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Abstract: Detection of protein-protein interactions involved in signal transduction in live cells and
organisms has a variety of important applications. We report a fluorogenic assay for G protein-
coupled receptor (GPCR)-f-arrestin interaction that is genetically encoded, generalizes to multiple
GPCRs, and features high signal-to-noise because fluorescence is absent until its components
interact upon GPCR activation. Fluorescence after protease-activated receptor-1 activation
developed in minutes and required specific serine-threonine residues in the receptor carboxyl tail,
consistent with a classical G protein-coupled receptor kinase dependent p-arrestin recruitment
mechanism. This assay provides a useful complement to other in vivo assays of GPCR activation.
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Introduction

The G protein-coupled receptor (GPCR) superfamily
is the largest receptor family in the animal kingdom,
with more than 800 GPCRs encoded in the human
genome.! GPCRs share the same topology, consisting
of an extracellular N-terminus, seven membrane-
spanning helices connected by three extracellular
and three intracellular loops, and an intracellular

C-terminus. Activated GPCRs act as nucleotide
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exchange factors for heterotrimeric G proteins,
enabling the latter to bind and activate downstream
effectors. For example, the GPCR protease-activated
receptor-1 (PAR1) activates Gq, which in turn acti-
vates phospholipase C, phosphoinositide hydrolysis,
calcium mobilization, and protein kinase C.23
Activated GPCRs are rapidly phosphorylated by G
protein-coupled receptor kinases (GRKs),* which
enables the GPCRs to bind arrestins, undergo inter-
nalization, and trigger arrestin-dependent signaling.
Because GPCRs regulate a host of functions impor-
tant in physiology and disease and are important
drug targets, methods for detecting GPCR activity
in cells and tissues have been of intense interest.
Examples include detection of GPCR/B-arrestin
interaction as movement of a B-arrestin—green fluo-
rescent protein (GFP) fusion protein from cytosol to
plasma membrane® and the transcription-based
Tango assay.®” We describe a fluorogenic assay that
features a high signal-to-noise because fluorescence
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develops only upon GPCR/B-arrestin interaction and
more rapid response times than the Tango assay,
presumably because signal does not require de novo
protein synthesis.

Results and Discussion

In this work, to develop a dark-to-bright fluorogenic
GPCR/B-arrestin interaction assay, we employed a
tripartite GFP that detects protein—protein interac-
tion (PPI) without background fluorescence.® Previ-
ously used bipartite systems, for example, the yellow
fluorescent protein Venus-based protein complemen-
tation assay, have significant background fluores-
cence in the absence of PPI due to intrinsic affinity
of the two parts of the split fluorescent protein. The
crystal structure of GFP indicates that it is com-
posed of 11 B strands (Supporting Information Movie
S1).%10 In tripartite GFP, one part contains nine p
strands (B1-9); the second part contains the 10th B
strand (B10); the third part contains the 11th B
strand (811).2 B1-9 contains three amino acids that
form the chromophore,'*'? and B11 contains the
highly conserved Glu222 that catalyzes the chromo-
phore maturation.'® A tripartite GFP was previously
demonstrated to detect several PPIs including
rapamycin-induced interaction between FKBP and
Frb, which were fused to f11 and p10.® This system
appeared to provide better signal-to-noise than the
bipartite approach, presumably due to less efficient
self-assembly without proximity of 311 and p10.

To detect GPCR/B-arrestin interaction, we first
designed a positive control by fusing 311 to the trans-
membrane protein CD4 that is linked to FKBP (i.e.,
CD4-FKBP-B11), and B10 to Frb. HEK293 cells express-
ing the fusion constructs together with B1-9 and
mCherry developed green fluorescence at the plasma
membrane upon addition of rapamycin (Supporting
Information Fig. S1), suggesting that the tripartite GFP
system might be able to detect interaction between a
membrane protein and a cytosolic protein, mimicking
GPCR and B-arrestin. Accordingly, we next designed a
GPCR/B-arrestin interaction assay by fusing 11 to C-
terminus of GPCR and 10 to N-terminus of B-arrestin.
The rationale of this design [Fig. 1(A)] is that 10 and
B11 should remain separated until GPCR activation and
B-arrestin brings them into proximity to support stable
binding of B1-9, reconstitution of GFP, and development
of green fluorescence [Fig. 1(A)]. We dubbed this assay
Trio because assembly of a tripartite complex is
required.

As a proof of concept, we first designed a Trio assay
to detect the activation of PAR1, the prototypical mem-
ber of a set of protease-activated GPCRs!* that mediate
important cellular responses to thrombin and other
proteases to trigger platelet and endothelial cell activa-
tion and other responses important in hemostasis,
thrombosis, and inflammation.? Thrombin cleaves the
LDPR/SFLL site in the N-terminal exodomain of PAR1
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to generate a new N-terminus, which then functions as
a tethered peptide agonist and binds intramolecularly
to the seven-transmembrane helix bundle of the recep-
tor and activates G proteins.’® A synthetic peptide
SFLLRN that mimics the unmasked (and tethered)
N-terminus is a full agonist for PAR1 activation.
Activated PAR1 is phosphorylated by GRKs and binds
to B-arrestins, leading to rapid decoupling from G
proteins. The PAR1/B-arrestin complex then co-
internalizes into endocytic vesicles and is eventually
delivered to lysosomes for degradation.

For PAR1/B-arrestin Trio, we fused B11 to the
C-terminus of PAR1 and B10 to the N-terminus of
B-arrestin and expressed these fusion proteins in
HEK293 cells together with 1-9 and mCherry, the
latter as a reference signal for transfection. Green
fluorescence was absent in untreated cells. Addition
of the PAR1 agonist SFLLRN led to appearance of
green fluorescence at the plasma membrane and in
intracellular spots [Fig. 1(B)]. No fluorescence was
detected after addition of vehicle (i.e., buffer solu-
tion) or the PAR2 agonist SLIGKYV, which does not
activate PAR1' [Fig. 1(B)]. These results suggest
that the PAR1 Trio assay detects PAR1 activation at
the plasma membrane and internalization to endo-
somes with the expected pharmacological specificity
and a large dynamic range (i.e., from dark to bright
fluorescence).

We next developed a Trio assay for another
member of the PAR family, PAR2, which can be
activated by several trypsin-like proteases and its
tethered ligand peptide SLIGKV as well as the
PAR1 agonist SFLLRN.'"° Addition of SLIGKV
and SFLLRN but not vehicle to HEK293 cells
expressing a PAR2-B11 C-terminal fusion and the
other two Trio components led to development of
green fluorescence [Fig. 1(C)], consistent with known
PAR2 pharmacology.

Time-lapse imaging of cells expressing the PAR1
Trio components revealed the appearance of green
fluorescence ~30-50 min after agonist addition [Sup-
porting Information Fig. S3(A) and Movie S2]. The
fluorescence was localized to the plasma membrane
and vesicles and on filopodia-like cellular projections.
Cells expressing PAR2 Trio components developed
green fluorescence ~30 minutes after agonist addition
[Supporting Information Fig. S3(B) and Movie S3].
The fluorescence was mainly localized to vesicles with
weak fluorescence on the cell membrane, suggesting
rapid endocytosis of PAR2/B-arrestin complex. Past
studies® suggest that B-arrestin recruitment can occur
within seconds of GPCR activation. Thus, the delay in
appearance of fluorescence in the Trio assay likely
reflects the time required for ternary complex forma-
tion and chromophore maturation.®

To further test whether the Trio assay is gener-
alizable, we generated Trio assays for three more
GPCRs: B2 adrenergic receptor (B2AR), neurokinin-1
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Figure 1. Engineering a fluorogenic assay for detecting GPCR and B-arrestin interaction. (a) Schematic diagram of the fluorogenic
assay Trio. Cells expressing Trio components for PAR1 (b), PAR2 (c), B2-adrenergic receptor (d), neurokinin-1 receptor (e), and
p-opioid receptor (f) were incubated with vehicle (PBS) (Control) or the indicated agonists. Fluorescent images were acquired 60-90
min after agonist addition. Scale, 10 um. Concentrations of the agonists used were: 100 pM PAR1 agonist; 100 uM PAR2 agonist;

10 uM isoprenaline; 1 uM substance P; 1 pM DAMGO.

receptor (NK1R), and p-type opioid receptor (MOR).
Addition of the B2AR agonist isoprenaline, the
NKI1R agonist Subtance P, and the MOR agonist
DAMGO triggered appearance of green fluorescence
in HEK293 cells expressing the cognate receptor-
B11 C-terminal fusion proteins and the other Trio
components [Fig. 1(D-F)]. Thus, the Trio assay can
likely be applied to detect the interaction between
many GPCRs and B-arrestin.

Lastly, we applied Trio to investigate require-
ments for PAR1/B-arrestin interaction.

Serine and threonine residues in the cytoplasmic
C-terminal tail of PAR1 are phosphorylated after
receptor activation, and these residues are required
for normal receptor uncoupling or internaliza-
tion.?%22 The requirement for specific potential phos-
phorylation sites for PAR1-B-arrestin interactions has
not been examined directly. We first mutated Ser/Thr
to Ala at three regions of the cytoplasmic tail
[Fig. 2(A)]. Mutant 1 (M1) contains such mutations
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between residues 380 and 389; M2 contains Ser/Thr
— Ala mutations between 390 and 405; and M3 has
Ser/Thr — Ala mutations for residues from 406 to the
C-terminus . Fluorescence imaging using PAR1 Trio
indicated that the M1 and the M2 mutants interacted
with B-arrestin like WT while the M3 mutant did not
[Fig. 2(B)]. Accordingly, we generated four more
mutants with Ser/Thr — Ala mutations within the
region between 406 and the C-terminus [Fig. 2(A)]:
M4 with a S411A mutation; M5 with a T415A muta-
tion; M6 with S417A/S418A mutations, and M7 with a
S423A mutation. Fluorescence imaging using Trio
assay revealed that M7 interacted with B-arrestin like
WT. In contrast, the other three mutants showed
reduced interaction with B-arrestin based on the
green fluorescence normalized by mCherry’s red
fluorescence [Fig. 2(B)]. All of these mutants triggered
calcium signaling (see below), and appending the
C-terminal tail of arginine vasopressin receptor 2
(AVPR2) to the M3 mutant of PAR1 (named M3-AVPR2)

Fluorogenic GPCRB}Arrestin Interaction Assay
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Figure 2. Trio identifies key residues in PAR1 and B-arrestin interaction. (a) Schematic diagram of PAR1 and its mutants. (b)
Normalized Trio fluorescence of PAR1 and mutants. Fluorescence images (c) and quantitative analysis (d) of calcium signaling
upon addition of PAR1 agonist to COS7 cells expressing exogenous PAR1 and mutants. Scale, 50 pm.

rescued M3—B-arrestin interaction. Thus, these receptor
mutants were expressed and functional. These results
suggest that S411/T415/S417/S418/S423 appeared to
play necessary roles in interaction of PAR1 with B-
arrestin.

To investigate consequences of these mutations in
the downstream signaling of PAR1, we conducted cal-
cium imaging as a measure of PAR1-triggered Gaq and
PLC activation and calcium mobilization. We exoge-
nously expressed wild-type PAR1 and its mutants in
COST7 cells because these cells do not contain endoge-
nous PAR1. To image calcium signaling, we utilized the
genetically encoded red fluorescent calcium reporter R-
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GECO. Addition of PAR1 agonist to COS7 cells trans-
fected with empty vector did not trigger calcium signal-
ing. Addition of PAR1 agonist to cells expressing wild-
type PAR1 rapidly led to calcium transients as expected
[<5 sec, Fig. 2(C,D)]. While the M3 mutant PAR1 did
not show interaction with B-arrestin, addition of PAR1
agonist to cells expressing M3 did trigger calcium
mobilization, albeit slightly delayed compared to wild-
type PAR1. The M3-AVPR2 mutant with rescued B-
arrestin interaction behaved similarly. Taken together,
these data are consistent with the classical model
of GPCR activation triggering phosphorylation-
independent G protein activation and phosphorylation-
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dependent arrestin-binding and support the notion
that the Trio system reads out phosphorylation site-
dependent arresting binding as expected.

In summary, we have developed a GPCR/B-
arrestin interaction assay, Trio, based on the tripar-
tite GFP. Trio is not fluorescent before GPCR/B-
arrestin interaction and produces green fluorescence
when the two proteins interact upon GPCR activa-
tion and phosphorylation. Using Trio, we have iden-
tified residues necessary for recruiting B-arrestin
upon PAR1 activation, which demonstrates that Trio
is useful to investigate structural basis of GPCR/B-
arrestin interaction and raises the possibility that
this system might be useful for probing other PPIs
of activated GPCRs. Although the fluorescence sig-
nal is slower than Forster resonance energy transfer
(FRET)-based reporters due to the chromophore
maturation time, GFP-based protein complementa-
tion assays are known to provide a larger dynamic
range than FRET-based reporters in detecting PPIs.
Trio appears to provide still better signal to noise
compared to the two-part split GFP-based assay
with no background fluorescence in the absence of
stimulated PPIs. Because of the importance in detect-
ing GPCR/B-arrestin interaction as shown by the
transcription-based Tango and PRESTO-Tango
assays,®” the tripartite GFP-based Trio will be another
valuable tool for the study of GPCRs in cell-based
assays.

Materials and Methods

DNA constructs

All plasmid constructs were created by standard
molecular biology techniques and confirmed by
exhaustively sequencing the cloned fragments. DNA
of the tripartite GFP was synthesized.

Mammalian cell cultures

The HEK293T/17 (ATCC CRL-11268) was obtained
from ATCC. Cells were passaged in Dulbecco’s Modi-
fied Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), non-essential amino acids,
penicillin (100 units/mL), and streptomycin (100 pg/
mL). All culture supplies were obtained from the
UCSF Cell Culture Facility. HEK293T/17 cells were
transiently transfected with the GPCR Trio reporter
with the calcium phosphate method. Cells were
grown in 35 mm glass bottom microwell (14 mm)
dishes (MatTek Corporation). Transfection was per-
formed when cells were cultured to ~50% conflu-
ence. For each transfection, 4.3 pg of plasmid DNA
was mixed with 71 pL of 1X Hanks’ Balanced Salts
buffer (HBS) and 4.3 uL of 2.56M CaCly. Cells were
imaged 24 h after transient transfection. The COS7
cells were transfected with PAR1 or its mutants
along with the calcium reporter R-GECO.
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Confocal microscopy

For fluorescence imaging of the Trio assay in cul-
tured mammalian cells, transfected HEK293T/17
cells were imaged in 35 mm glass bottom microwell
dishes on a Nikon Eclipse Ti inverted microscope
equipped with a Yokogawa CSU-W1 confocal scanner
unit (Andor), a digital CMOS camera ORCA-
Flash4.0 (Hamamatsu), a ASI MS-2000 XYZ auto-
mated stage (Applied Scientific Instrumentation),
and a Nikon Plan Apo A 20X air (N.A. 0.75) objec-
tive. Laser inputs were provided by an Integrated
Laser Engine (Spectral Applied Research) equipped
with laser lines (Coherent) 488 nm (6.3 mW) for
GFP imaging and 561 nm (3.5 mW) for mCherry
imaging. The confocal scanning unit was equipped
with the following emission filters: 525/50-nm for
GFP imaging and 610/60-nm for mCherry imaging.
For imaging Trio based reporters in mammalian
cells, images were acquired with an exposure time of
100 ms for both GFP and mCherry. Image acquisi-
tion was controlled by the NIS-Elements Ar Micro-
scope Imaging Software (Nikon).
processed using NIS-Elements and Imaged (NTH).

Images were

Imaging in cultured mammalian cells
HEK293T/17 cells or COS7 cells transiently trans-
fected with the Trio constructs were imaged in 35 mm
glass bottom dishes ~24 h after transfection. For time-
lapse imaging of the Trio upon agonist addition, cells at
~24 h after transient transfection with the reporter
were grown in 35 mm glass bottom dishes to ~90% con-
fluence. Time-lapse microscopy was performed using
the confocal microscope described above with the aid of
an environmental control unit incubation chamber
(InVivo Scientific), which was maintained at 37°C and
5% COs. To activate GPCRs, appropriate agonists were
added to cells.
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