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eceptor for Governing G Protein Association
nd Activation Steps

huji Satoh, Chang-sheng Chang,1 Hironori Katoh, Hiroshi Hasegawa, Kazuhiro Nakamura,
unko Aoki, Hirotada Fujita, Atsushi Ichikawa,* and Manabu Negishi2

epartment of Molecular Neurobiology and *Department of Physiological Chemistry, Faculty of Pharmaceutical Sciences,
yoto University, Sakyo-ku, Kyoto 606-8501, Japan

eceived December 15, 1998
receptors that participate in the processes of receptor-
m
c
a
t
b
s
n
p

t
c
o
t
o
r
s
r
(
t
r
m
t
t
p
H
d
o
r

M

o
C
S
w
i
(
t

To assess the role of the conserved DPWXY motif of
he seventh transmembrane domain in prostanoid
eceptor-mediated G protein activation, we have mu-
ated the negatively charged Asp-318 in this motif of
he Gi-coupled mouse prostaglandin EP3 receptor to
ncharged but polar Asn (EP3-D318N) and to the non-
olar Leu (EP3-D318L). The EP3 agonist and antago-
ist showed similar binding affinities for the wild-type
nd two mutant receptors. The wild-type and EP3-
318N receptors but not EP3-D318L receptor associ-
ted with Gi in guanine nucleotide- and pertussis
oxin-sensitive manners. On the other hand, the wild-
ype receptor but not two mutant receptors had the
bility to stimulate GTPase activity and to inhibit the
denylate cyclase. These findings demonstrate that
he chemical nature of the amino acid residue at posi-
ion 318 of the seventh transmembrane domain of the
P3 receptor dissociates the step of Gi association

rom that of subsequent Gi activation in the process of
he EP3 receptor-Gi coupling. © 1999 Academic Press

The interaction of cell-surface receptors with hetero-
rimeric GTP-binding proteins (G proteins) is crucial
or hormonal action (1). An agonist-bound receptor as-
ociates with a G protein, forming an intermediary
ernary complex of the agonist, receptor and G protein,
nd then activates the G protein to a state in which it
an regulate effectors (1). A growing number of studies
ave identified regions or motifs in G protein-coupled

1 Present address: Department of Molecular Cardiology, The
erner Research Institute, Cleveland Clinic Foundation, Cleveland
H, 44195.
2 To whom correspondence should be addressed. Fax: 81-75-753-

557. E-mail: mnegishi@pharm.kyoto-u.ac.jp.
Abbreviations used: G protein, heterotrimeric GTP-binding pro-

ein; PG, prostaglandin; PT, pertussis toxin; GTPgS, guanosine 59-
g-thio]triphosphate; CHO, Chinese hamster ovary.
164006-291X/99 $30.00
opyright © 1999 by Academic Press
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ediated G protein activation (2). Among the most
onserved regions of receptors is a sequence of amino
cid residues, D/N-P-(X)2,3-Y, found in the seventh
ransmembrane domain, which has been suggested to
e involved in receptor-G protein coupling, receptor
equestration or internalization (3, 4). However, it has
ot yet been fully elucidated how this motif partici-
ates in the receptor functions.
Prostanoids exhibit a broad range of biological ac-

ions in diverse tissues through their binding to spe-
ific receptors on the plasma membrane (5). We and
ther laboratories have revealed the primary struc-
ures of eight types of prostanoid receptors and dem-
nstrated that they belong to the G protein-coupled
hodopsin-type receptor superfamily (6). They have
everal features in common with other rhodopsin-type
eceptors, and the above-mentioned motif, D/N-P-
X)2,3-Y, was also found in all prostanoid receptors, but
his consensus sequence was DPWXY. To assess the
ole of Asp of this motif in prostanoid receptor-
ediated G protein activation, we mutated the nega-

ively charged Asp-318 in this motif of the mouse pros-
aglandin (PG) EP3 receptor to the uncharged but
olar Asn residue and to the non-polar Leu residue.
ere we report that chemical nature of this residue
issociates the step of G protein association from that
f subsequent activation in the process of the EP3
eceptor-Gi coupling.

ATERIALS AND METHODS

Materials. M&B28767, AH23848B and sulprostone were gener-
us gifts from Drs. M. P. L. Caton of Rhone-Poulenc Ltd., R. A.
oleman of Glaxo Group Research Ltd. and K.-H. Thierauch of
chering, respectively. [5,6,8,11,12,14,15-3H]PGE2 (179 Ci/mmol)
as obtained from Amersham Corp; PGE2 was from Cayman Chem-

cal (Ann Arbor, MI); pertussis toxin (PT) was from Seikagaku Kogyo
Tokyo, Japan); forskolin was from Sigma; and guanosine 59-[g-
hio]triphosphate (GTPgS) was from Boehringer Mannheim.
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Construction and stable expression of the mutant receptors. PCR-
ediated mutagenesis (7) was employed to replace Asp-318 of mouse
P3a cDNA with Asn and Leu, and the cDNAs for the respective
utant receptors (EP3-D318N and EP3-D318L) were constructed.
table cDNA transfection into Chinese hamster ovary (CHO) cells
as performed by lipofection, essentially as described previously (8),
nd clonal cell lines were obtained by single-cell cloning and were
creened by [3H]PGE2 binding and RNA blotting.

[3H]PGE2 binding assay. The harvested CHO cells expressing
ach receptor were homogenized with a Potter-Elvehjem homoge-
izer in 20 mM Mes/NaOH, pH 6.0, containing 10 mM MgCl2, 1 mM
DTA, 20 mM indomethacin and 0.1 mM phenylmethylsulfonyl flu-
ride. After centrifugation of the homogenate at 250, 000 3 g for 10
in, the pellet was washed and suspended in the same buffer. The
embrane fraction (80 mg) was incubated with 4 nM (displacement

xperiment) or various concentrations (Scatchard analysis) of
3H]PGE2 at 30°C for 1 h, and [3H]PGE2 bound to the membrane
raction was determined as described previously (9). Non-specific
inding was determined by using a 1000-fold excess of unlabeled
GE2 in the incubation mixture. Specific binding was calculated by
ubtracting the non-specific binding from the total binding. Kd values
or [3H]PGE2 were obtained from Scatchard plots transformed from
he values of specific [3H]PGE2 binding, and Ki values for ligands
ere calculated with the Cheng-Prusoff equation.

GTPase activity. The membrane pellet prepared from the cells
as suspended in 20 mM Hepes/NaOH, pH 7.5, containing 2 mM
gCl2, 0.1 mM EDTA, 1 mM dithiothreitol, 0.1 mM phenylmethyl-

ulfonyl fluoride, and 0.1 M NaCl (assay buffer). GTPase activity was
ssayed by incubating the membrane (15 mg) at 37°C for 5 min in 100
l of assay buffer, containing 1 mM AppNHp, 0.2 mM ATP, and 0.1
M [g-32P]GTP (0.5 mCi), as described previously (10). Non-specific
TP hydrolysis was determined using a 1000-fold excess of unla-
eled GTP, and the specific low Km GTPase activity was calculated by
ubtracting the non-specific hydrolysis from the total hydrolysis.

Measurement of cAMP formation. The cAMP contents of CHO
ells expressing the wild-type and mutant receptors were deter-
ined as reported previously (11). After 10 min of incubation at 37°C
ith 10 mM forskolin and 100 mM Ro-20-1724, a phosphodiesterase

nhibitor, the reaction was terminated by the addition of 10% tri-
hloroacetic acid. The cAMP contents of the cells were measured by
adioimmunoassay with an Amersham cAMP assay system.

FIG. 1. Displacement of [3H]PGE2 binding by EP3 agonist and
utant EP3 receptors. The membrane of CHO cells expressing the w
ith 4 nM [3H]PGE2 and the indicated concentrations of PGE2 (E
etermined as described in Materials and Methods. The values are
ercentages of controls obtained with membranes in the absence of
165
ESULTS

EP3 receptor is a Gi-coupled receptor, inhibiting the
denylate cyclase activity (6). We first examined the
inding affinities of the wild-type and mutant recep-
ors for PGE2 (natural agonist), M&B28767 (EP3 ago-
ist) and AH23848B (EP3 antagonist) by assessing the
isplacement of [3H]PGE2 binding to the receptors. As
hown in Fig. 1, these ligands inhibited the [3H]PGE2

inding to the wild-type, EP3-D318N and EP3-D318L
eceptors in similar displacement profiles in the order
f M&B28767 5 PGE2 @ AH23848B. To obtain the

d and Ki values of the receptors for these ligands, we
erformed the Scatchard analyses of the [3H]PGE2

inding to the receptors and calculated the Kd values
or [3H]PGE2 and the Ki values for M&B28767 and
H23848B. As shown in Table 1, the wild-type and
utant receptors showed similar affinities for both

gonist and antagonist.

agonist in the membrane of CHO cells expressing the wild-type or
-type (A), EP3-D318N (B) or EP3-D318L (C) receptor was incubated
M&B28767 (J) or AH23848B (H). Specific [3H]PGE2 binding was
e means 6 S.E.M. for triplicate experiments and are expressed as
nds.

TABLE 1

Binding Affinities of the Wild-Type and Mutant EP3
Receptors for PGE2, M&B28767 and AH23848B

eceptors PGE2 M&B28767 AH23848B

Kd (nM) Ki (nM) Ki (nM)
ild type 5.6 6 0.1 4.3 6 0.04 9300 6 83
318N 11 6 0.7 3.1 6 0.05 4900 6 49
318L 3.8 6 0.2 3.0 6 0.08 4600 6 109

Note. Kd values for PGE2 were obtained from Scatchard plots of
pecific [3H]PGE2 binding to the wild-type, EP3-D318N and EP3-
318L receptors, as described in Materials and Methods. Ki values

or M&B28767 and AH23848B were obtained from IC50 values of 4
M [3H]PGE2 binding displacement by both ligands (Fig. 1) with the
se of the Cheng-Prusoff equation. Results are the means 6 S.E.M.
or three independent experiments.
ant
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The association of receptors with G proteins can be
valuated by modulation of the agonist-binding affinity
f the receptors by guanine nucleotides (12). In con-
rast with most hormone receptors, in which guanine
ucleotides promote the dissociation of a ligand-
eceptor-G protein ternary complex and decrease the
gonist-binding affinity of receptors, the PGE2-binding
ffinity of EP3 receptor was inversely increased by
uanine nucleotides (13). We then examined the effect
f GTPgS on the PGE2 binding to the wild-type and
utant receptors. GTPgS markedly increased the
GE2 binding to the wild-type receptor as expected,
nd also increased the binding to EP3-D318N receptor,
hile GTPgS did not significantly affect the binding to
P3-D318L receptor (Fig. 2). EP3 receptor is coupled to
i and PT treatment induces decoupling of the recep-

or and Gi, resulting in the increase in [3H]PGE2 bind-
ng to the receptor as observed with the guanine nu-
leotide treatment (14). Thus, we examined the effect
f PT treatment on the PGE2 binding to the receptors.
T treatment also increased the PGE2 binding to the
ild-type and EP3-D318N receptors but not to EP3-
318L receptor, and GTPgS did not further increase

he binding to the wild-type and EP3-D318N receptors.
herefore, these results indicate that the wild-type and
P3-D318N receptors associate with Gi, while EP3-
318L receptor does not.
To assess the functional interaction of EP3 receptor

nd Gi, we examined the ability of the wild-type and
utant receptors to stimulate the GTPase activity of
i and to inhibit the adenylate cyclase. Fig. 3 shows

he effect of PGE2 on the GTPase activity in the
embrane of each receptor-expressing cells. PGE2

oncentration-dependently stimulated the GTPase ac-
ivity in the wild-type receptor, while PGE2 did not
ffect the activity in both mutant receptors. Fig. 4
hows the effect of sulprostone, an EP3 agonist, on the

FIG. 2. Effects of GTPgS and PT treatment on [3H]PGE2 binding
ild-type (A), EP3-D318N (B) or EP3-D318L(C) receptor had been
embranes prepared from the cells were incubated with 4 nM [3H
TPgS. Specific [3H]PGE2 binding was determined as described in M
xperiments.
166
orskolin-stimulated cAMP formation. Sulprostone
trongly inhibited the forskolin-stimulated cAMP for-
ation in the wild-type receptor in a PT-sensitive man-

er. We further examined the antagonist activity of
H23848B for the EP3 receptor, and AH23848B
hifted the inhibition curve of the agonist toward the
ight in the wild-type receptor, indicating that
H23848B acts as an antagonist for EP3 receptor and

he wild-type EP3 receptor shows functional response
o agonist and antagonist (data not shown). On the
ther hand, the PT-sensitive inhibition induced by sul-
rostone was very weak in EP3-D318N receptor, and
o inhibition was observed in EP3-D318L receptor.

the wild-type and mutant receptors. After CHO cells expressing the
ated for 12 h with vehicle (PT; 2) or 100 ng/ml of PT (PT; 1), the
E2 in the presence (GTPgS; 1) or absence (GTPgS; 2) of 100 mM
rials and Methods. The values are the means 6 S.E.M. for triplicate

FIG. 3. Effect of PGE2 on GTPase activity in the membrane of
HO cells expressing the wild-type or mutant EP3 receptors. The
embrane of CHO cells expressing the wild-type (J), EP3-D318N (G)

r EP3-D318L (C) receptor was assayed for GTPase activity with the
ndicated concentrations of PGE2, as described in Materials and

ethods. The values are the means 6 S.E.M. for triplicate experi-
ents and are expressed as percentages of the GTPase activity
ithout the agonist in the respective membranes.
to
tre
]PG
ate
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ISCUSSION

In the present study, we examined the functional
ole of Asp residue in DPWXY motif of the seventh
ransmembrane domain of the EP3 receptor in the
rocess of the EP3 receptor-mediated Gi activation.
he wild-type and two Asp-mutated receptors showed
imilar affinities for both agonist and antagonist, indi-
ating that the Asp-318 is not a determinant for the
igand binding to the receptor. The wild-type EP3 re-
eptor, having negatively charged Asp-318 in the motif,
ould associate with and subsequently activate Gi. In
ontrast, EP3-D318N receptor, having uncharged but
olar Asn-318, was able to associate with Gi but lost
he ability to activate the G protein. EP3-D318L recep-
or, having non-polar Leu-318, could neither associate
ith nor activate Gi. Thus, the association of EP3

eceptor with Gi is prerequisite to the activation of Gi,
nd the association with Gi and formation of a ternary
omplex are not sufficient for Gi activation. This means
hat the association of EP3 receptor with Gi and acti-
ation of Gi are different steps, and both the associa-
ion with Gi and its activation are somehow regulated
y different mechanisms.
Asp-318 in DPWXY motif is the key amino acid res-

due for both G protein association and activation
teps, and the chemical nature of this residue appears
o determine the transition of the receptor to these
teps. Asp can not only form an ionic interaction but
lso form hydrogen bonding interaction (15). In con-
rast, Asn residue substituted for Asp-318 can only
orm hydrogen bonding interaction, but non-polar Leu
esidue can form neither a hydrogen bond nor an ionic
ond. Considering these findings, it is inferred that the
ydrogen bonding interaction of Asn residue is suffi-
ient for the association of the EP3 receptor with Gi but
he ionic interaction of Asp residue is essential for the

FIG. 4. Effect of EP3 agonist on forskolin-induced cAMP formatio
HO cells expressing the wild-type (A), EP3-D318N (B) or EP3-D31
f PT (J), they were incubated for 10 min at 37°C with the indicated
00 mM Ro-20-1724. The cAMP content was measured as described
or triplicate experiments and are expressed as percentages of contr
167
ubsequent activation of Gi. Which amino acid residue
ithin the EP3 receptor structure interacts with Asp-
18? As for this issue, the Asp residue in DPXXY motif
f gonadotropin-releasing hormone receptor has been
roposed to interact with the Arg residue in highly
onserved DRY motif, located in cytoplasmic side of
hird transmembrane domain, in the active state of the
eceptor (16). This Arg residue in DRY motif is also
onserved in all prostanoid receptors (6). Therefore, the
nterhelical salt bridge formation between Arg residue
f DRY motif and Asp residue of DPWXY motif may be
ssential for the EP3 receptor-mediated Gi activation,
hile the hydrogen bonding interaction of Arg and Asn
ay support only association of the receptor with Gi.
ince an ionic bond is apparently stronger than a hy-
rogen bond, the selective ability of Asp to activate Gi
ay reflect the different bond strengths of hydrogen

nd ionic bonds.
Recently, we demonstrated that the truncation of

he carboxyl-terminal tail of the EP3 receptor caused
gonist-independent constitutive Gi activity, sug-
esting that the carboxyl-terminal tail suppresses
he receptor-induced Gi activation and agonist bind-
ng induces the conformational change of the recep-
or, which releases the constraint, allowing the re-
eptor to associate with and activate Gi (17). The
eventh transmembrane domain is directly con-
ected with the carboxyl-terminal tail. Thus, the

nteraction of Asp of DPWXY motif and Arg of DRY
otif may induce a confomational change of the sev-

nth transmembrane domain and the carboxyl-
erminal tail, leading to the association with Gi and
ubsequent Gi activation, and the chemical nature of
his interaction may regulate the conformational
hanges, determining two steps, G protein associa-
ion and activation.

CHO cells expressing the wild-type or mutant EP3 receptors. After
(C) receptor had been treated for 12 h with vehicle (E) or 100 ng/ml
ncentrations of sulprostone in the presence of 10 mM forskolin and
aterials and Methods. The results shown are the means 6 S.E.M.

obtained with the cells in the absence of agonist.
n in
8L

co
in M
ols



In conclusion, we here described that the EP3 recep-
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or signal to Gi proceeds to two steps, Gi association
nd subsequent activation and that the chemical na-
ure of the residue at position 318 of the receptor is the
ey element in the process of EP3 receptor-induced Gi
ctivation. This study contributes to our understand-
ng of G protein-coupled rhodopsin-type receptor-

ediated G protein activation mechanism.
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