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G protein-coupled receptors (GPCRs) interact with heterotrimeric G proteins and initiate a wide variety of signaling pathways.
The molecular nature of GPCR-G protein interactions in the clinically important thromboxane A2 (TxA2) receptor (TP) and
prostacyclin (PGI2) receptor (IP) is poorly understood. The TP activates its cognate G protein (G�q) in response to the binding
of thromboxane, while the IP signals through G�s in response to the binding of prostacyclin. Here, we utilized a combination of
approaches consisting of chimeric receptors, molecular modeling, and site-directed mutagenesis to precisely study the specificity
of G protein coupling. Multiple chimeric receptors were constructed by replacing the TP intracellular loops (ICLs) with the ICL
regions of the IP. Our results demonstrate that both the sequences and lengths of ICL2 and ICL3 influenced G protein specificity.
Importantly, we identified a precise ICL region on the prostanoid receptors TP and IP that can switch G protein specificities. The
validities of the chimeric technique and the derived molecular model were confirmed by introducing clinically relevant naturally
occurring mutations (R60L in the TP and R212C in the IP). Our findings provide new molecular insights into prostanoid recep-
tor-G protein interactions, which are of general significance for understanding the structural basis of G protein activation by
GPCRs in basic health and cardiovascular disease.

G protein-coupled receptors (GPCRs) contain seven trans-
membrane (TM) helices and signal predominantly through

heterotrimeric G proteins in response to diverse extracellular
stimuli, including neurotransmitters, light, taste, and smell. GPCRs
form the largest group of membrane receptors and are divided
into four classes, with the pharmacologically important class A
comprising more than 70% of the GPCRs present in humans (1).
The prostanoid receptors belong to the class A GPCR family and
are poorly characterized in their structural aspects. The prostan-
oids thromboxane A2 (TxA2) and prostacyclin (PGI2) have been
shown to play crucial but opposing vascular roles, with TxA2 stim-
ulating platelet aggregation and vasoconstriction and PGI2 inhib-
iting platelet aggregation and causing vasodilation (2–4). The re-
cent withdrawal of selective cyclooxygenase 2 (COX-2) inhibitors
(e.g., Vioxx) due to increased numbers of cardiovascular events
(5) and cardiovascular concerns with nonsteroidal anti-inflam-
matory drugs (NSAIDs) (e.g., ibuprofen) (6, 7) highlight the im-
portance of understanding the G protein specificity of these
opposing receptors. The thromboxane A2 receptor (TP) acti-
vates its cognate G protein (G�q) in response to binding to
TxA2, while the prostacyclin receptor (IP) mediates signaling
in response to the binding of PGI2, primarily through the G�s-
based effector system. In addition, previous studies have shown
that the IP is capable of coupling to multiple G proteins in a
species- and/or tissue-specific manner, although the molecular
basis behind this coupling to different G proteins is not prop-
erly understood (8–10).

The activation of a GPCR leads to structural protein changes in
the cytoplasmic loops to activate the G protein. The recent struc-
tural elucidation of the metarhodopsin II bound to a peptide (11)
and the �2-adrenergic receptor (�2AR)-Gs (the stimulatory pro-
tein for adenylyl cyclase) protein complex (12) give new insights

into how GPCR-G protein complex formation occurs. These two
structures now set the stage to identify sequence and structural
features on GPCRs that may define specificities for particular G
proteins.

In the prostanoid receptor subfamily, there is limited struc-
tural and functional information on the role of intracellular loops
(ICLs) in the binding and activation of G proteins. Previous site-
directed mutagenesis studies on the TP hypothesized that all three
ICL regions are involved in determining G protein selectivity and
specificity (13–15). The dominantly inherited bleeding disorder
variant R60L in ICL1, the F138D mutation in ICL2, and the C223S
mutation at the TM5/ICL3 boundary affected agonist-induced
calcium signaling (16, 17).

In this study, by using a chimeric receptor approach combined
with molecular modeling and site-directed mutagenesis, we ana-
lyzed the role of ICL regions among the prostanoid receptors TP
and IP that determine the binding and activation of G�q and G�s,
respectively. We systematically replaced each of the three TP ICL
regions with the ICL regions of the IP. In the case of larger ICLs,
such as ICL2 and ICL3, multiple chimeras were required in order
to determine the minimal structural region of the loop that is
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required for optimal G protein coupling and signaling. Therefore,
sequential replacement of the ICL2 and ICL3 of the TP with those
of the IP was also pursued. In these replacements, the amino acid
sequences and lengths of ICL2 and ICL3 influenced G protein
activation, receptor folding, and the level of constitutive activity.
To elucidate the structural constraints in the loops of each of the
chimeric receptors that might be responsible for the observed ac-
tivities, molecular modeling studies were pursued on the chimeric
receptors that are bound to a C-terminal peptide fragment of the
G� subunit. The most interesting chimeric receptor is TP ICL2B-
3B–IP; with an intermediate number of TP ICL2 and TP ICL3
amino acids replaced by IP ICL2 and IP ICL3, it showed TP ago-
nist U46619-induced cyclic AMP (cAMP) accumulation of up to
90% of the wild-type (WT) IP induced with iloprost and G�q-
mediated inositol-1,4,5-trisphosphate (IP3) and Ca2� signaling of
up to 90% of the wild-type TP. Next, to validate our molecular
models, site-specific mutations were constructed. To test the
stringency of our chimeric constructs, we introduced naturally
occurring mutations present in the ICL regions into select chime-
ras. The TP ICL2B-3B–IP chimera was able to rescue the signaling
of the dysfunctional genetic variant R60L to that of wild-type TP
levels. Our results show that the predominant ICLs that determine
G protein specificities among the prostanoid receptors are ICL2
and ICL3. We discuss our findings in the context of the recent
structures of GPCR-G protein complexes.

MATERIALS AND METHODS
The TP antagonist 3H-labeled SQ 29548 was purchased from PerkinElmer
(product no. NET936250UC). The TP agonist U46619 and the IP agonist
iloprost were purchased from the Cayman Chemicals Company (Michi-
gan). Protease inhibitors and common chemicals were purchased from
either Fisher or Sigma. The buffers and detergents were the same as those
used previously (18).

Synthesis of chimeric TP constructs, site-directed mutagenesis, and
cell cultures. The wild-type TP, chimeric TP-IP genes carrying the rho-
1D4 epitope tag at the C terminus, and specific site-directed mutations
were synthesized commercially (GenScript) and incorporated into the
plasmid expression vector pMT4 (18–20). The design and analyses of
these constructs are described in Results. The genes were transiently ex-
pressed in heterologous cell lines, and the membranes were prepared ac-
cording to previously published protocols (18, 20). To minimize varia-
tions in transfection efficiency, the chimeric sequences were codon
optimized for their expression in mammalian cells, and equal amounts of
DNA (6 �g per 5 � 106 cells) were used. Following the transient transfec-
tion, cell viabilities were determined, and viable cells were used for the
assays.

Radioligand binding assays. Saturation binding assays were carried
out using 3H-labeled SQ 29548 (product no. NET936250UC; Perkin-
Elmer) and as described previously (18).

Determination of receptor expression by flow cytometry analysis.
The cell surface expressions of TP, IP, and different constructs were de-
termined using a BD FACSCanto flow cytometer. HEK293T cells were
transfected with 6 �g of DNA per 5 � 106 cells using Lipofectamine 2000.
Twenty-four hours after the transfections, 1 � 105 viable cells were taken
into a flow cytometry tube and washed 2 to 3 times with fluorescence-
activated cell sorter (FACS) buffer (phosphate-buffered saline [pH 7.4]
containing 0.5% bovine serum albumin) by centrifugation for 4 min at
1,500 rpm. The cells were incubated for 60 min on ice with a 1:100 dilution
of the polyclonal antibody TBXA2R (0.5 mg/ml) (catalog no. LS-B4842;
LifeSpan BioSciences) and IP antibody (item no. 10005518; Cayman
Chemicals), which target the N termini of the human TP and IP, respec-
tively. The cells were washed 2 to 3 times with FACS buffer and incubated
in the dark with a 1:500 dilution of the secondary antibody Alexa Fluor

488 for 60 min on ice. The cells were washed 2 to 3 times with FACS
buffer and resuspended in 200 �l of FACS buffer. The fluorescence signals
of 1 � 104 cells/tube were measured using single-color analysis by the BD
FACSCanto analyzer using settings of 159 V for forward scatter (FSC), 379
V for side scatter (SSC), and 385 V for Alexa Fluor 488. The results were
analyzed using the FACSDiva and FlowJo software programs. The cell
surface receptor expression was calculated as a percentage of the wild-type
TP expression level, which was set to 100%. The nonspecific signal from
mock-transfected cells was 10% � 2%.

Determination of intracellular cAMP. The cAMP assays were carried
out in HEK293S cells using a commercially available cAMP assay kit (Hit-
Hunter cAMP XS�; DiscoveRx, Fremont, CA) and as described previ-
ously (19). In brief, 48 h after transient transfection, the cells were stimu-
lated with various concentrations (from 10�6 M to 10�12 M) of the
agonist iloprost for the IP (positive control) and the agonist U46619 for
the TP and chimeric TP-IP receptors. Luminescence was measured after
overnight incubation using a FlexStation 3 microplate reader (Molecular
Devices, CA). The assays were carried out 3 to 5 times each in duplicate,
and the data were analyzed using PRISM software version 5 (GraphPad
Software Inc., San Diego, CA). The cAMP values of the chimeric TP-IP
receptors, expressed in relative luminescence units (RLUs), were normal-
ized to that of the WT IP.

Determination of intracellular IP3 and calcium. The changes in in-
tracellular calcium levels were measured by using the fluorescent calcium-
sensitive dye Fluo-4NW (Invitrogen) and as described previously (18).
Receptor activation was determined by measuring the changes in intra-
cellular calcium levels after the application of different concentrations of
the agonist U46619 for the TP and chimeric TP-IP receptors and of ilo-
prost for IP receptors using a FlexStation-3 fluorescence microplate
reader (Molecular Devices, CA) at 525 nm, following excitation at 494
nm. Dose-response curves were generated and 50% effective concentra-
tions (EC50s) were calculated by nonlinear regression analysis using
PRISM software version 5.0 (GraphPad Software Inc., San Diego, CA)
after subtracting the responses of mock-transfected cells that were stimu-
lated with the same concentrations of the agonists. For an estimation of
the calcium that was mobilized using the nonratiometric calcium indica-
tor dye Fluo-4NW, we used the �F/F ratio, which calculates approximate
calcium levels using the equation �F/F 	 (F � Fbase)/(Fbase � B), where F
is the measured fluorescence intensity of Fluo-4NW, Fbase is the fluores-
cence intensity of Fluo-4NW in the cell before stimulation, and B is the
background signal determined from areas adjacent to the cell (21). The
inositol-1,4,5-trisphosphate (IP3) assays were carried out in HEK293T
cells using a commercially available IP3 assay kit (HitHunter IP3 fluores-
cence polarization [FP] assay; DiscoveRx, Fremont, CA) according to the
instructions supplied by the manufacturer. The assay details are provided
in the supplemental material.

Statistical analysis. Statistical analyses using one-way analysis of vari-
ance (ANOVA) with Tukey’s post hoc test from at least 3 independent
experiments (performed in duplicate) were done to determine which chi-
meric receptor or mutant exhibited a response that was statistically differ-
ent from that of the wild-type TP or IP, with a P value of 
0.05 considered
to be statistically significant (Table 1; see Fig. 4) (see also Fig. S3 and S5 in
the supplemental material).

Immunofluorescence analyses. HEK293T cells were seeded into six-
well tissue culture plates containing glass coverslips treated with sterilized
poly-L-lysine (Sigma). The cells were transiently transfected with the wild-
type TP or the chimeric receptors using Lipofectamine 2000. The proce-
dure was similar to previously published protocols (22). Representative
cells were visualized using an Olympus IX81 microscope for cytoplasmic
or plasma membrane localization of the receptors.

Protein molecular modeling. We have used the homology model of
the TP alpha isoform (TP�) that was built and validated by our group
previously (18). The chimeric receptors TP ICL1-IP, TP ICL2-IP, TP
ICL2B-IP, TP ICL3B-IP, and TP ICL3C-IP were also modeled and docked
with the TP agonist ligand U46619 following a published protocol (18).
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Receptor-G� peptide docking. The active conformation of the TP
receptor was docked with the 14 C-terminal amino acids of human G�q
(GenBank accession no. AAB39498.1). The 14 C-terminal amino acids of
the human G�q were modeled using rat G�q (3AH8) as a template. The
receptor and G� peptide were docked using the ZDOCK server (23). The
docking calculations were carried out using the fast Fourier transform-
based protein-docking method using ZDOCK. It involves searches of all
possible binding modes in the translational and rotational spaces between
two proteins and evaluates each using an energy-scoring function (24).
The poses with the best energy scores were chosen for further analysis.
Our docking studies revealed that the 14-amino-acid G� peptide bound
to the TP in two positions, one between ICL1 and ICL2 and the other
between ICL2 and ICL3. To determine which of the two positions was the
correct one, we utilized the recently solved structure of the �2 adrenergic
receptor (�2AR)-G�s (3SN6) protein complex. We built the human G�q
(35 to 359 residues) model by homology modeling using the mouse G�q
(2RGN) crystal structure as a template, and using the TP model from
above, both were threaded on the �2AR-G�s (3SN6) complex. Molecular
dynamic simulations (10 ns) using the Tripos force field were performed
on the TP-G�q complex using the SYBYL-X v2.1 molecular modeling
suite (Tripos Inc.). In this model, the C-terminal region of G�q was lo-
cated between the ICL2 and ICL3 of the TP. Based on this, the model with
the C-terminal G�q peptide bound between ICL2 and ICL3 of the TP was
used for further analysis, and the models were visualized using PyMOL.

RESULTS
Design and construction of chimeric TP-IP receptors. The
amino acid sequences of the TP and IP receptors were obtained
from the G protein-coupled receptor database (GPCRDB), and
alignment was performed using ClustalW (25, 26). From the mul-
tiple-sequence alignment, the TP chimeras containing intracellu-
lar IP loops were designed in three steps. In the first step, TM
sequence prediction servers were used in predicting the TM re-
gions (see Table S1 in the supplemental material). In the second
step, a total of four chimeric TP-IP receptors were designed as
follows: three TP chimeric receptors were constructed containing
each of the three ICLs of the IP and the other one (TP-ICL1,2,3-
IP) with all the loops replaced (Fig. 1A). In the final step, the
sequential replacement of ICL2 and ICL3 of the TP with the IP
sequence was carried out by replacing six amino acids at a time
(i.e., three amino acids from the N termini and three amino acids
from the C termini of the loop regions). Following the procedure
described above, two ICL2 chimeric receptors, TP ICL2A-IP and
TP ICL2B-IP, and three chimeric receptors, TP ICL3A-IP, TP
ICL3B-IP, and TP ICL3C-IP, were constructed for ICL3 (Fig. 1B).

Effect of loop replacements on TP expression, antagonist
binding, and internalization. The levels of functional receptor

TABLE 1 Summary of ligand binding properties and expressions of the wild-type TP, IP, and chimeric receptors

Receptor
Intracellular
loop(s) Kd

a,b (nM)
Bmax

a,c

(pmol/mg)
Cell surfaced

expression (%) EC50
e Ca2� (nM) EC50

f cAMP (nM)

Wild-type TP 5.8 � 1.3 5.1 � 0.3 100 13.1 � 0.8 ND
Wild-type IP 108 � 1 ND 7.7 � 0.3
TP ICL1-IP ICL1 4.8 � 1.1 8.9 � 0.4 96 � 7 4.6 � 1.1 ND
TP ICL2-IPg ICL2 ND 93 � 7 8.3 � 0.5 22.7 � 0.3
TP ICL2A-IP ICL2 4.3 � 0.6 3.1 � 0.3 76 � 6 11.0 � 0.4 51.2 � 1.3
TP ICL2B-IP ICL2 5.3 � 0.8 9.3 � 0.4 108 � 7 15.6 � 2.0 62.2 � 1.2
TP ICL3-IPg ICL3 ND 42 � 4
TP ICL3A-IP ICL3 ND 49 � 7
TP ICL3B-IPg ICL3 ND 92 � 2 32.4 � 1.3 39.8 � 1.1
TP ICL3C-IP ICL3 5.8 � 1.2 3.4 � 0.4 89 � 1 61.6 � 2.1 ND
TP ICL2B-ICL3B–IP ICL2/3 8.1 � 3.9 0.9 � 0.2 97 � 2 30.7 � 0.2 18.3 � 0.2
TP ICL2B-�YLYAQh ICL2 7.7 � 4.0 0.7 � 0.2 81 � 9 37.5 � 0.2 ND
R60L ICL1 9.8 � 1.3 1.3 � 0.2 85 � 2 44.9 � 0.4
TP ICL2B-R60L ICL1/2 19.7 � 2.0 2.5 � 0.2 96 � 2 12.1 � 0.4
TP ICL2B-3B–IP–R60L ICL1/2/3 21.7 � 3.9 4.1 � 0.2 92 � 1 17.0 � 0.2
T135A ICL2 7.6 � 2.6 5.7 � 0.8 72 � 12 ND
R136A ICL2 8.7 � 1.9 5.5 � 0.5 81 � 17 14.2 � 0.4
R147A ICL2 9.2 � 2.3 6.0 � 0.6 82 � 17 ND
R148A ICL2 7.3 � 2.1 9.8 � 0.1 46 � 12 12.2 � 0.3
H224Ag ICL3 ND 49 � 10
V225Ag ICL3 ND 88 � 8
E230Ag ICL3 ND 72 � 2 8.0 � 0.2
Q252Ag ICL3 ND 97 � 19 2.1 � 0.2
a The values are expressed as the mean � standard error (SE) of 3 to 5 experiments in duplicate performed using the TP antagonist 3H-labeled SQ 29548 as the radioligand
(product no. NET936250UC, PerkinElmer). ND, not determined.
b Kd, affinity of the antagonist SQ 29548 for the receptor.
c Bmax, binding maximum of the ligand SQ 29548 for the receptor, expressed as pmol of the TP receptor per mg of total membrane protein.
d Cell surface expression of the receptor determined using flow cytometry (see Materials and Methods), represented using the wild-type TP set at 100%.
e EC50s in this column indicate the molar concentrations of the agonist U46619 that produce 50% of the maximal possible effect (calcium mobilization) for the TP and chimeric or
mutant receptors. A one-way ANOVA of the EC50 values for calcium mobilized between the wild-type TP and the chimeric receptors and mutants showed a significant difference
(P 
 0.05).
f EC50s in this column indicate the molar concentrations of the agonist iloprost for IP and of U46619 for the TP and chimeric or mutant receptors that produce 50% of the maximal
possible effect (cAMP production).
g No significant specific binding to the antagonist 3H-labeled SQ 29548 and/or dose-dependent response to the agonist for these receptors was detected under our assay conditions.
h TP ICL2B-IP with the YLYAQ sequence in the middle of ICL2B removed.
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expression were quantified by saturation ligand binding assays on
the WT TP and the chimeric receptors expressed in COS-1 cells
using the radiolabeled TP antagonist SQ 29548 (Table 1; see also
Fig. S1 in the supplemental material). Among the complete loop
replacements, only the TP ICL1-IP receptor with the replacement
of ICL1 of the TP with that of the IP bound to the antagonist with
a dissociation constant (Kd) of 4.8 � 1.1 nM, which is close to the
Kd of 5.8 � 1.3 nM for the WT TP. However, the complete replace-
ment of ICL2 and ICL3 of the TP with IP ICLs failed to show any
specific binding to SQ 29548 (see Fig. S1 in the supplemental
material). To elucidate whether this loss in antagonist binding was
due to major structural changes in the receptor that perturb the
ligand binding pocket or due to poor cell surface expression
and/or misfolding of the receptor, analyses of receptor expression
by FACS, Western blotting, and immunofluorescence microscopy
were carried out on these chimeric receptors. The WT TP, IP, and
the chimeric constructs, with the exception of the TP ICL3-IP and
TP ICL3A-IP chimeras, were expressed at similar levels based on
FACS analyses (Table 1). Immunofluorescence analyses showed
TP ICL3-IP and TP ICL3A-IP to be partly retained in the intracel-
lular compartments (see Fig. S2A in the supplemental material).
The functional receptor expression observed with the saturation
radioligand binding, cell surface receptor expression by FACS
analysis, and cellular localization by immunofluorescence were
further supported by Western analysis (see Fig. S2B in the supple-
mental material).

The ICL2 chimeric receptors TP ICL2A-IP and TP ICL2B-IP
bound to the antagonist with affinities similar to that of the WT
TP, but TP ICL2B-IP showed a 2-fold-higher Bmax (binding max-
imum of the ligand SQ 29548) than that of the WT TP (Table 1). In

comparison, among the ICL3 chimeric receptors, only TP ICL3C-
IP, with the shortest amino acid replacement, showed specific
binding to the TP antagonist SQ 29548. Interestingly, the TP
ICL3B-IP chimeric receptor showed no significant specific bind-
ing to SQ 29548 (Table 1). The chimeric receptor with all three TP
ICLs replaced with IP ICLs failed to show any specific binding to
SQ 29548, and immunofluorescence analyses showed that a ma-
jority of the receptors expressed were not targeted to the cell sur-
face and were retained in the intracellular milieu (data not
shown).

To elucidate whether any of the chimeric receptors undergo
internalization in the absence or presence of an agonist, the TP
and the chimeras were treated with the agonist U46619, while the
IP was treated with its agonist, iloprost. Interestingly, the TP and
the chimeric receptors did not show any significant agonist-de-
pendent or -independent internalization, whereas the IP showed a
significant agonist-dependent internalization, with only �40% of
the receptor on the cell surface (see Fig. S2C in the supplemental
material).

Characterization of intracellular Ca2� signaling of chimeric
receptors. The characterizations of G�q-mediated signaling of
the WT TP and chimeric receptors were carried out by measuring
the intracellular Ca2� flux upon stimulation with the agonist
U46619 (Fig. 2). Interestingly, the TP ICL1-IP chimeric receptor
with the complete replacement of ICL1 of TP with IP showed an
increase in U46619 potency (a decrease in the EC50 for half-max-
imum response), with an EC50 of 5 nM compared to an EC50 of 13
nM for the WT TP (Table 1). The TP ICL2-IP chimeras showed a
left shift in dose response (Fig. 2), with the restoration in EC50s to
wild-type TP levels, as the TP sequence increased in the ICL2

FIG 1 Schematic representation of the amino acid sequence of the TP, IP, and chimeric receptors. (A) Secondary structure representation of the TP and IP amino
acid sequences. The intracellular loop (ICL) regions replaced in the TP are indicated by dashed lines. (B) The amino acid sequences of the TP replaced by the IP
sequence are underlined. TP ICL1-IP represents the TP with its first ICL replaced by the IP ICL1. Similarly, TP ICL2-IP represents the TP with its second ICL
replaced by the IP ICL2; TP ICL3-IP represents the TP with its third ICL replaced by the IP ICL3; TP ICL2B-�YLYAQ-IP represents the TP ICL2B-IP receptor
with the pentapeptide YLYAQ sequence deleted.
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region (Table 1). The TP ICL3-IP and TP ICL3A-IP chimeric re-
ceptors did not show any dose-dependent increases in intracellu-
lar Ca2� (data not shown); this is in agreement with our expres-
sion data, which showed that a majority of these two chimeras
were retained in the intracellular milieu. The TP ICL3B-IP, with
an intermediate amount of amino acids replaced, and TP ICL3C-
IP, with the least number of amino acids replaced, showed intra-
cellular Ca2� mobilizations equivalent to �70% and �25% of the
TP-generated signals, with EC50s of 32 nM and 61 nM, respec-
tively (Fig. 2).

Characterization of intracellular cAMP signaling of chimeric
receptors. To determine whether the chimeric TP-IP receptors
can couple to G�s and stimulate cAMP production, we analyzed
the chimeric receptors for their ability to generate cAMP upon
stimulation with the TP agonist U46619 (Fig. 3). The WT IP acti-
vated by its agonist iloprost was used as a positive control, and the
WT TP stimulated with U46619 was used as a negative control
(Fig. 3A). The WT TP, TP ICL1-IP, and all the TP ICL3-IP chime-
ras, except TP ICL3B-IP, did not generate any dose-dependent
cAMP response upon stimulation with the agonist U46619
(Fig. 3). In contrast, all the TP ICL2 chimeras with complete and
sequential replacements of the amino acids of ICL2 showed G�s-
mediated cAMP signaling (Fig. 3B). Among the ICL3 chimeras,
only TP ICL3B-IP with an intermediate number of amino acids
replaced showed an agonist concentration-dependent increase in
cAMP signaling (Fig. 3).

Characterization of the intrinsic and basal signaling of the
chimeric receptors. Both intracellular Ca2� and cAMP assays
were carried out with the receptors stimulated with water alone to
determine the basal or agonist-independent signals and with a
single saturating concentration (1 �M) of agonists to determine
the maximum agonist-induced or intrinsic signals (Fig. 4). The
complete loop replacement chimeras, TP ICL1-IP and TP ICL2-

IP, and the ICL2 and ICL3 chimeras TP ICL2A-IP, TP ICL2B-IP,
and TP ICL3B-IP showed intrinsic activities for intracellular Ca2�

that were 60% to 90% of that of the WT TP (Fig. 4A). To obtain
more direct evidence of phospholipase C� (PLC�) activation,
agonist-stimulated IP3 generation was measured (see Fig. S3 in the
supplemental material). The levels of intrinsic activity obtained
with the IP3 assay were similar to those observed for intracellular
Ca2�. Interestingly, the TP ICL2A-IP and TP ICL2B-IP chimeric
receptors showed constitutive IP3 and Ca2� signaling to various
degrees (see Fig. S3 and S4A in the supplemental material).

Surprisingly, the TP ICL3B-IP and TP ICL2A-IP chimeric re-
ceptors showed U46619-induced cAMP signaling equivalent to
that of the WT IP-generated signal (IP stimulated with iloprost)
(Fig. 4B). Only the TP ICL1-IP and TP ICL3C-IP chimeric recep-
tors showed reduced cAMP signaling.

Protein molecular modeling. Previous studies have shown
that there are multiple regions on the G� subunit that are involved
in mediating GPCR-G protein interactions (27, 28). Recent mu-
tational studies indicated that the �4-�6 loop of G�q is important,
while structural studies have shown that the carboxy-terminal res-
idues, including the �4-5 helix and the �N-�1 junction of the G�s
subunit, are important in mediating GPCR-G protein coupling
(29, 30).

Molecular models of the TP and the chimeric receptors bound
to the agonist U46619 and docked with the 14 C-terminal amino
acids of human G�q (GenBank accession no. AAB39498.1) were
constructed to interpret the results in structural terms. The inter-
molecular interactions between the TP chimeric models and G�
peptide sequence are listed in Table S2 in the supplemental mate-
rial. Docking simulations between the TP ICL2B-IP chimeric re-
ceptor and the G� C-terminal sequence revealed a series of H-
bonding and hydrophobic interactions that differed from those of
TP ICL2 (Fig. 5). In the WT TP model, Glu1293.49 from the con-

FIG 2 Characterization of G�q-mediated signaling of the wild-type TP and chimeric receptors. Receptor activity was determined by measuring the agonist-
independent and -dependent changes in intracellular calcium levels using transiently transfected HEK293T cells. The data show the basal (zero concentration of
agonist or water alone) and agonist U46619-induced calcium mobilization for the WT TP, chimeric receptors, and mock-transfected (vector pMT4) HEK293T
cells. The results are expressed as a percentage of the WT TP activity and are from at least three independent experiments performed in duplicate. The results were
normalized to calcium mobilized (�RFUs) relative to cell surface expression of the receptors as determined by FACS.
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served E(D)RY motif on TM3 is involved in a salt bridge with
Arg148 of ICL2, possibly restraining the ICL2 loop in an inactive
conformation. In addition, there is a network of hydrogen bonds
involving Glu355 and Tyr356 from the G�q peptide and Thr135
and Arg136 from TP ICL2. In the TP ICL2B-IP chimeric model,

the salt bridge is missing, and new H-bond interactions involving
Arg136 on ICL2B, Glu230 on ICL3 with Glu355, and Lys354 of the
G� peptide were observed. TP ICL2B-IP differs from the WT TP
in the absence of pentapeptide FSRPA sequence in the middle of
the ICL2 loop (Fig. 1). This sequence is replaced by another pen-
tapeptide sequence, YLYAQ, in the TP ICL2B-IP chimera. To elu-
cidate whether the presence of the YLYAQ sequence or the ab-
sence of the FSRPA sequence is responsible for the TP ICL2B-IP

FIG 3 Agonist-induced cAMP production by the IP, TP, and TP-IP chimeric
receptors. Receptor activity was assessed by measuring the cAMP produced in
a dose-dependent manner by the receptors expressed in HEK293S cells as
described in Materials and Methods. (A) Basal (zero concentration) and ago-
nist (U46619 or iloprost)-induced cAMP production for the WT IP, WT TP,
and TP ICL1-IP chimeric receptors. The WT IP and ICL2 chimeric receptors
(B) and the WT IP and ICL3 chimeric receptors (C) are shown. The cAMP
values of the chimeric TP-IP receptors, measured in relative luminescence
units (RLUs), are expressed as a percentage of the WT IP activity and are from
at least three independent experiments performed in duplicate. The results
were normalized to cAMP produced (RLUs) relative to cell surface expression
of the receptors as determined by FACS.

FIG 4 Bar plot representation of the calcium mobilized (A) and cAMP pro-
duced (B) upon activation of the TP or IP and chimeric receptors. The cells
expressing the IP were stimulated with the IP agonist iloprost, while cells
expressing the TP and TP-IP chimeras were stimulated with the TP agonist
U46619. Shown are the agonist-independent or basal activities (�) and the
activities after stimulation (�) with a single saturating concentration (1 �M)
of agonists to determine the maximal agonist-induced or intrinsic signals. The
results were normalized to the amounts of calcium mobilized and cAMP pro-
duced relative to cell surface expression of the receptors as determined by
FACS. The results are from a minimum of 3 independent experiments per-
formed in duplicate. A one-way ANOVA with Tukey’s post hoc test was used to
check the significance levels of the amounts of calcium mobilized or cAMP
produced. The single asterisks indicate a significant difference in the amount of
cAMP produced or calcium mobilized at the highest concentration of agonist
with respect to the WT TP (for cAMP produced) or WT IP (for calcium
mobilized) (P 
 0.05). The double asterisks indicate calcium mobilization at a
basal level compared to WT IP basal level activity and cAMP produced at a
basal level compared to WT TP basal activity (P 
 0.05). The bar plots do not
include the chimeras TP ICL3-IP and TP ICL3A-IP, as they failed to show any
dose-dependent response. The error bars represent means � standard devia-
tion (SD).
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phenotype, molecular models of the TP-G� peptide complex with
the FSRPA sequence removed and TP ICL2B-IP-G� peptide com-
plex with the YLYAQ sequence removed were analyzed. Remov-
ing the FSRPA sequence from docking simulations in the WT TP
revealed no major changes (Fig. 5).

The G� peptide-bound TP ICL3-IP chimeric receptors re-
vealed fewer H-bond and hydrophobic interactions than the TP
ICL2-IP chimeric receptors (Fig. 5). In the TP ICL3B-IP model,
we observed interactions involving His224 and Val225 at the cy-
toplasmic end of TM5 and Glu230 and Gln251 on TP ICL3B-IP
with the Tyr356 and Val358 on the G� peptide sequence. Inter-
estingly, a triad of hydrogen bonds connected the side chain �OH
of Tyr356 with the amide of His224 and backbone of Val225.
Another interesting feature is the extensive loss of secondary
structure in ICL3 of the TP ICL3B-IP chimeric receptor compared
to that of the WT TP (Fig. 5).

Amino acid replacements guided by molecular modeling. To
validate the predictions from our molecular models, amino acids
and loop regions that were shown by the models to be important
for receptor activation and/or G� peptide binding were replaced,
and the mutants were characterized. Molecular models indicated
that the YLYAQ sequence of TP ICL2B-IP was important in de-
termining the G protein specificity of the TP. Therefore, a TP
ICL2B-IP receptor with the pentapeptide YLYAQ sequence de-
leted (TP ICL2B-�YLYAQ-IP) was constructed and characterized
(Table 1). In addition, the residues Thr135, Arg136, Arg147, and
Arg148 on TP ICL2B-IP and His224, Val225, Glu230, and Gln252
on TP ICL3B-IP were replaced with alanine, and the mutants were
characterized (Table 1).

The functional characterization of the TP ICL2B-�YLYAQ-IP
chimeric receptor revealed that it is expressed at a lower level,
compared to WT TP, as shown by both the Bmax and FACS anal-
ysis, but it has an affinity toward the TP antagonist SQ 29548 that
is similar to that of the WT TP (Table 1). Though it displayed a
small right shift in the U46619 dose response with an EC50 of 37
nM (Fig. 2), as expected, this chimeric receptor did not generate
cAMP upon stimulation with the TP agonist U46619 (Fig. 3). This
validates our molecular model and revealed that the YLYAQ
amino acid sequence in ICL2 is responsible for the G�s-coupling
specificity of the TP ICL2B-IP chimeric receptor.

Since the TP ICL2B-IP and TP ICL3B-IP chimeric receptors
have intermediate IP ICL2 and ICL3 sequence lengths and showed
60% and 100%, respectively, of cAMP generation upon stimula-
tion with the TP agonist, we wanted to test whether combining
these two loops (ICL2B and ICL3B) in one chimeric construct
would result in a super chimera. Therefore, the chimeric TP
ICL2B-ICL3B–IP receptor was constructed and analyzed. This
chimeric receptor showed good intrinsic Ca2� mobilization
(�90%) and cAMP production, indicating that there is a cumu-
lative effect upon adding two loops, ICL2B and ICL3B (Fig. 4).

The R148A mutant on ICL2 was expressed at low levels but
showed hyperactivity with a large upward shift in the U46619 dose
response (see Fig. S4 in the supplemental material). This shows
that Arg148 in ICL2 restrains the activity of the receptor, by either
forming a salt bridge with Glu129, as in the WT TP model, or
being a major contributor to the H-bond network, as observed in
the TP ICL2B-IP chimeric receptor. The R136A mutant behaved
like the WT TP in its ligand binding properties (see Fig. S4 in the

FIG 5 Molecular models of the TP and TP-IP chimeric receptors bound to the G� C-terminal peptide. The residues involved in the interactions are represented
as sticks; hydrogen bonds are shown as blue lines. The color representations of the different ICLs are as follows: ICL1, magenta; ICL2, light orange; ICL3, green;
and G� peptide, blue. For clarity, only the intracellular loops (ICLs) are shown. The interactions observed in TP ICL2-WT and TP ICL3-WT and the chimeric
TP ICL2B-IP, TP ICL2B-IP-R60L, TP ICL2B-�YLYAQ-IP, and TP ICL3B-IP receptors bound to G� peptide are shown. In the TP ICL2B-IP-R60L model, Leu60
on ICL1 is pointing away from the G� peptide binding region located between ICL2 and ICL3. Note the loss of the secondary structure in ICL3 of the TP ICL3B-IP
chimera compared to the wild-type TP ICL3.
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supplemental material) but showed a slightly elevated level of
basal Ca2� signaling (see Fig. S5 in the supplemental material).
The T135A and R147A mutants both bound to the antagonist SQ
29548, but R147A showed a reduced affinity toward the antagonist
and twice the basal Ca2� signaling of either the WT TP or the WT
IP (Table 1; see also Fig. S5 in the supplemental material). This
result shows that the H-bonding capabilities of Thr135, Arg136,
and Arg147 are crucial for G�q coupling, while Arg148, through
its interaction with the ERY motif on TM3, is important for re-
ceptor activation.

Natural variants in the intracellular loops and predicting
their roles using chimeric receptors. To test the stringencies of
our molecular models and chimeric constructs, we introduced
naturally occurring polymorphic variants into select chimeric
constructs. Currently, there are two known signaling-deficient ge-
netic variants in the TP and IP within the ICL regions: the TP R60L
variant present in the ICL1 and the IP R212C variant (by amino
acid sequence analysis, Arg212 in the IP corresponds to His224 in
the TP) (see Fig. S6 in the supplemental material) in ICL3, which
was recently shown to cause cardiovascular disease progression
(31). Molecular modeling studies revealed Arg60 in TP to interact
with Met126 and Arg130 of the ERY motif on TM3 through hy-
drogen-bond interactions (see Fig. S7 in the supplemental mate-
rial). In addition, the salt bridge between Glu129 of the ERY motif
on TM3 and Arg148 was also present. Interestingly, the introduc-
tion of R60L in the TP led to the disappearance of interactions
with Met126 and Arg130, but the Glu129 and Arg148 interaction
was found to be intact. However, in the case of TP ICL2B-IP-
R60L, the interactions between Met126 and Arg130, as well as salt
bridge interactions between Glu129 and Arg148, were absent,
mimicking a more active conformation. As predicted from the
molecular models, the functional characterization of the TP
ICL2B-IP-R60L and TP ICL2B-ICL3B–IP–R60L chimeras
showed that both were able to rescue the Ca2� mobilization of the
signaling-deficient R60L to wild-type TP levels (Table 1; see also
Fig. S4 in the supplemental material).

The molecular model of the TP ICL3B-IP receptor predicted
interactions involving His224 (which corresponds to Arg212 in
the IP) and Val225 at the boundary of TM5 and ICL3 and Glu230
and Gln252 on TP ICL3B-IP with Tyr356 and Val359 on the G�
peptide sequence (see Table S2 in the supplemental material). The
H224A and V225A mutations were introduced into the TP
ICL3B-IP and characterized. As expected, the H224A and V225A
mutations caused a complete loss of signaling by the TP ICL3B-IP
chimera (Table 1). No specific binding to the antagonist was ob-
served even for the E230A and Q252A mutants, but they showed
increased potencies toward the agonist U46619; this was illus-
trated by a left shift in the dose response (see Fig. S4 in the supple-
mental material) and with EC50s that were 2- to 3-fold lower than
that of the WT TP (Table 1). Surprisingly, both the E230A and
Q252A mutants displayed statistically significant increases in
agonist-independent activities (see Fig. S5 in the supplemental
material).

DISCUSSION

In this work, we utilized a chimeric receptor and molecular mod-
eling-based mutagenesis approach for elucidating the structural
basis of prostanoid receptor-G protein interactions. In the pros-
tanoid family of GPCRs, amino acid sequence analyses of ICLs
show diversity in both amino acid composition and sequence

length (see Fig. S6 in the supplemental material). Interestingly, IP
receptors showed a high degree of sequence conservation com-
pared to TP receptors within the ICL1 and ICL2 regions. We have
identified the ICL regions on the prostanoid receptors TP and IP,
which contribute toward their G protein specificities and lead to
well-documented completely opposite pathophysiological effects.
The ICL2 region, specifically the pentapeptide YLYAQ sequence
in the middle of the ICL2 of IP, plays an important role in deter-
mining G�s specificity. In addition, ICL3 of the IP also has an
important role in G�s coupling, as demonstrated by our TP
ICL3B-IP chimeric receptor, while both the ICL2 and ICL3 re-
gions of the TP play important roles in G�q-effector coupling.
Using the ICL2 and ICL3 chimeras, we were able to rescue signal-
ing of the dysfunctional bleeding disorder genetic variant R60L
present in ICL1 to the wild-type TP levels.

Chimeric receptor approach for elucidating GPCR structure
and function. Since the introduction of chimeric receptors for
delineating the domains involved in ligand binding specificity of
class A GPCRs by Kobilka et al. (32), their approach has been used
successfully on a number of GPCR systems (33). Studies on chi-
meric �1/�2-adrenergic receptors (�1AR/�2AR) with the third
ICL of the �2AR replaced with that of the �1AR demonstrated
ligand binding capabilities similar to those of the �2AR and
showed downstream signaling as an �1AR (34). Among the dopa-
mine receptors, D1 receptors activate adenylyl cyclase, resulting in
the production of second messenger cAMP, whereas the D2 recep-
tors inhibit adenylyl cyclase. D1 chimeric receptors with TM6,
TM7, and the C terminus replaced with those of the D2 receptors
showed enhanced binding of the D2 agonist and inhibited adenyl
cyclase (35). Similar results were also obtained with chimeric re-
ceptors composed of gonadotropic luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) receptors. The N terminus of
the FSH receptor replaced with that of the LH receptor resulted in
IP3 production when stimulated with FSH (36). A chemokine re-
ceptor (CCR5) has been shown to interact with HIV and play a
crucial role in its entry. The chimeric receptors constructed be-
tween bacteriorhodopsin and the CCR5 extracellular segments
provided specific insights into the regions in CCR5 that confer
HIV coreceptor function (37). The uniqueness of the current
study lies in our three-pronged approach to elucidate GPCR-G
protein interactions in a receptor family that has been shown only
recently to play an important role in the development of human
cardiovascular disease. First, we constructed and characterized
chimeric receptors with complete and sequential replacements of
ICL loops. Next, to interpret the results in structural terms, we
built molecular models of the chimeric receptors bound to the G�
peptide. Finally, we used mutagenesis to validate the proposed
models of prostanoid receptor-G protein interactions.

ICL1. The TP ICL1 has been implicated in both G protein-
dependent and -independent signaling. Earlier studies showed
that the dominantly inherited bleeding disorder variant R60L im-
paired calcium signaling (17), and recent studies have shown that
ICL1 in the TP couples with and inhibits the large conductance
voltage- and calcium-activated potassium channels (MaxiK chan-
nels) (38). It has been proposed that this direct interaction with
MaxiK channels facilitates the G protein-independent TP to
MaxiK transinhibition, which would promote vasoconstriction
(38). Interestingly, the results from our studies show that except
for a conserved Arg that is present at analogous positions in ICL1
of prostanoid receptors (Arg56 of the TP ICL1-IP construct cor-
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responds to Arg45 of the IP or Arg60 in the TP), the remaining
part of the TP ICL1 is not important for activation, as the TP
ICL1-IP chimeric receptor showed elevated levels of Ca2� in re-
sponse to treatment with agonist U46619 (Table 1). cAMP accu-
mulation assays to determine whether ICL1 of the IP can signal
through G�s in the TP ICL1-IP failed to show any response when
the chimeric receptor was stimulated with the TP agonist, indicat-
ing that it may not be crucial for G�s-mediated effector signaling.
Our mutational studies using the genetic variant R60L, and chi-
meras containing this variant, showed that R60L is important for
receptor activation by mediating interactions with the ERY motif
in TM3 rather than by binding to G proteins.

ICL2. All the TP ICL2-IP chimeric constructs, except TP
ICL2B-�YLYAQ-IP, showed agonist U44619-induced cAMP ac-
cumulation of more than 60% of that of the wild-type IP induced
with iloprost (Fig. 3). The deletion of the pentapeptide YLYAQ
sequence from the TP ICL2B-IP receptor drastically reduced the
ability of this chimeric receptor to generate G�s-mediated cAMP
signaling from the wild-type IP levels to that of the wild-type TP
levels (Fig. 3). Interestingly, the TP ICL2B-�YLYAQ-IP receptor
showed very good Ca2� mobilization. In general, the ICL2 chime-
ric receptors showed significant constitutive activity with respect
to a G�q-based assay (Fig. 4), and there was a gradual restoration
of Ca2� signaling (EC50s) to the WT TP values, with an increase in
the TP sequence in the loop. From a site-directed mutational anal-
ysis of the ICL2 region, we were able to identify Thr135, Arg136,
and Arg147 as forming hydrogen bonds crucial for G�q coupling
and Arg148 to restrain the receptor activity by forming a salt
bridge with Glu129 (of the ERY motif) in TM3.

The involvement of ICL2 in determining G�s specificity might
be a general mechanism of GPCR-G protein interaction, as shown
by the recent structure of the �2AR-Gs protein complex (12). This
is the first crystal structure of a GPCR transmembrane signaling
unit consisting of an agonist-occupied �2AR and nucleotide-free
Gs heterotrimer, and it revealed extensive interactions between
ICL2, TM5, and TM6 of the �2AR and the N- and C-terminal
regions of the G�s subunit. Even though we have used only the
C-terminal G� peptide for analysis, our data nevertheless dovetail
with the published structural data using the Gs heterotrimer on
the importance of ICL2 in determining G�s specificity.

ICL3. The large ICL3 has very low sequence homology among
members of the GPCR family, including the prostanoid receptors.
It was previously shown in different class A GPCRs that the proper
conformation of ICL3 is important for receptor folding (16). In-
terestingly, the TP ICL3B-IP showed G�q-dependent intrinsic
signaling of up to 70% of that of the WT TP and G�s-dependent
intrinsic signaling similar to that of the WT IP (Fig. 4). Results
from molecular modeling showed a loss of secondary structure in
ICL3 of the TP ICL3B-IP chimera compared to the wild-type TP
ICL3-IP, resulting in increased flexibility and fewer constraints in
the ICL3 region, presumably favoring an active state structure
and/or enhanced binding with the G protein. The TP ICL3B-IP
sequence seems to be the optimum for both G�q- and G�s-de-
pendent signaling, as the further reduction of the IP ICL3 se-
quence, as in TP ICL3C-IP, causes a drop in both cAMP and Ca2�

signal levels. Furthermore, the TP ICL3C-IP chimeric receptor
regains binding to the TP antagonist SQ 29548 with affinity and
expression levels similar to those of the wild-type TP.

Previous site-directed mutational studies of residues at the cy-
toplasmic end of TM5 and the start of ICL3 in the TP revealed that

Cys223 is important for G�q signaling (16). The studies on the IP
have reported that the genetic variant R212C (corresponding to
His224 in the TP) displays defective signaling leading to cardio-
vascular disease progression (31). TP-IP heterodimerization stud-
ies have shown that R212C exerts a dominant negative action of
the TP-IP heterodimer (39). Interestingly, an H224R mutation in
the wild-type TP was shown previously to have normal ligand
binding and calcium-signaling characteristics (16). Our studies
show that introducing the H224A mutation into the TP ICL3B-IP
chimera disrupts the signaling by this chimera, supporting our
observation that the hydrogen-bonding capability of His244 is
required for G�q-mediated calcium signaling. Our data from mo-
lecular models, validated by site-directed mutational analysis,
point to the importance of the hydrogen-bond triad connecting
His224 and Val225 with Tyr356 of the G� peptide.

Interplay between ICL1, ICL2, and ICL3. In our models, the
C-terminal G� peptide bound to the TP at two different sites (see
Materials and Methods), one between ICL1 and ICL2 and the
other between ICL2 and ICL3. This is predominantly due to the
small size of the peptide used in our studies. Based on the recent
structural studies of metarhodopsin II that was bound to a peptide
(11), the �2AR-Gs protein complex (12), and our data, the posi-
tion between ICL2 and ICL3 is more likely the accurate one. It is
possible that the ICL1 region binds to some other sequence of the
G protein, such as the amino-terminal region, although the recent
crystal structure of �2AR-Gs does not show ICL1 to be involved in
G protein binding. In our data, the most interesting changes were
observed for the ICL2 and ICL3 regions. The loop region that has
the best basal activity and determines the EC50 is ICL2, with ICL3B
also playing an important role in conferring intrinsic activity. This
shows that both ICL2 and ICL3 in the prostanoid receptors are
predominantly involved in G protein coupling and signaling. This
differs from the �2AR-Gs structure, which has shown only the
ICL2 region to be involved in Gs coupling. This possible discrep-
ancy is because in our studies, we have used entire loop regions,
while the �2AR-Gs structure is missing the ICL3 region between
Arg239 and Cys265. A length of 26 amino acids in ICL3 of the
�2AR is disordered in the structure. The absence of ICL3 might be
responsible for the enhanced interactions observed between TM5,
which is extended by two helical turns on the cytoplasmic side
(compared to the inactive �2AR structure), and the �5 helix at the
C-terminal end of Gs in the �2AR-Gs structure.

In conclusion, delineation of the interacting domains on the
prostanoid receptors TP and IP, and their associated G proteins,
was achieved by the construction of chimeric signaling molecules.
Detailed analyses of the critical regions responsible for the speci-
ficities of prostanoid receptor-G protein interactions provide a
framework for understanding the fidelity of prostanoid signaling
and the creation of novel tools for drug discovery.
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