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ABSTRACT. The first intracellular loop (iLP1, residues 381) of human prostacyclin receptor (IP) was
proposed to be involved in signaling via its interaction with thesGrotein. First, evidence of the IP

iLP1 interaction with the C-terminus of theoG protein was observed by the fluorescence and NMR
spectroscopy using the synthetic peptidei$c&Ct) mimicking the C-terminal 11 residues of the€3orotein

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-Gt peptide were initially
assigned by observation of the significant proton resonance shifts of the side chains of the constrained IP
iLP1 peptide using 2BH 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 @& mediated signaling, was mapped out by mutagenesis. According to our results,
it can be predicted that the seven residues (Arg&248) with the conserved Arg45 at the center will

form an epitope with a specific conformation involved in thesGnediated 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, [((PGkLY)) is one of the and the G protein: (1) The IP receptor mainly interacts with
prostanoids that include thromboxane @XA,), prostag- the a subunit of heterotrimeric Gs protein ), and
landins b (PGD,), E; (PGR), and R (PGR) that are probably interacts witl subunit of heterotrimeric Gq protein
synthesized by vascular smooth muscle, endothelium, and(Goq) as well 8). (2) The C-terminal region of &s (at least
other tissues. TXA is a potent stimulator of platelet the last 11 residues) could interact directly with the many
aggregation and a smooth muscle constrictor.,R@tions GPCRs 4—13). (3) G protein coupling is thought to be
are functionally antagonistic to those of TXAFunctions mediated by an interaction of several intracellular domains
of the prostanoids are mediated by their specific receptorsof a GPCR, including the intracellular loops and/or carboxyl-
that belong to the G protein-coupled receptor (GPCR) family, terminus. However, little information is available for the
with seven transmembrane (TM) domains coupled to dif- defined specific residues involved in G protein coupling in
ferent G proteins. The human PGeceptor (IP) gene was  the |P receptor. For example, Hayes et al. found that the
first cloned in 1994 1). The IP receptor mainly coupled t0 end of the C-terminal tail of the IP receptor may be important
the heterotrimeric Gs protein with an increase of the for the heterotrimeric Gs protein couplingg), but evidence
intracellular cAMP level has been identified)( from a separate groupL$) showed that this region may not

Biochemical and molecular approaches have defined e 5o essential. It is clear that the characterization of the
several features of the interaction between the IP receptoryeterotrimeric Gs protein coupling site in the intracellular

domains of the IP receptor is important for the resolution of
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! Abbreviations: EP, prostaglandin, Eeceptor; DP, prostaglandin disorder (6). Very recently, the Arg60 located in the first
D receptor; FP, prostaglandiry Feceptor; IP, prostacyclin (prostag- intracellular loop (iLP1) was confirmed by our NMR

landin L) receptor; TP, thromboxane,Aeceptor; IP iLP1, the first ; ; ; ; ; ;
intracellular loop of prostacyclin receptor; IP-wt, wild-type IP receptor; spectroscopic studies using a constrained synthetic peptide

G protein, guanine nucleotide binding protein; Gt, transducin; EIA, Mimicking the iLP1 segment. The Arg60 residue involved
enzyme immunoassay; NMR, nuclear magnetic resonance;-DQF in Gaq coupling, which mediates increasing intracellular

COSY, double-quantum filtered correlation spectroscopy; TOCSY, total caiciym levels, has also been identified using the recombinant
correlation spectroscopy; NOESY, nuclear Overhauser effect spectros-.

copy; PG}, prostaglandin HPLC, high-performance liquid chroma- ™ receptors_ with the muFants of Arg60Leu and Arg60Lys
tography; hCys or hC, homocysteine. (17). Interesting observations, such as the replacement of
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Ficure 1. Sequence alignment of the iLP1s of the prostanoid i 5
receptors. The conserved baslc residues were hlghllghted.l The B IPiLP1  Open form SARRPARPSAFAV
alignment was performed by Insight Il program on SGI workstation. %
hC' s .’A R;R{P

the Arg60 with Lys could not completely restore thewds Constrained form § Q _:

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 contaek ( Gus-Ct  WQRMHLRQYELL
This basic residue is conserved in all of the prostanoid g re 2: Sequences of synthetic peptides mimicked human IP
receptors with an identical Arg residue or a similar basic jLP1 and the segments ofd3. (A) TM domain model of human
residue of Lys (Figure 1). This led us to hypothesize that IP receptor 7). (B) Amino acid sequence of the constrained IP
the basic residue and the iLP1s of other prostanoid receptordLP1 with a disulfide bond connection through the added hCys
may also be involved in their specific G protein coupling. E:ets'd”e.s at the C- and N-termini, and amino acid sequencesf G

. . peptide.
A scenario such as whether the IP receptor coupled differ-

ently to the Gs when compared to the TP receptor coupledsynthesis. For the cyclization, the purified peptide was
to the Gq is a suitable test for the hypothesis. In this paper, dgissolved in 1 mL of dimethy! sulfoxide and added tgH
an approach integrating NMR peptide experiments and the at a final concentration of 0.02 mg/mL with pH 8.5 adjusted
receptor protein mutagenesis was used to characterize they addition of triethylamine. The peptide solution was stirred
structure/function relationship of the residues important to overnight at room temperature. The cyclic peptide was then
the heterotrimeric Gs-mediated signaling while focusing on |yophilized and purified by HPLC on the C4 column. A
the IP iLP1 region. The interaction of the synthetic con- constrained loop peptide mimicking the TP iLP1 was also
strained peptlde mlmlelng the IP iLP1 with the C-terminal Synthesized as a Contrdlx). In addition, a @&s-Ct peptide,
domain of Gus protein was determined by fluorescence and mimicking the sequence of the C-terminal region (residues
2D NMR spectroscopic studies, and the possible residues in3g4-394) of thea subunit of the heterotrimeric protein,
the IP iLP region important to the receptor signaling through \ith a Trp residue added at N-terminus (Figure 2B), was
Gas coupling were predicted by NMR assignment. Mapping aiso synthesized and purified by HPLC.
of the residues important to the receptor signaling in the iLP1  Flyorescence Spectroscopic Studies for the Interaction of
region in the IP protein was performed. The complete profile {he Synthetic IP iLP1 Peptide and thex&Ct PeptideThe
of the residues in the IP iLP involved in signaling through interaction between the &-Ct peptide and the synthetic
Gs coupling was identified. constrained IP iLP1 peptide was monitored by fluorescence
spectroscopic studies as describ&g) (The Gus-Ct peptide
EXPERIMENTAL PROCEDURES was dissolved in 60@L of sodium phosphate buffer (0.01
Materials. [3H] iloprost (16 Ci/mmol), unlabeled (cold) M, pH 7.2) containing 0.1 M I_\IaCI, \{vith a final concen.tratio.n
iloprost, and the CAMP Biotrak Enzyme immunoassay (EIA) ©f 5 #M. The fluorescence intensity of the Tyr residue in
kit were purchased from Amersham Biosciences (Piscataway,the Gus-Ct peptide was monitored fluorometrically at 279.6
NJ). The QlAprep spin miniprep kit was from Qiagen NM for excitation ar_1d 303 nm for emission, in the absenc_e
(Valencia, CA). COS-7 cell was purchased from ATCC Of presence o_f the increasing concentration of the synthetic
(Manassas, VA). Medium for culturing COS-7 cells was from P ILP1 or TP iLP1 peptide using a spectrofluorophotometer
Invitrogen (Carlsbad, CA). Ethandk and DO were pur- (Shimadzu, RF-5301PC) at room temperature in a 1.0-cm-

chased from Cambridge Isotope Laboratories, Inc. (Andover, Path-length cell. Single-site binding of the IP iLP1 or TP
MA). iLP1 peptide to the @s-Ct peptide was fitted to the

following equation 20):

-r.';':.;g,;g_.-fa.g.\;-

Peptide Synthesié constrained loop peptide mimicking
the sequence of the putative IP iLP1 (residues38) with

homocysteine (hCys) residues added at both ends (Figure °bs Fo = (Fi= Fo{ R+ G+ Ky~

2) was synthesized by fluorenylmethoxycarbonyl-polyamide (R+ G,+ Ky)? — 4RG]"3/(2G) (1)
solid phase method and constrained by the formation of
disulfide bound as described previoustyg). Briefly, the in which Fqps is the observed fluorescence intensities; the

peptide was purified to homogeneity by HPLC after the Fo andF; are the initial and final fluorescence intensities,
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respectively;G; is the total concentration of the d3-Ct
peptide; andR; is the total concentration of the IP iLP1 or

TP iLP1 peptide. The normalized fluorescence (NF) can be

calculated from
NF=F, Fo=1+ (F/Fy— I{R+ G+ K;—

[(R+ G+ Ky? — 4RG]"}(2G) (2)
The titration data, normalized fluorescence (NF), Bndere
fitted by adjustingKq and F; using the Origin 6.1 program

(OriginLab, Inc., Northampton, MA).
NMR Sample Preparatior-or 2D NMR spectroscopic

studies, the peptide sample of the HPLC-purified, constrained

IP iLP1 peptide or @s-Ct peptide was dissolved in 0.5 mL
sodium phosphate buffer (20 mM, pH 6.0), containing 10%
D,O and 5% ethanall, with a final concentration of 5.4
mM or 8.4 mM, respectivelyl4). The concentration for the
mixture of the IP iLP1 and @s-Ct peptides was the same
as above. For the 1BH NMR titration experiments, different
amounts (50~ 3000uM) of the IP iLP1 peptide were added
to the fixed amount (10@M) of Gas-Ct peptide under the
same conditions as the 2D NMR experiments.

NMR Experiment®2roton NMR experiments were carried
out on a Bruker AMX-600 spectrometer. 2BH NMR
experiments including DQFCOSY, TOCSY, and NOESY
were performed for the IP iLP1, &-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

Biochemistry, Vol. 44, No. 34, 2003.1391
[RG] = (1/12fR + G, + K, —
[(R+ G+ K)* — 4RG]"*} (6)
If 1/7 , the rate of the equilibration defined by eq 3, is faster
than the difference in chemical shifts between free and bound
(0p — o) statuses of @s-Ct peptide, then the fast exchange
condition exists and®ops = Ofy + Oufp, Where d¢ is the
chemical shift of the unbound speciés,s that of the bound
species, and andf, are the fractions unbound and bound,
respectively 22); f; + f, = 1. The observed chemical shift
during the titration of the free &s-Ct peptide with IP iLP1
peptide is given by
Oobs = Offi + Opfy = 04(1 — ) + Ofy =
O+ (0, — 0pfp, = O¢ + (9, — OYIRG)/G, (7)
After substitution of eq 7 into eq 6, the proton chemical shift
perturbation Adopg is given by
A(Sobsz (6obs_ 6f) = (ab - 5f){Rt+ Gt+ Kd -
[(R+ G+ K9 — 4RG]}/(2G) (8)
Therefore the percentage of the proton chemical shift
perturbation F) is given by
[(Ri+ G+ K9 — 4RG]}/(2G) (9)

The titration datalF andR,, were fitted by adjustingfq using
the Origin 6.1 program (OriginLab, Inc., Northampton, MA).

512 t1 increments were used in F1 with 32 scans per t1 PCR Cloning of the IP ReceptdPCR cloning was used

increment and composed of 2048 complex points in F2 in

to isolate the full-length cDNA of the IP receptor from human

all experiments. Quadrature detection was achieved in F1lung cDNA library obtained from Invitrogen (Carlsbad, CA).
by the states-time proportional phase increment 150 zero-The PCR primers were designed based on human IP cDNA

filled to 2048 x 2048 before Fourier transformation, ant 0
(for DQF—COSY) or 90 (for TOCSY and NOESY) shifted
sinbell2 window function was used in both dimensions.

with modifications. The primer sequences used were 5
ATTCTCGAGATGGCGGATTCGTGCAGGAAC-3 (for-
ward) and 5AAGAATTCACAGGGTCAGCTTGAAAT-

Ethanolds Peak was used as the reference for chemical shifts. GTCAG-3 (reverse), withXhd and EcdRl sites on the ends.
The chemical shift and sequence-specific assignments wereThe full-length cDNA of the IP receptor was obtained from

obtained using standard method8l)( auto-assignment
software (7), and a Peakfit v4.2 program (Seasolve software,
Inc., Framingham, MA).

Proton 1D NMR Titration Analysis in Fast Exchan@ae-
to-one binding of the IP ILP1 peptide [R], and thex&Ct
peptide [G], to form a peptidepeptide complex, RG, can
be expressed a2?)

Kon
IP ILP1+ Gos-Cts_~RG ©)

Ko
The equilibrium dissociation constai€g, for this reaction
is

Ka= Koi/kon= ([RI[G])/[RC] 4)

Where [R] is the concentration of the IP iLP1 peptide, [G]
is the concentration of the d&-Ct peptide, and [RG] is the
concentration of the peptidgeptide complexR = [R] +
[RG] andG; = [G] + [RG], Kg and [RG] can be calculated
from

Ke= (R = [RG]) (G, — [RG])/[RC] (®)

standard PCR amplification that was performed in/b0of
reaction mixture containing 1 unit of polymerase (New
England Biolabs, Beverly, MA), 0.4M of each primer, and

2 uL of human lung cDNA for 30 cycles of 98C for 1
min, 60°C for 1 min, and 72C for 1 min. The amplified
products were isolated from agarose gel and subcloned into
the Xhd/EcaRl 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 method8).

Site-Directed Mutagenesia. pAcSG-IP wild-type cDNA
cloned by our laboratory was first subcloned irEadR1/
Xhd 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 (95C for 30 s, 53°C for 1 min 30 s,
and 68°C for 13 min) for a total of 25 cycles with an
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additional extension cycle of 68C for 10 min usingPfu lerton, CA). The binding data were analyzed by the Origin
DNA polymerase from Stratagene (La Jolla, CA). The 6.1 program, and each data point derived from four assay
mutation products were treated wilpnl endonuclease tubes was used to determine tKg and Bnax values by
(Stratagene) to digest the parental DNA template and Scatchard analyse%). Repetitions were from separate
confirmed by DNA sequencing. The plasmids were then experiments.

prepared using Midiprep kit (Qiagen) for the transfection  cAMPp AssayThe recombinant IP receptor overexpressed
into COS-7 cells. in the COS-7 cells was analyzed for signal transduction
Expression of the Recombinant IP Receptor in COS-7 capability mediated by Gs coupling using a cAMP assay
Cells. COS-7 cells, placed on 100-mm dishes at a density according to the manufacture instructions (Amersham Bio-
of 2.0 x 1(f, were cultured overnight, at 37C in a sciences). The cells placed on 96-well plates at a density of
humidified 5% CQ atmosphere in high-glucose Dulbecco’s 1.5 x 10* per well were cultured overnight, at 3T in a
modified Eagle’s medium containing 10% fetal bovine humidified 5% CQ atmosphere in high-glucose Dulbecco’s
serum, antibiotics, and antimycotics. Then, the medium was modified Eagle’s medium containing 10% fetal bovine
replaced with Opti-MEM | (Invitrogen). The cells were serum, antibiotics, and antimycotics. Then, the medium was
transfected with 1&g of purified cDNA of pcDNAhIP or  replaced with Opti-MEM | (Invitrogen), and the cells were
its mutant and 4QcL of Lipofectamine 2000 (Invitrogen).  transfected with 0.2:g of purified cDNA and 0.5uL of
Four hours later, the medium was replaced with high-glucose Lipofectamine 2000 (Invitrogen). Four hours later, the
Dulbecco’s modified Eagle’s medium containing 10% fetal medium was replaced with high-glucose Dulbecco’s modified
bovine serum, antibiotics, and antimycotics. Approximately Eagle’s medium containing 10% fetal bovine serum, anti-
48 h after transfection, the cells were harvested in ice-cold pjotics, and antimycotics. After 48 h, the cells were incubated
phosphate-buffered saline buffer and collected by centrifuge with 0.1 «M iloprost for 30 min at 37°C. After the
for further protein determination and binding assay. incubation, the medium was removed and the cells were
Peptide Antibody ProductioriThe three peptides corre- lysed. The intracellular cCAMP content of transiently trans-
sponding to the sequences of the three extracellular loopsfected cells from each well of 96-well microplates was
of human IP receptor were synthesized. Each HPLC-purified determined by Enzyme Immunoassay (EIA) using a CAMP
peptide was coupled to keyhole-limpet haemocyanin (KLH) Biotrak EIA System. Repetitions were from separate experi-
using glutaldehyde. Female New Zealand White rabbits were ments.

immunized with a mixture of 102g of each peptideKLH Statistical Data AnalysesStatistical analysis was carried
conjugate in Freund’s complete adjuvant. Booster immuniza- oyt using the independerittest in Origin 6.1 program
tions with 200ug of conjugate in Freund's incomplete (QriginLab, Inc., Northampton, MA)P values of less than

adjuvant were given on days 14, 28, and 48. Blood was o1 equal to 0.05 were considered to indicate a statistically
collected from the marginal ear vein starting 7 days after gjgnificant difference.

the final injection, and IgG fractions were isolated from the

resulting antiserum by N&QO, precipitation and DE52- RESULTS

cellulose ion-exchange chromatography. The antibodies were

further purified by affinity chromatography using the ap- Design and Synthesis of the IP iLP1 and the C-Terminal
propriate peptides immobilized on CNBr-activated Sepharose Domain of Gxs Protein for Proteir-Protein Interaction A

4B (24). basic residue, Arg60 in TP iLP1, is conserved in all the

Western BlotThe transfected COS-7 cells were scraped Prostanoid receptors with Arg or Lysl4, Figure 1). A
from the 10-cm plates into ice-cold PBS buffer, pH 7.4, and constrained synthetic peptide approach has recently been
collected by centrifugation. After washing three times, the developed for the studies of prostanoid recept@g). (A
pellet was resuspended in a small volume of the same buffer.peptide corresponding to the human IP iLP1 domain with a
Each protein sample (2@9) was separated by 10% poly- constrained N- and C-terminal distance (‘1‘[2 A) by the
acrylamide gel electrophoresis under denaturing conditions addition of a homocysteine disulfide bond, based on the 7TM
and then transferred to a nitrocellulose membrane. A bandmodel of the human IP that was generated by molecular
recognized by particular primary antibody was visualized modeling using bovine rhodopsin as a templ&®# Figure
with horseradish peroxidase substrate as described previousl@A), was synthesized and used for identifying the residues
7. important to IP signaling. On the other hand, a synthetic

peptide, Gis-Ct, corresponding to the C-terminal 11 residues
gof the Gus protein with an internal Tyr residue and an

additional N-terminal Trp residue (providing fluorescence
cell pellets (20Qug protein) were incubated with 100 nM  Signal) was synthesized (Figure 2B) and used for the initial
[3H] iloprost in the presence or absence qiM unlabeled stud|es_of its b|nd|n_g to the_ IP iLP1 pepude._ In addm_on,
iloprost in the 0.1-mL reaction volume with vigorous shaking SYNthetic unconstrained IP iLP1 and constrained TP iLP1
at 4°C for 2 h. The reaction was terminated by the addition PePtides were employed as controls for the binding studies
of 1 mL of the cold washing buffer, and the reaction mixture (Figure 3).
was filtered through a presoaked Whatman GF/C glass filter Characterization of the Interaction of the Constrained IP
(Whatman, Clifton, NJ) under vacuum. After washing, the iLP1 Peptide and the @&s-Ct Peptide Using Fluorescence
radioactivity of the IP receptor-boundH] iloprost that SpectroscopyFluorescence spectroscopy is a convenient
remained on the glass filter was counted in 4 mL of approach for screening the binding of the peptide with other
scintillation mixture using Beckman LS6800 counter (Ful- molecules in solution. An interaction between the constrained

Ligand Binding AssaylLigand binding assay for the IP
receptor overexpressed in the COS-7 cells was performe
by the method as described by Kiriyama'’s gro@p)( The
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TP e_L_PZ with its ligand, SQ29,548, has previously been Ficure 4: 1D H NMR titration for the interaction of the
identified by fluorescence spectroscody). More recently,  constrained IP iLP1 peptide with thea®-Ct peptide. The fixed
the interaction of the constrained IP eLP2 with its agonist, amount of the @s-Ct peptide (10M) was titrated by additions
iloprost, has also been identified by the similar fluorescence ©f the increasing amounts (@ (A), 30 uM (B), 100 uM (C),

300uM (D), 1000uM (E), and 300QuM (F)) of the constrained
spectroscopic studie€T). These results offer a basis to test IP iLP1 peptide. The observed chemical shifts for the NHs of Leul1l,

the pOSSIb|e InteraCtIOH Of the IP |LP1 W|th the partICU|ar Tyrg and indole proton of Trplé()bg and their chemical shift
domain of Gxs protein using a synthetic peptide technique. perturbations £d.¢9 in ppm during the titrations were shown.

To determine theKy value, the fluorescence emission

intensities at 303 nm for the Tyr residue were used. Figure peptide was obtained by the calculation. Therefore, the result
3 showed that the fluorescence intensity of thes&Ct of our fluorescence experiment was very significant.
peptide was increased in a saturation manner as the concen- Characterization of the Interaction of the Constrained IP
tration of the IP iLP1 peptide was increased, which suggestediLP1 Peptide and the @Gs-Ct Peptide Using 1BH NMR

that the conformational change of thex&Ct peptide may  SpectroscopyThe titration of the fluorescence experiments
occur upon binding to the IP iLP1 peptide. By fitting the have established the binding; and the specific binding
data to eq 2, we obtainedky value of 204+ 19 uM for nature of the peptides. The synthetic peptides with molecular
the constrained IP iLP1 peptide (Figure 3). In contrast, a weight of 1-2 kDa are ideal sizes for proton level charac-
much higheKq value of 1397t 95uM for the unconstrained  terization using high-resolutiotd NMR experiments. Thus,

IP iLP1 peptide was obtained, suggesting a weaker contactthe contact residues between the IP iLP1 and ths-Gt
between the unconstrained IP iLP1 andis=Ct peptide. peptides were further investigated by NMR spectroscopic
Moreover, no significant fluorescence changes were inducedstudies. The titration of the binding of the IP iLP1 peptide
upon the addition of the constrained TP iLP1 peptide to the to the Gus-Ct peptide was monitored by 1EH NMR
Gas-Ct peptide, suggesting no interaction between the two spectroscopy using the additions of increasing amounts (30
peptides (Figure 3). These results further supported that the~ 3000uM) of the iLP1 peptide to the fixed amount (100
interaction of the constrained IP iLP1 segment with the uM) of the Gas-Ct peptide (Figure 4) similar to the titration
C-terminal domain of the @s protein could be specific. In  studies using fluorescence technique.

addition, on the basis of the known factors of the fixed The specific contact between the two peptides was
concentration of the @s-Ct peptide (5:M) incubated with supported by the observation of the proton resonance shifts
the increasing amounts of the constrained IP iLP1 peptide of the particular residues in a concentration-dependent
with a Ky value of 204uM, the percentage of the bound manner (Figure 4).Therefore, equilibrium dissociation con-
form of the Gus-Ct peptide during the titration could be stants Kq) were estimated from the plots afd of the
calculated from [RG]/[@s-Ct] x 100%. When the concen- residues in the Gs-Ct peptide versus the increasing con-
trations of the IP iLP1 peptide were increased from 10 to centrations of the added IP iLP1 peptide. For theseCt
1000uM, 4.6—83.0% of Gxs-Ct peptide bound to the iLP1  peptide, the shifts of the proton resonances of HNs in Tyr9
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in the Gus-Ct peptide as described in Figure 4. The percentage of D1 (epm)

the proton chemical shift perturbatioR)(shown in Figure 4 was b

fitted to eq 9, and th&y value (212uM) for the constrained IP B AT A A2

A3 o 4.057)

iLP1 peptide binding to the &s-Ct peptide was established. The <3 | 7 RS

- | INH 7.828]

lines represent the best fitted curves. EF fig 3

4.400

1.200

2.000

and Leull could be followed throughout the titration
experiments that gave Iy value of 212uM (Figure 5), {
which was very close to th&y value observed by the el | Fi2
fluorescence titration experiments (Figure 3). In contrast, the i 7
internal control peak of the indole proton of Trpl residue T pe1S )
was unchanged (Figures 4 and 5). The detailed procedures 82

for the calculation of theKy values were described in
Experimental Procedures. The saturation-like curve of the I e |
NMR titration data in Figure 5 also shows that the interaction : |
between the two peptides is a specific 1:1 binding as RS ez

indicated by the fluorescence studies (Figure 3). During the 8600 B0t ooy 8000 700

titration, there qccurred line broadgning of HN of Tyr9 N FGurRe 6: The expandedH—NH region of the TOCSY spectra
the Gus-Ct peptide due to the chemical exchange with very (50 ms mixing time) for the constrained IP iLP1 peptide (5.4 mM)
high concentration of the IP iLP1 peptide (Figure 4F), in the absence (A) and the presence (B) of thes®t peptide.
indicating fast exchange progressing to intermediate ex- R]‘le S(ggcgﬁ(;"’feorftﬁg"renc,t?drgtozlﬁt?‘gIig(,]féolr thee [[,F:j"éFEgrgggtideeaks
: : : H y IXTU | | -
chgnge for this _prOton'_ This provided anOther.plec_e of in r)e/d color) and the @s-Ct peptide (8.4 mM, gr(?ss-peaksin green
evidence for the interaction between the two peptides in the co|or). The chemical shift perturbations of the particular residues
solution. It shall also be indicated that the control experiments were represented by the ppm values in the parentheses.
using either iLP1 or @s-Ct alone at the same highest
concentration of the peptide titration did not show any Table 1: Proton Resonance Assignment (in ppm) for the
chemical shift changes in ppm. This excluded the possibility Constrained IP iLP1 Peptide

of the ppm changes in the titration experiment resulting from residues NH oH BH yH others
the nonspecific peptide aggregation by itself. hCys1 4.09 2.25 2.23 2.74,2.72

Characterization of the Interaction of the IP iLP1 Peptide igg 88-4701 f-z“g 133?11 3.79
and the Gs-Ct Peptide Using 2DH NMR SpectrosCopy.  araa  g'16 423 1.72,1.65 1.56, 1.50H 7.09:0CH, 3.10, 3.10

The interaction between the IP iLP1 peptide and thesG Arg5  8.25 4.52 1.75,1.64 1.59, 1.584 7.11;0CH, 3.11, 3.11

Ct peptide was further identified by the observation of the Pro6 4.33 1.92,1.91 2.20, 1.86CH,3.72, 3.53

chemical shift perturbations in the IP iLP1 peptide by Ala7 834 4.15 1.33 _

comparing the 2BH spectra, TOCSY (Figure 6), NOESY, é;gg 782 j'gg i'gg’ i'gg %gg 1'8557'&':';131’7%0;'25%14’ 313

and DQF-COSY (data not shown) of the constrained IP  serio0 813 431 3.85 3.75 R

iLP1 peptide in the absence (Figure 6A) and presence of Alall 8.15 4.17 1.19

the Gus-Ct peptide (Figure 6B) recorded in® with 10% Phelz 7.90 4.50 3.10,2.91 €(3,5)7.28C (4) 7.23;

D,0. The proton resonance assignments for théi 2ZINMR 1213 7.97 4.24 1.27 0(26)7.17

spectra were accomplished using the standard sequentia©a|14 799 402 202 0.89,0.87

assignment technique based on the proton chemical shiftshCys15 8.34 4.38 2.17,2.03 2.75, 2.65

(18, 28—30). The assignment procedures involved the

identification of the chemical shifts using the TOCSY Through comparison, the side chains of the residues in the
spectrum 81, 32, Figure 6) and the sequential assignment IP iLP segment contacting with theo@-Ct were predicted
using the NOESY spectra3®). The complete proton by significant shifts of the resonances belonging to the
resonance assignments for the constrained IP iLP1 segmenparticular residues. As a conclusion from both TOCSY
(Table 1) and the @s-Ct peptide (Table 2) were obtained. spectrum assignments, the chemical shift perturbations

3.600 2.800
D2 (ppm)

84

4.400

]
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Table 2: Proton Resonance Assignment (in ppm) for the-Gt L3 g 88

Peptide A Wi

. R7,
residues NH aH pH yH others ;g?,? o "-'Z‘L-—Iﬂﬂﬁﬁél

E--

Trpl 4.24 3.31,3.28 2H, 7.22; 4H, 7.46: °

5H, 7.05:6H, 7.15; T un |

7H, 7.42: indole,10.15 e | i M
GIn2  8.40 4.22 1.93,1.82 2.18,2.18 $ £
Arg3  8.29 4.03 1.66,1.63 1.50, 1.56H 7.10;0CH, 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
Leus 822 4.24 1.48,1.47 1.53 OCH;0.83,0.78
Arg7 831 4.15 1.67,1.65 1.51, 1.48H 7.08;0CH, 3.09
GIn8 829 4.16 1.86,1.85 2.12, 2.09
Tyr9  8.09 4.48 2.96,2.86 5 (2,6) 7.01:¢(3,5) 6.72
Glul0 8.04 4.25 1.95 1.85 2.27,2.27
Leull 8.10 4.27 1.53,1.53 1.53 4CH;0.85, 0.80
Leul2 8.06 4.24 1.56,1.56 1.56 OCH;0.83,0.78

1200

o
bz
2.000

2.800
D2 (ppm)

3.600

g

L
B o=
b CL =112 (o 4.244)

4.400

hi:]
{NH 8.087)
8.600 8.400 9 8.000 7.800
D1 (ppm)

< B LT

(0.003-0.006 ppm) were localized at NH in Arg4aH in Wit S
Alad4, and NH andH in Arg45 of the IP iLP1 segment, B wite_
which were induced by the interaction with then&Ct
peptide (Figure 6, Table 3). In contrast, the protons in other .
residues of the IP iLP1 were not significantly affected by _ | e |
the presence of thed®-Ct peptide. These results suggested ! F
that these residues of the IP iLP1 were involved in the I s
interaction with the @&s-Ct peptide in the solution and s i o
implied that these residues in the IP receptor protein could : “
be the target residues involved in the receptars@oupling
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 T i R T
involved in the receptor signaling. ® ‘ iy
The interaction of the IP iLP1 peptide with then&Ct 8.600 8.400 8.200 8.000 7.800
peptide was further confirmed by the high-resolution2D o1 Gom
NMR spectroscopy using the comparison of the complete FIGURE 7: The expandedH—NH region of the TOCSY spectra

; ; : (50 ms mixing time) for the @s-Ct peptide in the absence (A)
2D spectrum assignments for then§Ct peptide in the and presence (B) of the IPILP1 peptide. The spectra were collected

absence (Figure 7A, Table 4) and presence (Figure 7B) of 5; 298 K in HO for the Gus-Ct peptide only (8.4 mM, A), or the
the IP iLP1 peptide. The significant chemical shift perturba- mixture of the Gis-Ct peptide (cross-peaks in red color) and the
tions (0.003-0.012 ppm) of the proton resonances of the constrained IP iLP1 peptide (5.4 mM, cross-peaks in green color).
residues of Tyr9, Glul0, Leull, and Leul2 in thesaCt The chemical shift perturbations_ of the particular residues were
peptide were clearly observed (Figure 7, Table 4). The "éPresented by the ppm values in the parentheses.
chemical shift perturbations of theoS-Ct peptide upon  the NMR studies using the IP iLP1 fragment. Thus, it is the
interaction with the IPILP1 peptide observed in the NMR most important target to be considered as a residue involved
experiments is consistent with the early observation that thein the receptor signaling througho@. To test this hypothesis,
conformation of the C-terminal of Gt proteiasubunit was four recombinant human IP receptors with a point mutation
changed upon interaction with the rhodopsli3)( of Arg45Leu, Arg45Lys, Arg45Glu, and Arg45GIn were
Evaluation of the Conseed Arg45 in the IP iLP1 generated. The correct point mutation was confirmed by the
Important to the Receptor Signalingrg45 in the IP iLP1 DNA sequencing, and the overexpression of the mutants in
is the corresponding residue to Arg60 in the TP iLP1 that the COS-7 cells was confirmed by Western blot analysis
has been identified as a key residue important to the TP (Figure 8A). The binding of the recombinant receptors to
signaling through @q coupling. As described above, Arg45 its ligand was then performed using] iloprost. Unlabeled
is one of the residues contacted with the<=Ct peptide by (cold) iloprost (5uM) was also used as a competitive ligand

1.200

T A epEy

8

2,000

- [H22M)

2800
D2 (ppm)

3.600

4.400

=

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 &s-Ct Peptide (8.4 mM)

proton chemical shifts of IP iLP1

residues in corresponding in the absence in the presence chemical
IPiLP1 resides in IP of Gas-Ct of Gas-Ct shift
peptide receptor proton peptide peptide perturbations
Arg5 Arg-42 NH 8.250 8.245 0.005
Ala7 Ala-44 oH 4.152 4.157 0.005
Arg8 Arg-45 NH 7.825 7.828 0.003
oH 3.131 3.137 0.006

oH 3.140 3.146 0.006
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Table 4: The Shifts (in ppm) of the Proton Resonances in TOCSY Spectra of the Particular Residuesas-teReptide (8.4 mM) Induced

by the Addition of the Constrained IP iLP1 Peptide (5.4 mM)

proton chemical shifts of @s-Ct

corresponding in the absence in the presence chemical
residues in resides in Gs of IPiLP1 of IPiLP1 shift
Gas-Ct protein proton peptide peptide perturbations
Tyr9 Tyr391 NH 8.087 8.075 0.012
Glu10 Glu392 NH 8.037 8.040 0.003
yH 2.274 2.271 0.003
Leull Leu393 NH 8.103 8.097 0.006
OH 0.851 0.848 0.003
oH 0.798 0.795 0.003
Leul2 Leu394 NH 8.062 8.012 0.050
aH 4.244 4.259 0.015
BH 1.556 1.550 0.006
oH 0.833 0.830 0.003
oH 0.781 0.778 0.003
et A signaling indicator of @s coupling (Figure 8C), indicating
A ,\1@*,\? ‘ ,.%“5%,@“6?%@%?-“6? 5:\00“@ the positive charge of Arg45 is important to the signaling.
e O A S S In addition, the mutant of Arg45Lys could only recover about
35KD = == 25% of the signaling activity, indicating the other factors
beside the positive charge are also importantds Goupling.

B < L] O pM cold iloprost These results provided the first experimental evidence which
= W s M coid loprost showed that the conserved Arg45 at the IP iLP1 is similar
3% 100 1 to the Arg60 at the TP iLP1 in its importance to receptor
< @ signaling through different G protein coupling systems. It
2 e also supported the NMR experimental prediction that Arg45
2 4] is involved in IP receptor signaling.

E 20 - Confirmation of the NMR Experiment-Based Prediction
kS 0 f= 1L for the Other Residues in the IP iLP1dolved in Gas
2 IP-wt R45. R45E R45Q R45K COS7 Protein Coupling Using Recombinant IP Receptoréie

Control

ale
E

1400 -
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. T |.| ¥

IP-wt R45L R45E R45Q R45K Cos7

Control

Increased cAMP (fmol/well)

Ficure 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 uM) 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

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 &s-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 3%1, 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

as described in Experimental Procedures. The results presented inhen performed usingfii] iloprost as described above. All

the figure as the meast standard error (SE) are representative
data from four independent experimems= 4). Repetitions were
from separate experiments, and thevalue for that with the
decreased activity was shown {,< 0.05).

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
GIn 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 Arg45GIn
completely lost their cAMP production activity, which is a

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 428 (including Arg45Leu
mutant) to Gly lost 76-100% of their ability to produce
cAMP through the @s coupling (Figure 9C), which include
the residues predicted from the NMR experiments. The,EC
for the wild-type human IP receptor expressed in COS-7 cells
was about 0.2 nM of iloprost3@). The EGy values of
iloprost for the mutants at residues428 were expected to
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FicurRe 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 106HNIdprost (open bars). Unlabeled iloprost ##) 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 experiments4). Repetitions were from separate experiments, angthe

value for that with the decreased activity was shownp(*s 0.05).

be over 100 nM, because under the stimulation of 100 nM A M & O B O T LaTe N A
of iloprost, the assay showed that the cAMP production of o AR /Qb'a?h«’e’b:-eh,-%h.—?‘b'/"‘h A ﬁgﬂ\@\
these mutants decreased significantly (more than 70%) from .4 ::: e

that of the wild-type. In comparison, the receptor with point —Pa6— ——s47 ——Ads——
mutation at residues 331 and 49-51 did not significantly

lose the function of the cAMP production. These results B

=
revealed that the residues-428 including the residues of %“ ﬁ I 11 \E gngllg 1:332::
Arg42 and Alad4 predicted by the NMR experiments are 3 '
involved in the IP receptor signaling througho& protein ‘é, » T T
coupling. Thus, the NMR peptide studies could be a powerful g ® 10
tool to provide an initial clue in locating the target residues &
and region for functional characterization of the protein. It L X ]1 G I|
shall be indicated that some residues in IP iLP1, important 2 otMlmikImImklllmiIL T
to the IP signaling found in mutagenesis studies, were not & I O ITME N
initially observed in the NMR peptide studies. This demon-

1400, | *

strated that the peptide NMR experiment might not neces- C
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 o Ij |j
receptor signaling activity has indicated that other chemical g Pt P]at_TGlG DA SFG sﬁ pom A‘f'& Ea_lv OO i
and structural features such as conformation, size, and —P46— —S47—— —A4g—— M
Filfferent charge Surf"’_‘(_:e of the Arg45 S,'de chain gre f”llso Ficure 10: Functional properties of the wild-type and the IP
important to the specific &s coupling. This observation is  receptor mutants at the sites of Pro46, Ser47, and Ala48 overex-
similar to that of the Arg60 residue at the TP iLP1, which pressed in COS-7 cells. (A) Western blot of the recombinant IP
couples to @q (17). To further test the specificities of the  receptors. (B) Binding of the recombinant IP receptors to 100 nM

; ; ; ; [3H] iloprost (open bars). Unlabeled iloprost £81) was used for
other conserved residues in the IP iLP1 important to the IP competitive binding (shaded bars). (C) The intracellular cAMP

signaling, the residues including Ser47 and Ala48 were proqction of transiently transfected cells in one well of 96-well
replaced with the corresponding similar residues of Thr in microplates, stimulated by iloprost, was determined by EIA assay
the EP4 iLP1 and Leu in the DP iLP1, respectively (Figure as described in Experimental Procedures. The results presented in
1). Thus, the two mutants of Ser47Thr and Ala48Leu of the the figure as the mear: SE are representative data from four

' .independent experiments € 4). Repetitions were from separate
IP receptor Wer(? further created by th_e PCR mmageneslsexperiments, and thp value for that with the decreased activity
and gxpressed in thel COS—? cells (Figure 10A) for their \yas shown (*p < 0.05).
functional tests. In addition, three other mutants of Pro46Ala,
Serd7Ala, and Ala48Val of the IP receptor were also tional analysis of the side chains (Figure 10A). All of those

generated and expressed in COS-7 cells for detailed func-mutants showed binding to iloprost similar to or slightly less

1200
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Table 5: Binding, Expression, and Activation of the Human Prostacyclin Receptor and Its Mutants

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

IP receptor Kg(nM) percentage (%) Bmax(fmol/mg) percentage (%) cAMP (fmol/15 10 cells) percentage (%)
wild-type 12.8+5.3 100 128+ 18 100 1248+ 62* # 100
mutant R42G 12224 95 114+ 9 89 87+ 32 7
mutant P43G 22.933 179 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 11.42.2 89 80+ 4 63 75+ 4 6
mutant S47G 12.5- 3.0 95 75+ 8 58 177 1
mutant A48G 6.2-3.3 51 81+ 6 64 230+ 51* 18

@ The results presented in figures as the meastandard error (SE) are representative data from four independent experimert. Repetitions
were from separate experiments, and phealues for those with decreased activity are showrp(% 0.05; #,p < 0.05).

100

than the wild-type IP receptor (Figure 10B), but their cAMP
production activities through & coupling were significantly
impaired (Figure 10C). These results indicated that the
chemical and structural properties of the side chains of those 80
residues are also highly specific and similar to Arg45 in the w© -
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 Domain3.o
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 similaKy 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 80
effect on receptor ligand binding, and the identified residues 60
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 20
extracellular and/or transmembrane domains. 0
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DISCUSSION [3H] lloprost (nM)

Eight prostanoid receptors including IP and TP have been pgyre 11: Kinetic properties of 3H] iloprost binding to the
cloned for a decade, but little information is available for recombinant IP receptors expressed in COS-7 cells. The cell
their specific ligand recognition and signaling in structural membrane protein prepared from COS-7 cells that transiently
terms. However, the difficulty of the crystallization of the €XPressed the wild-type or the mutants of the IP receptor was

brane-bound GPCRs makes obtaining crvstal structure incubated with the increasing concentration of thd] [iloprost in
mem . i 9 Yy . fhe absence (square) or presence (triangle) of 500-fold excess of a
for the prostanoid receptors unlikely to occur immediately. unlabeled iloprost. The results presented in the figure as the mean
NMR spectroscopy offers an alternative way to solve the + SE are representative data from four independent experiments

peptide and protein structures in solution. However, the high- (0 = 4). Repetitions were from separate experiments.

resolution NMR technique for the sizes of the membrane-

bound prostanoid receptors (30 kD and up) can be very proteins in structural terms is still a big challenge for the
difficult because of the slow tumbling of the larger molecules. high-resolution NMR spectroscopy. On the other hand, site-
Thus, it has limited the use of the NMR technique for the directed mutagenesis is used for screening the functional
structural and functional characterization of the prostanoid residues of the protein. But, without structural support, the
receptors directly using the membrane proteins. Recently,one-by-one mutagenesis is not time efficient. In addition,
several novel NMR spectroscopic techniques have beenthe mutation result might not directly apply to the under-
developed to determine the interaction between protein andstanding of the structure/function relationship at molecular
ligand 35—47), as well as peptide and peptide, which include and atomic levels because the mutation may cause post-
the transferred NOE effectd§—54) and the chemical shift  translational changes of the proteins, such as protein folding,
perturbations §5—59). However, to identify the residues glycosylation, membrane incorporation, and signaling. To
important to the proteinprotein interaction on the membrane utilize the advantages of high-resolution NMR spectroscopy,
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for the determination of the solution structure of peptide at residues for the seven residues in the iLP1s of other
a proton level, and site-directed mutagenesis, for the prostanoid receptors compared to the IP iLP1 (Figure 1)
identification of the protein function at single residue level, implies that a similar epitope is present in the iLP1s of the
the combination of the two approaches into a single systemother prostanoid receptors having similar functions in their
may enable enlargement of the scope and enhancement o$ignaling through different G protein coupling systems. (5)
the powers of either approach individually. On the basis of Replacement of the Lys for Arg45, Thr for Ser47, and Leu
this concept, we have introduced a strategy to characterizefor Ala48 in the IP iLP1 could not completely restore the
the structure/function relationship of prostanoid receptors andreceptor signaling activity, indicating that, besides the
synthases using a system connecting the NMR spectroscopyhemical properties, the conformation of the side chains of
for peptide and mutagenesis for protein together. This the residues may also participate in the protgirotein
strategy has enhanced our knowledge in the understandingnteraction.

of the structure/function relationship of the TP receptor  Some residues important for IP coupling may not be
interacting with its ligand in extracellular domains and detected in a NMR experiment. One of the reasons is that
interacting with G in the first intracellular loopX7). The  the chemical shift perturbation tends to emphasize shifts of
strategy was also used to understand the mechanism ofarge, solvent-exposed residues (Tyr, Lys, Arg, His) and
prostacyclin synthase contacting with the endoplasmic reticu- uynderemphasized interactions with buried or smaller residues
lum membrane and docking with its substra@)( In the  (Gly, Ala) (79). The other reason is that our NMR model
current studies, the developed strategy using NMR spec-only employs the C-terminal region ofa®, but we cannot
troscopy combined with protein mutagenesis was further usedexclude the possibility that other regions on<or the @y

to identify the residues in the IP iLP1 important to the dimer may also be involved in receptor contagf)(

receptor signaling through &3 coupling. The results have It has been reported that the human IP receptor could also

provided evidences allowing the localization of important couple to the @q protein @). This phenomenon is observed
residues. It should also be suitable to characterize thej, many cell lines, including CHO cell8() and HEK 293
structure and function relationship for the other prostanoid .¢|i5 ©2). How does the IP receptor communicate to different
receptors. _ _ G proteins at residue level? This is a very interesting question

Many attempts have been made todfim G protein 44 has not yet been addressed clearly. Our recombinant
coupling site on the intracellular domains of the GPCRs. The ,yman 1P receptor mutants can be used as a tool to study
second (iLP2) and third (iLP3) intracellular loops and the iye mechanisms of the d3/Gaq coupling systems for the
C-terminal domain of GPCRs involving their G protein receptor. For example, to test whether theqGoupling in
coupling have been identified in different GPCR4{64). the IP receptor is independent from theiScoupling, the
Generally, iLP2s and iLP3s are important players in specific- racombinant 1P receptor with a single mutation (such as
ity and/or efficiency of G protein activity in some GPCRS,  arg451ys, Ser47Thr, or Ala48Leu mutant) impairing the
while iLP1s are thought to be relatively unimporta6) cAMP production activity through &s coupling can be used
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