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ABSTRACT: The first intracellular loop (iLP1, residues 39-51) of human prostacyclin receptor (IP) was
proposed to be involved in signaling via its interaction with the GRs protein. First, evidence of the IP
iLP1 interaction with the C-terminus of the GRs protein was observed by the fluorescence and NMR
spectroscopy using the synthetic peptide (GRs-Ct) mimicking the C-terminal 11 residues of the GRs protein
in the presence of a constrained synthetic peptide mimicking the IP iLP1. Then, the residues (Arg42,
Ala44, and Arg45) in the IP iLP1 peptide possibly involved in contacting the GRs-Ct peptide were initially
assigned by observation of the significant proton resonance shifts of the side chains of the constrained IP
iLP1 peptide using 2D1H NMR spectroscopy. The results of the NMR studies were used as a guide for
further identification of the residues in the IP important to the receptor signaling using a recombinant
protein approach. A profile of the residues in the IP iLP1, including the residues observed from the NMR
studies involved in the GRs mediated signaling, was mapped out by mutagenesis. According to our results,
it can be predicted that the seven residues (Arg42-Ala48) with the conserved Arg45 at the center will
form an epitope with a specific conformation involved in the GRs mediated signaling. The conservation
of the basic residues (Arg45 in the IP) in all of the prostanoid receptors suggests that the iLP1 regions of
the other prostanoid receptors may also contain the epitopes important to their signaling.

Prostacyclin (prostaglandin I2 (PGI21)) is one of the
prostanoids that include thromboxane A2 (TXA2), prostag-
landins D2 (PGD2), E2 (PGE2), and F2 (PGF2) that are
synthesized by vascular smooth muscle, endothelium, and
other tissues. TXA2 is a potent stimulator of platelet
aggregation and a smooth muscle constrictor. PGI2 actions
are functionally antagonistic to those of TXA2. Functions
of the prostanoids are mediated by their specific receptors
that belong to the G protein-coupled receptor (GPCR) family,
with seven transmembrane (TM) domains coupled to dif-
ferent G proteins. The human PGI2 receptor (IP) gene was
first cloned in 1994 (1). The IP receptor mainly coupled to
the heterotrimeric Gs protein with an increase of the
intracellular cAMP level has been identified (2).

Biochemical and molecular approaches have defined
several features of the interaction between the IP receptor

and the G protein: (1) The IP receptor mainly interacts with
the R subunit of heterotrimeric Gs protein (GRs), and
probably interacts withR subunit of heterotrimeric Gq protein
(GRq) as well (3). (2) The C-terminal region of GRs (at least
the last 11 residues) could interact directly with the many
GPCRs (4-13). (3) G protein coupling is thought to be
mediated by an interaction of several intracellular domains
of a GPCR, including the intracellular loops and/or carboxyl-
terminus. However, little information is available for the
defined specific residues involved in G protein coupling in
the IP receptor. For example, Hayes et al. found that the
end of the C-terminal tail of the IP receptor may be important
for the heterotrimeric Gs protein coupling (14), but evidence
from a separate group (15) showed that this region may not
be so essential. It is clear that the characterization of the
heterotrimeric Gs protein coupling site in the intracellular
domains of the IP receptor is important for the resolution of
this controversy.

A natural mutation of the human TP receptor with Arg60
to Leu impaired the receptor function and caused a bleeding
disorder (16). Very recently, the Arg60 located in the first
intracellular loop (iLP1) was confirmed by our NMR
spectroscopic studies using a constrained synthetic peptide
mimicking the iLP1 segment. The Arg60 residue involved
in GRq coupling, which mediates increasing intracellular
calcium levels, has also been identified using the recombinant
TP receptors with the mutants of Arg60Leu and Arg60Lys
(17). Interesting observations, such as the replacement of
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the Arg60 with Lys could not completely restore the GRq
coupling activity of the TP receptor, have led to the
conclusion that other chemical properties of the Arg side
chains and its local conformation are also involved for the
heterotrimeric Gs coupling beside the charge contact (17).
This basic residue is conserved in all of the prostanoid
receptors with an identical Arg residue or a similar basic
residue of Lys (Figure 1). This led us to hypothesize that
the basic residue and the iLP1s of other prostanoid receptors
may also be involved in their specific G protein coupling.
A scenario such as whether the IP receptor coupled differ-
ently to the Gs when compared to the TP receptor coupled
to the Gq is a suitable test for the hypothesis. In this paper,
an approach integrating NMR peptide experiments and the
receptor protein mutagenesis was used to characterize the
structure/function relationship of the residues important to
the heterotrimeric Gs-mediated signaling while focusing on
the IP iLP1 region. The interaction of the synthetic con-
strained peptide mimicking the IP iLP1 with the C-terminal
domain of GRs protein was determined by fluorescence and
2D NMR spectroscopic studies, and the possible residues in
the IP iLP region important to the receptor signaling through
GRs coupling were predicted by NMR assignment. Mapping
of the residues important to the receptor signaling in the iLP1
region in the IP protein was performed. The complete profile
of the residues in the IP iLP involved in signaling through
Gs coupling was identified.

EXPERIMENTAL PROCEDURES

Materials. [3H] iloprost (16 Ci/mmol), unlabeled (cold)
iloprost, and the cAMP Biotrak Enzyme immunoassay (EIA)
kit were purchased from Amersham Biosciences (Piscataway,
NJ). The QIAprep spin miniprep kit was from Qiagen
(Valencia, CA). COS-7 cell was purchased from ATCC
(Manassas, VA). Medium for culturing COS-7 cells was from
Invitrogen (Carlsbad, CA). Ethanol-d6 and D2O were pur-
chased from Cambridge Isotope Laboratories, Inc. (Andover,
MA).

Peptide Synthesis.A constrained loop peptide mimicking
the sequence of the putative IP iLP1 (residues 39-51) with
homocysteine (hCys) residues added at both ends (Figure
2) was synthesized by fluorenylmethoxycarbonyl-polyamide
solid phase method and constrained by the formation of
disulfide bound as described previously (18). Briefly, the
peptide was purified to homogeneity by HPLC after the

synthesis. For the cyclization, the purified peptide was
dissolved in 1 mL of dimethyl sulfoxide and added to H2O
at a final concentration of 0.02 mg/mL with pH 8.5 adjusted
by addition of triethylamine. The peptide solution was stirred
overnight at room temperature. The cyclic peptide was then
lyophilized and purified by HPLC on the C4 column. A
constrained loop peptide mimicking the TP iLP1 was also
synthesized as a control (17). In addition, a GRs-Ct peptide,
mimicking the sequence of the C-terminal region (residues
384-394) of theR subunit of the heterotrimeric GRs protein,
with a Trp residue added at N-terminus (Figure 2B), was
also synthesized and purified by HPLC.

Fluorescence Spectroscopic Studies for the Interaction of
the Synthetic IP iLP1 Peptide and the GRs-Ct Peptide.The
interaction between the GRs-Ct peptide and the synthetic
constrained IP iLP1 peptide was monitored by fluorescence
spectroscopic studies as described (19). The GRs-Ct peptide
was dissolved in 600µL of sodium phosphate buffer (0.01
M, pH 7.2) containing 0.1 M NaCl, with a final concentration
of 5 µM. The fluorescence intensity of the Tyr residue in
the GRs-Ct peptide was monitored fluorometrically at 279.6
nm for excitation and 303 nm for emission, in the absence
or presence of the increasing concentration of the synthetic
IP iLP1 or TP iLP1 peptide using a spectrofluorophotometer
(Shimadzu, RF-5301PC) at room temperature in a 1.0-cm-
path-length cell. Single-site binding of the IP iLP1 or TP
iLP1 peptide to the GRs-Ct peptide was fitted to the
following equation (20):

in which Fobs is the observed fluorescence intensities; the
F0 and Ff are the initial and final fluorescence intensities,

FIGURE 1: Sequence alignment of the iLP1s of the prostanoid
receptors. The conserved basic residues were highlighted. The
alignment was performed by Insight II program on SGI workstation.

FIGURE 2: Sequences of synthetic peptides mimicked human IP
iLP1 and the segments of GRs. (A) TM domain model of human
IP receptor (27). (B) Amino acid sequence of the constrained IP
iLP1 with a disulfide bond connection through the added hCys
residues at the C- and N-termini, and amino acid sequence of GRs-
Ct peptide.

Fobs- Fo ) (Ff - F0){Rt + Gt + Kd -

[(Rt + Gt + Kd)
2 - 4RtGt]

1/2}/(2Gt) (1)
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respectively;Gt is the total concentration of the GRs-Ct
peptide; andRt is the total concentration of the IP iLP1 or
TP iLP1 peptide. The normalized fluorescence (NF) can be
calculated from

The titration data, normalized fluorescence (NF), andRt were
fitted by adjustingKd andFf using the Origin 6.1 program
(OriginLab, Inc., Northampton, MA).

NMR Sample Preparation.For 2D NMR spectroscopic
studies, the peptide sample of the HPLC-purified, constrained
IP iLP1 peptide or GRs-Ct peptide was dissolved in 0.5 mL
sodium phosphate buffer (20 mM, pH 6.0), containing 10%
D2O and 5% ethanol-d6, with a final concentration of 5.4
mM or 8.4 mM, respectively (14). The concentration for the
mixture of the IP iLP1 and GRs-Ct peptides was the same
as above. For the 1D1H NMR titration experiments, different
amounts (50∼ 3000µM) of the IP iLP1 peptide were added
to the fixed amount (100µM) of GRs-Ct peptide under the
same conditions as the 2D NMR experiments.

NMR Experiments.Proton NMR experiments were carried
out on a Bruker AMX-600 spectrometer. 2D1H NMR
experiments including DQF-COSY, TOCSY, and NOESY
were performed for the IP iLP1, GRs-Ct, or their mixture at
298 K. The WATERGATE method was used to suppress
the signal of water. NOESY spectra were recorded with a
mixing time of 200 ms. TOCSY spectra were carried out
with decoupling in the presence of scalar interactions spin-
lock sequence with a total mixing time of 50 ms. A total of
512 t1 increments were used in F1 with 32 scans per t1
increment and composed of 2048 complex points in F2 in
all experiments. Quadrature detection was achieved in F1
by the states-time proportional phase increment 150 zero-
filled to 2048× 2048 before Fourier transformation, and 0°
(for DQF-COSY) or 90° (for TOCSY and NOESY) shifted
sinbell2 window function was used in both dimensions.
Ethanol-d6 Peak was used as the reference for chemical shifts.
The chemical shift and sequence-specific assignments were
obtained using standard methods (21), auto-assignment
software (17), and a Peakfit v4.2 program (Seasolve software,
Inc., Framingham, MA).

Proton 1D NMR Titration Analysis in Fast Exchange.One-
to-one binding of the IP ILP1 peptide [R], and the GRs-Ct
peptide [G], to form a peptide-peptide complex, RG, can
be expressed as (22)

The equilibrium dissociation constant,Kd, for this reaction
is

Where [R] is the concentration of the IP iLP1 peptide, [G]
is the concentration of the GRs-Ct peptide, and [RG] is the
concentration of the peptide-peptide complex;Rt ) [R] +
[RG] andGt ) [G] + [RG], Kd and [RG] can be calculated
from

If 1/τ , the rate of the equilibration defined by eq 3, is faster
than the difference in chemical shifts between free and bound
(δb - δf) statuses of GRs-Ct peptide, then the fast exchange
condition exists andδobs ) δfff + δbfb, where δf is the
chemical shift of the unbound species,δb is that of the bound
species, andff and fb are the fractions unbound and bound,
respectively (22); ff + fb ) 1. The observed chemical shift
during the titration of the free GRs-Ct peptide with IP iLP1
peptide is given by

After substitution of eq 7 into eq 6, the proton chemical shift
perturbation (∆δobs) is given by

Therefore the percentage of the proton chemical shift
perturbation (F) is given by

The titration data,F andRt, were fitted by adjustingKd using
the Origin 6.1 program (OriginLab, Inc., Northampton, MA).

PCR Cloning of the IP Receptor.PCR cloning was used
to isolate the full-length cDNA of the IP receptor from human
lung cDNA library obtained from Invitrogen (Carlsbad, CA).
The PCR primers were designed based on human IP cDNA
with modifications. The primer sequences used were 5′-
ATTCTCGAGATGGCGGATTCGTGCAGGAAC-3′ (for-
ward) and 5′-AAGAATTCACAGGGTCAGCTTGAAAT-
GTCAG-3′ (reverse), withXhoI andEcoRI sites on the ends.
The full-length cDNA of the IP receptor was obtained from
standard PCR amplification that was performed in 50µL of
reaction mixture containing 1 unit of polymerase (New
England Biolabs, Beverly, MA), 0.4µM of each primer, and
2 µL of human lung cDNA for 30 cycles of 98°C for 1
min, 60 °C for 1 min, and 72°C for 1 min. The amplified
products were isolated from agarose gel and subcloned into
the XhoI/EcoRI sites of pAcSG His NT-A transfer vector
(Pharmingen, San Diego, CA). Correct cDNA sequence of
the receptor was confirmed by restriction enzyme digestions
and DNA sequencing analysis using the Sanger dideoxy
chain termination method (23).

Site-Directed Mutagenesis.A pAcSG-IP wild-type cDNA
cloned by our laboratory was first subcloned intoEcoRI/
XhoI sites of pcDNA3.1(-) expression vector to generate
the plasmid of pcDNA:hIP. The IP receptor mutations were
then constructed by standard PCR using pcDNA3.1(-)
vector with wild-type IP receptor as a template and two
synthetic oligonucleotide primers containing the desired point
mutation. The primers, which were complementary to
opposite strands of the template, extended during the
temperature cycling (95°C for 30 s, 53°C for 1 min 30 s,
and 68 °C for 13 min) for a total of 25 cycles with an

NF ) Fobs/F0 ) 1 + (Ff/F0 - 1){Rt + Gt + Kd -

[(Rt + Gt + Kd)
2 - 4RtGt]

1/2}/(2Gt) (2)

IP ILP1 + GRs-Cty\z
Kon

Koff
RG (3)

Kd ) koff/kon) ([R][G])/[RG] (4)

Kd ) (Rt - [RG]) (Gt - [RG])/[RG] (5)

[RG] ) (1/2){Rt + Gt + Kd -

[(Rt + Gt + Kd)
2 - 4RtGt]

1/2} (6)

δobs) δfff + δbfb ) δf(1 - fb) + δbfb )
δf + (δb - δf)fb ) δf + (δb - δf)[RG]/Gt (7)

∆δobs) (δobs- δf ) ) (δb - δf ){Rt + Gt + Kd -

[(Rt + Gt + Kd)
2 - 4RtGt]

1/2}/(2Gt) (8)

F ) 100∆δobs/(δb - δf ) ) 100{Rt + Gt + Kd -

[(Rt + Gt + Kd)
2 - 4RtGt]

1/2}/(2Gt) (9)
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additional extension cycle of 68°C for 10 min usingPfu
DNA polymerase from Stratagene (La Jolla, CA). The
mutation products were treated withDpnI endonuclease
(Stratagene) to digest the parental DNA template and
confirmed by DNA sequencing. The plasmids were then
prepared using Midiprep kit (Qiagen) for the transfection
into COS-7 cells.

Expression of the Recombinant IP Receptor in COS-7
Cells. COS-7 cells, placed on 100-mm dishes at a density
of 2.0 × 106, were cultured overnight, at 37°C in a
humidified 5% CO2 atmosphere in high-glucose Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine
serum, antibiotics, and antimycotics. Then, the medium was
replaced with Opti-MEM I (Invitrogen). The cells were
transfected with 16µg of purified cDNA of pcDNA:hIP or
its mutant and 40µL of Lipofectamine 2000 (Invitrogen).
Four hours later, the medium was replaced with high-glucose
Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum, antibiotics, and antimycotics. Approximately
48 h after transfection, the cells were harvested in ice-cold
phosphate-buffered saline buffer and collected by centrifuge
for further protein determination and binding assay.

Peptide Antibody Production.The three peptides corre-
sponding to the sequences of the three extracellular loops
of human IP receptor were synthesized. Each HPLC-purified
peptide was coupled to keyhole-limpet haemocyanin (KLH)
using glutaldehyde. Female New Zealand White rabbits were
immunized with a mixture of 100µg of each peptide-KLH
conjugate in Freund’s complete adjuvant. Booster immuniza-
tions with 200 µg of conjugate in Freund’s incomplete
adjuvant were given on days 14, 28, and 48. Blood was
collected from the marginal ear vein starting 7 days after
the final injection, and IgG fractions were isolated from the
resulting antiserum by Na2SO4 precipitation and DE52-
cellulose ion-exchange chromatography. The antibodies were
further purified by affinity chromatography using the ap-
propriate peptides immobilized on CNBr-activated Sepharose
4B (24).

Western Blot.The transfected COS-7 cells were scraped
from the 10-cm plates into ice-cold PBS buffer, pH 7.4, and
collected by centrifugation. After washing three times, the
pellet was resuspended in a small volume of the same buffer.
Each protein sample (20µg) was separated by 10% poly-
acrylamide gel electrophoresis under denaturing conditions
and then transferred to a nitrocellulose membrane. A band
recognized by particular primary antibody was visualized
with horseradish peroxidase substrate as described previously
(17).

Ligand Binding Assay.Ligand binding assay for the IP
receptor overexpressed in the COS-7 cells was performed
by the method as described by Kiriyama’s group (25). The
cell pellets (200µg protein) were incubated with 100 nM
[3H] iloprost in the presence or absence of 5µM unlabeled
iloprost in the 0.1-mL reaction volume with vigorous shaking
at 4°C for 2 h. The reaction was terminated by the addition
of 1 mL of the cold washing buffer, and the reaction mixture
was filtered through a presoaked Whatman GF/C glass filter
(Whatman, Clifton, NJ) under vacuum. After washing, the
radioactivity of the IP receptor-bound [3H] iloprost that
remained on the glass filter was counted in 4 mL of
scintillation mixture using Beckman LS6800 counter (Ful-

lerton, CA). The binding data were analyzed by the Origin
6.1 program, and each data point derived from four assay
tubes was used to determine theKd and Bmax values by
Scatchard analyses (25). Repetitions were from separate
experiments.

cAMP Assay.The recombinant IP receptor overexpressed
in the COS-7 cells was analyzed for signal transduction
capability mediated by Gs coupling using a cAMP assay
according to the manufacture instructions (Amersham Bio-
sciences). The cells placed on 96-well plates at a density of
1.5 × 104 per well were cultured overnight, at 37°C in a
humidified 5% CO2 atmosphere in high-glucose Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine
serum, antibiotics, and antimycotics. Then, the medium was
replaced with Opti-MEM I (Invitrogen), and the cells were
transfected with 0.2µg of purified cDNA and 0.5µL of
Lipofectamine 2000 (Invitrogen). Four hours later, the
medium was replaced with high-glucose Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum, anti-
biotics, and antimycotics. After 48 h, the cells were incubated
with 0.1 µM iloprost for 30 min at 37°C. After the
incubation, the medium was removed and the cells were
lysed. The intracellular cAMP content of transiently trans-
fected cells from each well of 96-well microplates was
determined by Enzyme Immunoassay (EIA) using a cAMP
Biotrak EIA System. Repetitions were from separate experi-
ments.

Statistical Data Analyses. Statistical analysis was carried
out using the independentt-test in Origin 6.1 program
(OriginLab, Inc., Northampton, MA).P values of less than
or equal to 0.05 were considered to indicate a statistically
significant difference.

RESULTS

Design and Synthesis of the IP iLP1 and the C-Terminal
Domain of GRs Protein for Protein-Protein Interaction.A
basic residue, Arg60 in TP iLP1, is conserved in all the
prostanoid receptors with Arg or Lys (14, Figure 1). A
constrained synthetic peptide approach has recently been
developed for the studies of prostanoid receptors (26). A
peptide corresponding to the human IP iLP1 domain with a
constrained N- and C-terminal distance (10-12 Å) by the
addition of a homocysteine disulfide bond, based on the 7TM
model of the human IP that was generated by molecular
modeling using bovine rhodopsin as a template (27, Figure
2A), was synthesized and used for identifying the residues
important to IP signaling. On the other hand, a synthetic
peptide, GRs-Ct, corresponding to the C-terminal 11 residues
of the GRs protein with an internal Tyr residue and an
additional N-terminal Trp residue (providing fluorescence
signal) was synthesized (Figure 2B) and used for the initial
studies of its binding to the IP iLP1 peptide. In addition,
synthetic unconstrained IP iLP1 and constrained TP iLP1
peptides were employed as controls for the binding studies
(Figure 3).

Characterization of the Interaction of the Constrained IP
iLP1 Peptide and the GRs-Ct Peptide Using Fluorescence
Spectroscopy.Fluorescence spectroscopy is a convenient
approach for screening the binding of the peptide with other
molecules in solution. An interaction between the constrained
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TP eLP2 with its ligand, SQ29,548, has previously been
identified by fluorescence spectroscopy (18). More recently,
the interaction of the constrained IP eLP2 with its agonist,
iloprost, has also been identified by the similar fluorescence
spectroscopic studies (27). These results offer a basis to test
the possible interaction of the IP iLP1 with the particular
domain of GRs protein using a synthetic peptide technique.
To determine theKd value, the fluorescence emission
intensities at 303 nm for the Tyr residue were used. Figure
3 showed that the fluorescence intensity of the GRs-Ct
peptide was increased in a saturation manner as the concen-
tration of the IP iLP1 peptide was increased, which suggested
that the conformational change of the GRs-Ct peptide may
occur upon binding to the IP iLP1 peptide. By fitting the
data to eq 2, we obtained aKd value of 204( 19 µM for
the constrained IP iLP1 peptide (Figure 3). In contrast, a
much higherKd value of 1397( 95µM for the unconstrained
IP iLP1 peptide was obtained, suggesting a weaker contact
between the unconstrained IP iLP1 and GRs-Ct peptide.
Moreover, no significant fluorescence changes were induced
upon the addition of the constrained TP iLP1 peptide to the
GRs-Ct peptide, suggesting no interaction between the two
peptides (Figure 3). These results further supported that the
interaction of the constrained IP iLP1 segment with the
C-terminal domain of the GRs protein could be specific. In
addition, on the basis of the known factors of the fixed
concentration of the GRs-Ct peptide (5µM) incubated with
the increasing amounts of the constrained IP iLP1 peptide
with a Kd value of 204µM, the percentage of the bound
form of the GRs-Ct peptide during the titration could be
calculated from [RG]/[GRs-Ct] × 100%. When the concen-
trations of the IP iLP1 peptide were increased from 10 to
1000µM, 4.6-83.0% of GRs-Ct peptide bound to the iLP1

peptide was obtained by the calculation. Therefore, the result
of our fluorescence experiment was very significant.

Characterization of the Interaction of the Constrained IP
iLP1 Peptide and the GRs-Ct Peptide Using 1D1H NMR
Spectroscopy.The titration of the fluorescence experiments
have established the bindingKd and the specific binding
nature of the peptides. The synthetic peptides with molecular
weight of 1-2 kDa are ideal sizes for proton level charac-
terization using high-resolution1H NMR experiments. Thus,
the contact residues between the IP iLP1 and the GRs-Ct
peptides were further investigated by NMR spectroscopic
studies. The titration of the binding of the IP iLP1 peptide
to the GRs-Ct peptide was monitored by 1D1H NMR
spectroscopy using the additions of increasing amounts (30
∼ 3000µM) of the iLP1 peptide to the fixed amount (100
µM) of the GRs-Ct peptide (Figure 4) similar to the titration
studies using fluorescence technique.

The specific contact between the two peptides was
supported by the observation of the proton resonance shifts
of the particular residues in a concentration-dependent
manner (Figure 4).Therefore, equilibrium dissociation con-
stants (Kd) were estimated from the plots of∆δ of the
residues in the GRs-Ct peptide versus the increasing con-
centrations of the added IP iLP1 peptide. For the GRs-Ct
peptide, the shifts of the proton resonances of HNs in Tyr9

FIGURE 3: Fluorescence spectroscopic analysis for the interaction
of the constrained iLP1 peptide with the GRs-Ct peptide. The fixed
amount (5µM) of the constrained GRs-Ct peptide was incubated
with the increasing amounts (0-1000 µM) of the constrained IP
iLP1 peptide (square), the unconstrained IP iLP1 peptide (circle),
or the constrained TP iLP1 peptide (triangle) at room temperature.
The fluorescence intensities of the mixtures were monitored at 279.6
nm for excitation and 303 nm for emission as described in
Experimental Procedures. The normalized fluorescence (NF) was
fitted to eq 2, and theKd values for both of the constrained IP
iLP1 peptide (204( 19µM) and the unconstrained IP iLP1 peptide
(1397( 95 µM) binding to the GRs-Ct peptide were established.
The results presented in the figure as the mean( standard error
(SE) are representative data from four assays (n ) 4). Repetitions
were from separate experiments.

FIGURE 4: 1D 1H NMR titration for the interaction of the
constrained IP iLP1 peptide with the GRs-Ct peptide. The fixed
amount of the GRs-Ct peptide (100µM) was titrated by additions
of the increasing amounts (0µM (A), 30 µM (B), 100 µM (C),
300 µM (D), 1000 µM (E), and 3000µM (F)) of the constrained
IP iLP1 peptide. The observed chemical shifts for the NHs of Leu11,
Tyr9, and indole proton of Trp1 (δobs) and their chemical shift
perturbations (∆δobs) in ppm during the titrations were shown.

Prostacyclin Receptor Intracellular Domain Structure/Function Biochemistry, Vol. 44, No. 34, 200511393



and Leu11 could be followed throughout the titration
experiments that gave aKd value of 212µM (Figure 5),
which was very close to theKd value observed by the
fluorescence titration experiments (Figure 3). In contrast, the
internal control peak of the indole proton of Trp1 residue
was unchanged (Figures 4 and 5). The detailed procedures
for the calculation of theKd values were described in
Experimental Procedures. The saturation-like curve of the
NMR titration data in Figure 5 also shows that the interaction
between the two peptides is a specific 1:1 binding as
indicated by the fluorescence studies (Figure 3). During the
titration, there occurred line broadening of HN of Tyr9 in
the GRs-Ct peptide due to the chemical exchange with very
high concentration of the IP iLP1 peptide (Figure 4F),
indicating fast exchange progressing to intermediate ex-
change for this proton. This provided another piece of
evidence for the interaction between the two peptides in the
solution. It shall also be indicated that the control experiments
using either iLP1 or GRs-Ct alone at the same highest
concentration of the peptide titration did not show any
chemical shift changes in ppm. This excluded the possibility
of the ppm changes in the titration experiment resulting from
the nonspecific peptide aggregation by itself.

Characterization of the Interaction of the IP iLP1 Peptide
and the GRs-Ct Peptide Using 2D1H NMR Spectroscopy.
The interaction between the IP iLP1 peptide and the GRs-
Ct peptide was further identified by the observation of the
chemical shift perturbations in the IP iLP1 peptide by
comparing the 2D1H spectra, TOCSY (Figure 6), NOESY,
and DQF-COSY (data not shown) of the constrained IP
iLP1 peptide in the absence (Figure 6A) and presence of
the GRs-Ct peptide (Figure 6B) recorded in H2O with 10%
D2O. The proton resonance assignments for the 2D1H NMR
spectra were accomplished using the standard sequential
assignment technique based on the proton chemical shifts
(18, 28-30). The assignment procedures involved the
identification of the chemical shifts using the TOCSY
spectrum (31, 32, Figure 6) and the sequential assignment
using the NOESY spectra (33). The complete proton
resonance assignments for the constrained IP iLP1 segment
(Table 1) and the GRs-Ct peptide (Table 2) were obtained.

Through comparison, the side chains of the residues in the
IP iLP segment contacting with the GRs-Ct were predicted
by significant shifts of the resonances belonging to the
particular residues. As a conclusion from both TOCSY
spectrum assignments, the chemical shift perturbations

FIGURE 5: The plots of chemical shift perturbations for the NHs
of Leu11 (square), Tyr9 (triangle), and indole proton of Trp1 (circle)
in the GRs-Ct peptide as described in Figure 4. The percentage of
the proton chemical shift perturbation (F) shown in Figure 4 was
fitted to eq 9, and theKd value (212µM) for the constrained IP
iLP1 peptide binding to the GRs-Ct peptide was established. The
lines represent the best fitted curves.

FIGURE 6: The expandedRH-NH region of the TOCSY spectra
(50 ms mixing time) for the constrained IP iLP1 peptide (5.4 mM)
in the absence (A) and the presence (B) of the GRs-Ct peptide.
The spectra were collected at 298 K in H2O for the IPiLP1 peptide
only (A), and for the mixture of the IPiLP1 peptide (cross-peaks
in red color) and the GRs-Ct peptide (8.4 mM, cross-peaks in green
color). The chemical shift perturbations of the particular residues
were represented by the ppm values in the parentheses.

Table 1: Proton Resonance Assignment (in ppm) for the
Constrained IP iLP1 Peptide

residues NH RH âH γH others

hCys1 4.09 2.25, 2.23 2.74, 2.72
Ser2 8.71 4.45 3.81, 3.79
Ala3 8.40 4.26 1.31
Arg4 8.16 4.23 1.72, 1.65 1.56, 1.51εH 7.09;δCH2 3.10, 3.10
Arg5 8.25 4.52 1.75, 1.64 1.59, 1.58εH 7.11;δCH2 3.11, 3.11
Pro6 4.33 1.92, 1.91 2.20, 1.86δCH2 3.72, 3.53
Ala7 8.34 4.15 1.33
Arg8 7.82 4.60 1.76, 1.64 1.55, 1.54εH 7.11;δCH2 3.14, 3.13
Pro9 4.28 1.99, 1.92 2.22, 1.87δCH2 3.70, 3.57
Ser10 8.13 4.31 3.85, 3.75
Ala11 8.15 4.17 1.19
Phe12 7.90 4.50 3.10, 2.91 ε (3,5) 7.28;ú (4) 7.23;

δ (2,6) 7.17
Ala13 7.97 4.24 1.27
Val14 7.99 4.02 2.02 0.89, 0.87
hCys15 8.34 4.38 2.17, 2.03 2.75, 2.65
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(0.003-0.006 ppm) were localized at NH in Arg42,RH in
Ala44, and NH andδH in Arg45 of the IP iLP1 segment,
which were induced by the interaction with the GRs-Ct
peptide (Figure 6, Table 3). In contrast, the protons in other
residues of the IP iLP1 were not significantly affected by
the presence of the GRs-Ct peptide. These results suggested
that these residues of the IP iLP1 were involved in the
interaction with the GRs-Ct peptide in the solution and
implied that these residues in the IP receptor protein could
be the target residues involved in the receptor-GRs coupling
in the receptor signaling. It is particularly interesting that
these data provided the first clues suggesting that multiple
residues surrounding the Arg45 in the IP iLP1 may be
involved in the receptor signaling.

The interaction of the IP iLP1 peptide with the GRs-Ct
peptide was further confirmed by the high-resolution 2D1H
NMR spectroscopy using the comparison of the complete
2D spectrum assignments for the GRs-Ct peptide in the
absence (Figure 7A, Table 4) and presence (Figure 7B) of
the IP iLP1 peptide. The significant chemical shift perturba-
tions (0.003-0.012 ppm) of the proton resonances of the
residues of Tyr9, Glu10, Leu11, and Leu12 in the GRs-Ct
peptide were clearly observed (Figure 7, Table 4). The
chemical shift perturbations of the GRs-Ct peptide upon
interaction with the IPiLP1 peptide observed in the NMR
experiments is consistent with the early observation that the
conformation of the C-terminal of Gt proteinR-subunit was
changed upon interaction with the rhodopsin (13).

EValuation of the ConserVed Arg45 in the IP iLP1
Important to the Receptor Signaling.Arg45 in the IP iLP1
is the corresponding residue to Arg60 in the TP iLP1 that
has been identified as a key residue important to the TP
signaling through GRq coupling. As described above, Arg45
is one of the residues contacted with the GRs-Ct peptide by

the NMR studies using the IP iLP1 fragment. Thus, it is the
most important target to be considered as a residue involved
in the receptor signaling through GRs. To test this hypothesis,
four recombinant human IP receptors with a point mutation
of Arg45Leu, Arg45Lys, Arg45Glu, and Arg45Gln were
generated. The correct point mutation was confirmed by the
DNA sequencing, and the overexpression of the mutants in
the COS-7 cells was confirmed by Western blot analysis
(Figure 8A). The binding of the recombinant receptors to
its ligand was then performed using [3H] iloprost. Unlabeled
(cold) iloprost (5µM) was also used as a competitive ligand

Table 2: Proton Resonance Assignment (in ppm) for the GRs-Ct
Peptide

residues NH RH âH γH others

Trp1 4.24 3.31, 3.28 2H, 7.22; 4H, 7.46;
5H, 7.05;6H, 7.15;
7H, 7.42; indole,10.15

Gln2 8.40 4.22 1.93, 1.82 2.18, 2.18
Arg3 8.29 4.03 1.66, 1.63 1.50, 1.50εH 7.10;δCH2 3.08
Met4 8.32 4.32 1.87, 1.86 2.45, 2.40
His5 8.53 4.59 3.14, 3.07 2H, 7.83; 4H, 7.28
Leu6 8.22 4.24 1.48, 1.47 1.53 δCH3 0.83, 0.78
Arg7 8.31 4.15 1.67, 1.65 1.51, 1.48εH 7.08;δCH2 3.09
Gln8 8.29 4.16 1.86, 1.85 2.12, 2.09
Tyr9 8.09 4.48 2.96, 2.86 δ (2,6) 7.01;ε(3,5) 6.72
Glu10 8.04 4.25 1.95, 1.85 2.27, 2.27
Leu11 8.10 4.27 1.53, 1.53 1.53 δCH3 0.85, 0.80
Leu12 8.06 4.24 1.56, 1.56 1.56 δCH3 0.83, 0.78

Table 3: The Shifts (in ppm) of the Proton Resonances in TOCSY Spectra of the Particular Residues of the Constrained IP iLP1 Peptide (5.4
mM) Induced by the Addition of the GRs-Ct Peptide (8.4 mM)

proton chemical shifts of IP iLP1

residues in
IP iLP1
peptide

corresponding
resides in IP

receptor proton

in the absence
of GRs-Ct

peptide

in the presence
of GRs-Ct

peptide

chemical
shift

perturbations

Arg5 Arg-42 NH 8.250 8.245 0.005
Ala7 Ala-44 RH 4.152 4.157 0.005
Arg8 Arg-45 NH 7.825 7.828 0.003

δH 3.131 3.137 0.006
δH 3.140 3.146 0.006

FIGURE 7: The expandedRH-NH region of the TOCSY spectra
(50 ms mixing time) for the GRs-Ct peptide in the absence (A)
and presence (B) of the IPiLP1 peptide. The spectra were collected
at 298 K in H2O for the GRs-Ct peptide only (8.4 mM, A), or the
mixture of the GRs-Ct peptide (cross-peaks in red color) and the
constrained IP iLP1 peptide (5.4 mM, cross-peaks in green color).
The chemical shift perturbations of the particular residues were
represented by the ppm values in the parentheses.
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to show the specific binding. The binding of the four mutants
to iloprost was the same as the wild-type (Figure 8B),
indicating that the mutants of Arg45 to Leu, Lys, Glu, or
Gln did not affect receptor folding nor alter the ligand-
binding site in general. However, in comparison with the
wild-type, the mutants of Arg45Leu, Arg45Glu, and Arg45Gln
completely lost their cAMP production activity, which is a

signaling indicator of GRs coupling (Figure 8C), indicating
the positive charge of Arg45 is important to the signaling.
In addition, the mutant of Arg45Lys could only recover about
25% of the signaling activity, indicating the other factors
beside the positive charge are also important to GRs coupling.
These results provided the first experimental evidence which
showed that the conserved Arg45 at the IP iLP1 is similar
to the Arg60 at the TP iLP1 in its importance to receptor
signaling through different G protein coupling systems. It
also supported the NMR experimental prediction that Arg45
is involved in IP receptor signaling.

Confirmation of the NMR Experiment-Based Prediction
for the Other Residues in the IP iLP1 InVolVed in GRs
Protein Coupling Using Recombinant IP Receptors.The
mutation at Arg45 has clearly indicated that the NMR
experiment provided useful information for the prediction
of the particular residue important to the receptor signaling.
The NMR experiments have also predicted other residues
surrounding Arg45, including Arg42 and Ala44 in the IP
iLP1, are important to the GRs-Ct contacts (Table 2). To
test whether the surrounding results are also important to
the receptor signaling at a protein level, a series of
recombinant proteins of the human IP receptor with point
mutation from the residues 39-51, covering all of the
putative iLP1 region except for the Arg45, were constructed
by the PCR mutagenesis approach. These residues were
replaced with Gly one by one to eliminate the side-chain
functions and slightly change the local conformation by the
phi-psi angles. Each point mutation was confirmed by DNA
sequencing. After transfection of the cDNA into COS-7 cells,
the expression levels of the IP receptor mutants similar to
the wild-type were observed in Western blot (Figure 9A).
The binding of the recombinant receptors to its ligand was
then performed using [3H] iloprost as described above. All
of the mutations retained ligand-binding activities similar to
the wild-type (Figure 9B), suggesting that each of them has
the same correct protein folding in the cell membrane as
that of the wild-type. However, the recombinant IP receptors
with point mutations at residues 42-48 (including Arg45Leu
mutant) to Gly lost 70-100% of their ability to produce
cAMP through the GRs coupling (Figure 9C), which include
the residues predicted from the NMR experiments. The EC50

for the wild-type human IP receptor expressed in COS-7 cells
was about 0.2 nM of iloprost (34). The EC50 values of
iloprost for the mutants at residues 42-48 were expected to

Table 4: The Shifts (in ppm) of the Proton Resonances in TOCSY Spectra of the Particular Residues of the GRs-Ct Peptide (8.4 mM) Induced
by the Addition of the Constrained IP iLP1 Peptide (5.4 mM)

proton chemical shifts of GRs-Ct

residues in
GRs-Ct

corresponding
resides in GRs

protein proton

in the absence
of IP iLP1

peptide

in the presence
of IP iLP1

peptide

chemical
shift

perturbations

Tyr9 Tyr391 NH 8.087 8.075 0.012
Glu10 Glu392 NH 8.037 8.040 0.003

γH 2.274 2.271 0.003
Leu11 Leu393 NH 8.103 8.097 0.006

δH 0.851 0.848 0.003
δH 0.798 0.795 0.003

Leu12 Leu394 NH 8.062 8.012 0.050
RH 4.244 4.259 0.015
âH 1.556 1.550 0.006
δH 0.833 0.830 0.003
δH 0.781 0.778 0.003

FIGURE 8: Functional properties of the wild-type (IP-wt) and mutant
IP receptors at the site of Arg45 overexpressed in COS-7 cells.
(A) Western blot of the recombinant receptors of IP-wt and the
Arg45 mutants. (B) Binding of the recombinant IP receptors to 100
nM [3H] iloprost (added 20 000 cpm, open bars). Unlabeled iloprost
(5 µM) was used for competitive binding (shaded bars). One
hundred persent of the specific binding is 1200 cpm. The results
were the averages from three experiments. (C) The intracellular
cAMP production of transiently transfected cells in 96-well
microplates, stimulated by iloprost, was determined by EIA assay
as described in Experimental Procedures. The results presented in
the figure as the mean( standard error (SE) are representative
data from four independent experiments (n ) 4). Repetitions were
from separate experiments, and thep value for that with the
decreased activity was shown (*,p e 0.05).
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be over 100 nM, because under the stimulation of 100 nM
of iloprost, the assay showed that the cAMP production of
these mutants decreased significantly (more than 70%) from
that of the wild-type. In comparison, the receptor with point
mutation at residues 39-41 and 49-51 did not significantly
lose the function of the cAMP production. These results
revealed that the residues 42-48 including the residues of
Arg42 and Ala44 predicted by the NMR experiments are
involved in the IP receptor signaling through GRs protein
coupling. Thus, the NMR peptide studies could be a powerful
tool to provide an initial clue in locating the target residues
and region for functional characterization of the protein. It
shall be indicated that some residues in IP iLP1, important
to the IP signaling found in mutagenesis studies, were not
initially observed in the NMR peptide studies. This demon-
strated that the peptide NMR experiment might not neces-
sarily be able to localize all of the important residues in the
intact protein. The combination of the NMR peptide study
and protein mutagenesis should be more reliable.

Specificity of the Important Residues in the IP Signaling.
That the mutation of Arg45 to Lys with a similar positively
charged side chain could not completely restore the IP
receptor signaling activity has indicated that other chemical
and structural features such as conformation, size, and
different charge surface of the Arg45 side chain are also
important to the specific GRs coupling. This observation is
similar to that of the Arg60 residue at the TP iLP1, which
couples to GRq (17). To further test the specificities of the
other conserved residues in the IP iLP1 important to the IP
signaling, the residues including Ser47 and Ala48 were
replaced with the corresponding similar residues of Thr in
the EP4 iLP1 and Leu in the DP iLP1, respectively (Figure
1). Thus, the two mutants of Ser47Thr and Ala48Leu of the
IP receptor were further created by the PCR mutagenesis
and expressed in the COS-7 cells (Figure 10A) for their
functional tests. In addition, three other mutants of Pro46Ala,
Ser47Ala, and Ala48Val of the IP receptor were also
generated and expressed in COS-7 cells for detailed func-

tional analysis of the side chains (Figure 10A). All of those
mutants showed binding to iloprost similar to or slightly less

FIGURE 9: Functional properties of the wild-type (IP-wt) and 13 IP receptor mutants overexpressed in COS-7 cells. (A) Western blot of the
recombinant IP receptors. (B) Binding of the recombinant IP receptors to 100 nM [3H] iloprost (open bars). Unlabeled iloprost (5µM) was
used for competitive binding (shaded bars). (C) The intracellular cAMP production of transiently transfected cells in 96-well microplates,
stimulated by iloprost, was determined by EIA assay as described in Experimental Procedures. The results presented in the figure as the
mean( SE are representative data from four independent experiments (n ) 4). Repetitions were from separate experiments, and thep
value for that with the decreased activity was shown (*,p e 0.05).

FIGURE 10: Functional properties of the wild-type and the IP
receptor mutants at the sites of Pro46, Ser47, and Ala48 overex-
pressed in COS-7 cells. (A) Western blot of the recombinant IP
receptors. (B) Binding of the recombinant IP receptors to 100 nM
[3H] iloprost (open bars). Unlabeled iloprost (5µM) was used for
competitive binding (shaded bars). (C) The intracellular cAMP
production of transiently transfected cells in one well of 96-well
microplates, stimulated by iloprost, was determined by EIA assay
as described in Experimental Procedures. The results presented in
the figure as the mean( SE are representative data from four
independent experiments (n ) 4). Repetitions were from separate
experiments, and thep value for that with the decreased activity
was shown (*,p e 0.05).
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than the wild-type IP receptor (Figure 10B), but their cAMP
production activities through GRs coupling were significantly
impaired (Figure 10C). These results indicated that the
chemical and structural properties of the side chains of those
residues are also highly specific and similar to Arg45 in the
IP iLP1. Maintaining the conformation with the correct side
chains of the residues is the basis to maintain the active
signaling activity for the IP receptor.

Effects of the Mutations in the IP iLP1 Region on the
Ligand Binding Affinity in the Extracellular Domains.To
test whether the impairment of the signing of the IP mutations
in the iLP1 region affect their ligand binding affinity that
occurred in the extracellular domains, kinetic studies of the
ligand bindings for the mutants without signaling activities
were performed by titration experiments. The specific binding
was obtained by the subtraction of the total binding from
the nonspecific binding in the presence of the cold iloprost
(Figure 11). The seven mutants important to IP signaling
showed very similarKd values when compared to the wild-
type (Figure 11 and Table 5). These results strongly indicate
that the mutations at the iLP1 region have no significant
effect on receptor ligand binding, and the identified residues
in the iLP1 region important to receptor signaling are indeed
involved in the G protein coupling in the intracellular
domains and irrelevant to ligand binding occurring in the
extracellular and/or transmembrane domains.

DISCUSSION

Eight prostanoid receptors including IP and TP have been
cloned for a decade, but little information is available for
their specific ligand recognition and signaling in structural
terms. However, the difficulty of the crystallization of the
membrane-bound GPCRs makes obtaining crystal structures
for the prostanoid receptors unlikely to occur immediately.
NMR spectroscopy offers an alternative way to solve the
peptide and protein structures in solution. However, the high-
resolution NMR technique for the sizes of the membrane-
bound prostanoid receptors (30 kD and up) can be very
difficult because of the slow tumbling of the larger molecules.
Thus, it has limited the use of the NMR technique for the
structural and functional characterization of the prostanoid
receptors directly using the membrane proteins. Recently,
several novel NMR spectroscopic techniques have been
developed to determine the interaction between protein and
ligand (35-47), as well as peptide and peptide, which include
the transferred NOE effects (48-54) and the chemical shift
perturbations (55-59). However, to identify the residues
important to the protein-protein interaction on the membrane

proteins in structural terms is still a big challenge for the
high-resolution NMR spectroscopy. On the other hand, site-
directed mutagenesis is used for screening the functional
residues of the protein. But, without structural support, the
one-by-one mutagenesis is not time efficient. In addition,
the mutation result might not directly apply to the under-
standing of the structure/function relationship at molecular
and atomic levels because the mutation may cause post-
translational changes of the proteins, such as protein folding,
glycosylation, membrane incorporation, and signaling. To
utilize the advantages of high-resolution NMR spectroscopy,

Table 5: Binding, Expression, and Activation of the Human Prostacyclin Receptor and Its Mutantsa

binding of iloprost expression of the IP receptor cAMP production stimulated by iloprost

IP receptor Kd (nM) percentage (%) Bmax(fmol/mg) percentage (%) cAMP (fmol/1.5× 104 cells) percentage (%)

wild-type 12.8( 5.3 100 128( 18 100 1248( 62* # 100
mutant R42G 12.2( 2.4 95 114( 9 89 87( 32 7
mutant P43G 22.9( 3.3 179 92( 5 72 21( 5 2
mutant A44G 13.4( 2.4 105 62( 3 48 227( 92# 18
mutant R45L 12.4( 5.3 97 64( 8 50 10( 3 1
mutant P46G 11.4(2.2 89 80( 4 63 75( 4 6
mutant S47G 12.5( 3.0 95 75( 8 58 17( 7 1
mutant A48G 6.2( 3.3 51 81( 6 64 230( 51* 18

a The results presented in figures as the mean( standard error (SE) are representative data from four independent experiments (n ) 4). Repetitions
were from separate experiments, and thep values for those with decreased activity are shown (*,p e 0.05; #,p e 0.05).

FIGURE 11: Kinetic properties of [3H] iloprost binding to the
recombinant IP receptors expressed in COS-7 cells. The cell
membrane protein prepared from COS-7 cells that transiently
expressed the wild-type or the mutants of the IP receptor was
incubated with the increasing concentration of the [3H] iloprost in
the absence (square) or presence (triangle) of 500-fold excess of a
unlabeled iloprost. The results presented in the figure as the mean
( SE are representative data from four independent experiments
(n ) 4). Repetitions were from separate experiments.
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for the determination of the solution structure of peptide at
a proton level, and site-directed mutagenesis, for the
identification of the protein function at single residue level,
the combination of the two approaches into a single system
may enable enlargement of the scope and enhancement of
the powers of either approach individually. On the basis of
this concept, we have introduced a strategy to characterize
the structure/function relationship of prostanoid receptors and
synthases using a system connecting the NMR spectroscopy
for peptide and mutagenesis for protein together. This
strategy has enhanced our knowledge in the understanding
of the structure/function relationship of the TP receptor
interacting with its ligand in extracellular domains and
interacting with GRq in the first intracellular loop (17). The
strategy was also used to understand the mechanism of
prostacyclin synthase contacting with the endoplasmic reticu-
lum membrane and docking with its substrate (60). In the
current studies, the developed strategy using NMR spec-
troscopy combined with protein mutagenesis was further used
to identify the residues in the IP iLP1 important to the
receptor signaling through GRs coupling. The results have
provided evidences allowing the localization of important
residues. It should also be suitable to characterize the
structure and function relationship for the other prostanoid
receptors.

Many attempts have been made to find a G protein
coupling site on the intracellular domains of the GPCRs. The
second (iLP2) and third (iLP3) intracellular loops and the
C-terminal domain of GPCRs involving their G protein
coupling have been identified in different GPCRs (61-64).
Generally, iLP2s and iLP3s are important players in specific-
ity and/or efficiency of G protein activity in some GPCRs,
while iLP1s are thought to be relatively unimportant (64).
However, recent studies provide substantial evidences dem-
onstrating that the iLP1s in GPCRs are also involved in the
receptor signaling through different G protein coupling (65-
78). The detailed molecular mechanism of the iLP1s of the
prostanoid receptors involved in their signaling has previ-
ously been poorly addressed until our recent structural and
functional characterization of the TP iLP1 (14). Instead of
testing the single residue (Arg60) crucial to the TP receptor
signaling, the studies described in this paper expanded one
step further to characterize the profile of the residues in the
entire putative iLP1 region involved in the signaling and
explore the molecular mechanism of the signaling through
the interaction of the IP iLP1 and the C-terminal of the GRs
protein. Thus, the conclusion is more valuable than our
previous studies.

The profile of the important residues in the IP iLP1 with
a continuous seven residues from 42 to 48 provided important
information for further understanding on the molecular
basis: (1) The iLP1 contains an epitope crucial to the
receptor signaling through GRs coupling, not just the
conserved Arg45. (2) The epitope is likely to be involved in
contact with the GRs, supported by the observation of the
interaction of the constrained IP iLP1 peptide with the GRs-
Ct peptide in the fluorescence and NMR spectroscopic
studies (Figures 3-7 and Tables 3 and 4). (3) The side chains
of the continuous seven residues are in a loop configuration
allowing orientation to different directions, which is favorable
to be predicted for the intermolecular contact instead of
intramolecular interaction. (4) The conservation of similar

residues for the seven residues in the iLP1s of other
prostanoid receptors compared to the IP iLP1 (Figure 1)
implies that a similar epitope is present in the iLP1s of the
other prostanoid receptors having similar functions in their
signaling through different G protein coupling systems. (5)
Replacement of the Lys for Arg45, Thr for Ser47, and Leu
for Ala48 in the IP iLP1 could not completely restore the
receptor signaling activity, indicating that, besides the
chemical properties, the conformation of the side chains of
the residues may also participate in the protein-protein
interaction.

Some residues important for IP coupling may not be
detected in a NMR experiment. One of the reasons is that
the chemical shift perturbation tends to emphasize shifts of
large, solvent-exposed residues (Tyr, Lys, Arg, His) and
underemphasized interactions with buried or smaller residues
(Gly, Ala) (79). The other reason is that our NMR model
only employs the C-terminal region of GRs, but we cannot
exclude the possibility that other regions on GRs or the Gâγ
dimer may also be involved in receptor contact (80).

It has been reported that the human IP receptor could also
couple to the GRq protein (3). This phenomenon is observed
in many cell lines, including CHO cells (81) and HEK 293
cells (82). How does the IP receptor communicate to different
G proteins at residue level? This is a very interesting question
and has not yet been addressed clearly. Our recombinant
human IP receptor mutants can be used as a tool to study
the mechanisms of the GRs/GRq coupling systems for the
receptor. For example, to test whether the GRq coupling in
the IP receptor is independent from the GRs coupling, the
recombinant IP receptor with a single mutation (such as
Arg45Lys, Ser47Thr, or Ala48Leu mutant) impairing the
cAMP production activity through GRs coupling can be used
to test the ability of in increasing the intracellular calcium
level through GRq coupling. Independent coupling of human
IP to GRq can be predicted if the mutant retained the ability
to activate the calcium mobilization. However, if the mutant
also lost the GRq coupling activity, this would suggest that
the GRq coupling is dependent on the GRs.
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