibition of cAMP production.

Compound B-012, an α-adrenergic antagonist, showed inhi-
bition of only the β-gal interaction readout (> 50%). There is lit-
tle inhibition of cAMP production, indicating lack of effect on
the G protein downstream signaling response. Compound S-148,
an ATPase inhibitor, showed approximately 50% inhibition of
the interaction readout but no inhibition of cAMP production,
representing a nonspecific hit. The remaining 8 hits did not show
inhibition of the receptor-arrestin interaction readout at 2 µM
and did not significantly inhibit cAMP production. Two of these
8 compounds demonstrated significant toxicity (data not shown).
To summarize, all compounds with known antagonist activity re-
sulted in a hit, and only 1 compound (B-012) consistently
showed a false-positive result. A low false-positive rate for an-
tagonist screening (0.5%) has also been observed in an EGF re-
ceptor dimerization InteraX™ cell line containing EGFR fused
to the β-gal fragments, screened against a random 1280-com-
pound library, which compares very favorably to cell-based re-
porter gene assays that can typically result in false-positive rates
of > 5%.25 A low false-positive rate has also been observed in
screens of other InteraX™ cell lines with the LOPAC™ library
(unpublished data).

In the agonist and antagonist screens, all compounds, in addi-
tion to positive and negative controls, were performed in dupli-
cate. To demonstrate the repeatability of the assay system, we
plotted the correlation between agonist replicates in Figure 5, us-
ing data from duplicates in separate sets of assay plates. The
compounds are concentrated at the intersection of both axes
(within 20% of zero), indicating inactive compounds, and values
> 30% showed excellent reproducibility. Acceptance of assay
plates was based on performance of S/N and Z' factor.32 Although
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TABLE 2. RESULTS OF THE ANTAGONIST SCREEN WITH THE LOPAC™ LIBRARY

% Inhibition % Inhibition

of -gal of -gal
Compound Subtype Activity Activity

ID Position Class of Action Type of Receptor Specificity at 10 µM at 2 µM Comments

A-131 RK002-B2 Antagonist Adrenergic beta 75 94
C-125 RK002-B5 Agonist/antagonist Adrenergic beta 81 92
T-148 RK002-C11 Antagonist Adrenergic beta 94 89
P-119 RK002-C9 Ligand Adrenergic beta 78 76
B-012 RK002-B3 Agonist Adrenergic alpha 100 62
I-127 RK002-E7 Antagonist Adrenergic beta2 87 76
P-125 RK002-E9 Antagonist Adrenergic beta 98 81
P-128 RK002-F9 Antagonist Adrenergic beta 84 85
P-129 RK002-G9 Antagonist Histamine H1 56 0
B-111 RK003-E3 Blocker Ca2+ channel — 50 23
T-103 RK004-B11 Antagonist Dopamine D1/D2 55 0
L-118 RK004-B8 Agonist/antagonist Dopamine/serotonin D2 71 42
C-198 RK006-B4 Inhibitor Enzyme Protein kinase C 59 0 Toxic
C-129 RK007-A4 Inhibitor Update Serotonin 50 12 Slightly toxic
P-150 RK007-B8 Antagonist Serotonin 5-HT1A 75 24 Structural isomer

of P-119
S-148 RK008-D11 Inhibitor Enzyme ATPase

(Mg2+ and Na+/K+) 100 0 Toxic
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FIG. 4. Confirmation and specificity of antagonist hits by cAMP
quantitation. Sixteen hits obtained with > 50% inhibition of the receptor-
arrestin interaction readout were tested for inhibition of cAMP production
and rescreened with the receptor-arrestin interaction assay. The antagonist
activity for either the interaction readout or cAMP production is expressed
as a percentage of inhibition compared to the control level with
isoproterenol stimulation.



average S/N was 1.8 for the screening run, the robustness of the
assay is indicated by the fact that 41 of 44 screening plates had Z’
values of > 0.4 (Fig. 6). Similar sensitivity is observed with other
assay methods based on sensing of the GPCR/β-arrestin interac-
tion, and thus the S/N achieved is likely limited by the biology of
the particular receptor response or interaction. With other cell
lines containing β-gal fusions for detection of protein-protein in-
teraction, higher S/N is obtained.3 Using a 50% activity cutoff for
both agonists and antagonists, very few false positives were
identified.

Development of HTS protocol for cells
in suspension in 384-well microplate format

A protocol was developed to enable direct addition of a cell
suspension into a predispensed compound plate in a high-
throughput screening application. A cell suspension was pre-
pared from nearly confluent β2AR-∆α/βarr2-∆ω cells by disso-
ciating the cells with either 0.25% trypsin/EDTA or a
nonenzymatic dissociation solution immediately before assay-
ing. Figure 7 shows a comparison of results obtained with both
dissociation methods, using 20,000 cells/well in a 96-well plate.
The EC50 values obtained following 1 h of incubation with
isoproterenol with both suspension methods are very similar.
The signal intensity obtained with trypsinized cells is lower than
that from non-enzymatic-dissociated cells (Fig. 7), but the S/N of
agonist response is the same with either method. The
nonenzymatic method yielded greater assay variability due to in-
complete dissociation of cells. In addition, isoproterenol dose-
response results obtained with the cell suspension format were
compared to those obtained with the standard format using ad-
herent cells. β2AR-∆α/βarr2-∆ω cells were either grown 24 h
(adherent cells, 10,000 cells/well) or plated immediately (sus-
pension cells, 20,000 cells/well) prior to isoproterenol stimula-
tion. The EC50 obtained with adherent cells (13 nM) is very simi-

lar to that obtained with suspension cells (16 nM) in a 96-well
microplate format. The suspension cell protocol was also evalu-
ated in a 384-well microplate format. Cells were dispensed at
10,000 to 20,000 cells/30 µl/well in a 384-well microplate with
the Multidrop™ 384 dispenser. The receptor-arrestin interaction
β-gal readout was measured with the NorthStar™ HTS Worksta-
tion. The EC50 for isoproterenol in the 384-well format is 11 nm,
comparable to that obtained in 96-well format. To achieve a high
S/N value, low coefficient of variation (CV), and an acceptable Z
factor, several parameters were found to be important for the sus-
pension cell protocol for the 384-well format. To obtain optimal
S/N, the use of 90% to 95% confluent culture plates for prepara-
tion of the cell suspension is necessary. Cultures significantly be-
low or above 90% to 95% confluence will not yield optimal re-
sults. Second, the use of automated liquid handling with high
precision and accuracy that provides CVs within 5% to 6% is es-
sential to achieve Z factors ≥ 0.4. These results were confirmed
and repeatable over several independent 384-well format
experiments.

CONCLUSION

We have demonstrated that fusions of a GPCR and β-arrestin
to complementing fragments of β-galactosidase target proteins
can be used as a sensor for monitoring GPCR signaling pathway
activation in a cellular environment. The feasibility screen with
the LOPAC™ library demonstrated that the InteraX™ GPCR as-
say system is able to identify agonists and antagonists for β2AR.
This assay method provides a suitable format for HTS automated
screening with a simple lyse and read detection protocol using ei-
ther adherent or suspension cells. The sensitivity, specificity, and
ease of use of this GPCR assay system provide the means for dis-
covering new therapeutic leads for known GPCRs and to poten-
tially de-orphanize novel GPCRs.
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