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Lysophosphatidic acid (LPA) receptor has been at-
racting many neuroscientists’ concerns, since it was
eported to have a potential role in the neurogenesis,
hich occurs in the ventricular zone of the developing
nd adult brain. In the present experiments using bac-
lovirus expression system, the LPA receptor encoded
y ventricular zone gene 1 (Edg-2/Vzg-1) was found to
e functionally coupled to Gi1, GoA, and G11, but not to
S. The coexpression of LPA receptor markedly de-

reased the expression of G protein ai1 or aoA subunit,
hile the basal [35S]GTPgS binding significantly in-

reased in the Gi1-preparation. The Scatchard Plot
nalysis indicates that the expression of LPA-receptor
Edg-2/Vzg-1) showed stimulation of Gi1 without ago-
ist. These results suggest the Edg-2/Vzg-1 has an in-
rinsic acctivity on Gi1. © 1999 Academic Press

Lysophosphatidic acid (1-acyl-sn-glycero-3-phosphate,
PA), a water-soluble phospholipid, can elicit diverse bi-
logical responses (1). These actions were found to be
ediated through activation of a variety of second mes-

enger pathways, including stimulation of phospholipase
and D (2–4), inhibition of adenylyl cyclase (5), elevation

f intracellular Ca21 (6), activation of ras and mitogen-
ctivated protein kinases (7, 8) and activation of rho (9,
0). These observations also suggest that LPA exerts
uch actions through various kinds of G proteins and/or G
rotein-coupled receptors. Indeed some effects of LPA are
ertussis toxin (PTX)-sensitive (8).
On the other hand, there are accumulating reports

hat LPA has a potential role in neurogenesis, based on
he knowledge of biological activities of LPA and bio-
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inistry of Education, Science, Culture, and Sports of Japan, and by
research grant from Ono Medical Research Foundation.
2 To whom correspondence and reprint requests should be ad-
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248. E-mail: ueda@net.nagasaki-u.ac.jp.
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nd his colleagues (16) have succeeded in cloning an
PA receptor as a G protein-coupled receptor (Edg-2/
zg-1) which is 96% identical to an sheep sequence

ermed edg-2. The Edg-2/Vzg-1 is preferentially ex-
ressed in the subventricular zone of the brain, where
eurogenesis is actively occurring in the embryonic,
eonatal and adult stage (17, 18). At the same time of
his work, another type of metabotropic LPA receptor
PSP24) was isolated from a Xenopus oocytes library
19). However, little is known of details of their signal-
ng mechanisms.

The best way to study the signaling mechanisms of
loned metabotropic receptors is to perform a reconsti-
ution experiments. For this purpose, baculovirus/
nsect cell expression system has been recently uti-
ized. This expression system has advantages that a
arge amounts of recombinant proteins are expressed,
ollowed by posttranslational modifications such as iso-
renylation and glycosylation (20). In the present
tudy we demonstrate the functional coupling of Edg-
/Vzg-1 with some G protein species in this expression
ystem. During the characterization of such couplings,
e found the intrinsic activity of the receptor to acti-
ate a specific G protein.

ATERIALS AND METHODS

Materials. The anti-G protein antibodies were kindly donated by
r. T. Haga at the University of Tokyo, Faculty of Medicine at Tokyo
apan. The anti-Edg-2/Vzg-1 antibody was kindly donated by Dr.
. Chun at University of California, San Diego, CA.

Cloning of mouse LPA receptor cDNA. A male ddY mouse was
ecapitated and the brain was removed. A pair of amygdala was then
issected and immediately homogenized with a Teflon-glass homog-
nizer in TRIzol (Gibco BRL, Grand Island, NY). cDNAs were gen-
rated by reverse transcriptase, SuperScript II (Gibco BRL) with
andom hexamer oligonucleotide. A coding region of mouse Edg-2/
zg-1 homologue was amplified by Taq polymerase using primers,
9-CCAAACTACAGCACTGTCATG-39 and 59-CCGGCTGGCTTCCT-
CTAAA-39. The PCR product was cloned into pGEM-T vector (pT-
ZG1).
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zg-1 LPA receptor and human D1 dopamine receptor. The bacu-
ovirus transfer vector containing sequence for Edg-2/Vzg-1 was con-
tructed as follows. The NcoI-SalI fragment containing the coding
egion was excised from pT-VZG1, where the NcoI site was filled in
ith T4 DNA. The fragment was inserted between BamHI and SalI

ites of pFASTBAC1 (pF-VZG1), where the BamHI site was filled in
ith T4 DNA polymerase. The pF-VZG1 was transformed into
H10BAC for transposition of the donor plasmid containing Edg-2/
zg-1 to a bacmid. The recombinant bacmid DNA was transfected by
sing CELLFECTIN Reagent (Gibco BRL) into Spodoptera frugi-
erda (Sf21).
The baculovirus transfer vector containing sequence for human D1

opamine receptor was constructed, as follows. A coding region of
uman D1 dopamine receptor was amplified from the cDNA, kindly
iven by Dr. M. Caron at Duke University Medical Center, NC,
y Taq polymerase using primers, 59-AAGGATCCAAGATGAGG-
CTCTGAACAC-39 and 59-TTGAATTCTCAGGTTGGGTGCTG-
CC-39with 59 flanking region containing BamHI and EcoRI site
espectively. The PCR product was cloned into pGEM-T vector
pThD1R). The BamHI-EcoRI fragment containing the human D1
opamine receptor coding region was excised from pThD1R. The
ragment was inserted between BamHI and EcoRI sites of pFAST-
AC1 (pFhD1R). The pFhD1R was transformed into DH10BAC for

ransposition of the donor plasmid containing hD1R to a bacmid. The
ecombinant bacmid DNA was transfected by using CELLFECTIN
eagent into Sf21. The generated recombinant virus was ampli-
ed by infection and the amplified virus (1 3 108 pfu/ml) was stored
t 4°C.

Coexpression of recombinant G proteins and LPA receptor in Sf21
ells. Sf21 cells (1.0 3 107 cells) were infected with the recombinant
iruses at a multiplicity of infection (m.o.i.) of 1 for mouse LPA
eceptor, while at m.o.i. of 10 for Gb1/g2 and various kinds of Ga-
ubunits. Baculoviruses for these G protein subunits have been
repared, as previously reported (21). However, Gb1 and Gg2 sub-
nits were placed downstream of two polyhedrin promoters arranged
ack-to-back in the recombinant virus coding both subunits. Cells
ere harvested 2 ; 3 days after infection at 27°C.

Membrane preparation from Sf21 cells and [35S]GTPgS binding
ssay. The Sf21 cells were washed once and homogenized using a
lass-Teflon homogenizer in 1 ml of TES (0.32 M sucrose, 0.1 mM
DTA, 25 mM Tris-HCl, pH 7.5) and centrifuged at 17,600 3 g for 40
in at 4°C. The pellet was resuspended with buffer A (50 mM
EPES-KOH, 1 mM EGTA, 1 mM DTT, 100 mM NaCl and 5 mM
gCl2, pH 7.4) and centrifuged at 400 3 g for 5 min. The superna-

ant was stored on ice until use.
[35S]GTPgS binding assay was performed as described (22) with

ome modifications. The membrane preparations (20 ml) were incu-
ated in buffer A with 10 mM GDP, [35S]GTPgS (2–5 3 105 cpm/
ssay NEM, Boston, MA) and drugs in a total volume of 100 ml for 60
in at 30°C. Bound and free [35S]GTPgS were separated by a rapid

ltration through a nitrocellulose filter (0.45 mm, ADVANTEC Toyo,
okyo, Japan) which was set into 96-well manifold kit. Bound radio-
ctivity was determined using BioImaging Analyzer (FUJIX BAS
000, Fuji Film, Tokyo, Japan). Non-specific activity was determined
y the difference between the [35S]GTPgS binding in the presence of
mM unlabeled GTPgS. In this concentration of GTPgS, the LPA (10
M)-dependent activation of [35S]GTPgS binding to the membrane
xpressing Gi1 and Edg-2/Vzg-1 was 0.95 6 0.42% (n 5 3) of that in
he absence of unlabeled GTPgS. The data were analyzed using
tudent’s t-test.

SDS-PAGE and immunoblotting. SDS-PAGE by using 12% poly-
crylamide gel and immunoblotting were performed as described
23) with some modifications. Visualization of immunoreactive bands
as performed by using an enhanced chemiluminescent substrate

or detection of horse radish peroxidase, SuperSignal Substrate
79
ere analyzed by NIH imaging after scanning exposed films.

ESULTS

PA-Induced Stimulation of Gi1, GoA, and G11

through Edg-2/Vzg-1 LPA Receptor

In previous studies, a pertussis toxin (PTX)-
ensitive G protein has been postulated to be in part
nvolved in various biological actions of lysophospha-
idic acid (LPA). To examine whether a cloned mouse
PA receptor, Edg-2/Vzg-1 couples PTX-sensitive G
roteins, Gi1 or GoA, the a subunit of either G protein
as expressed simultaneously with the b1 and g2

ubunit of G protein with Edg-2/Vzg-1 in Sf21
ells by recombinant baculovirus infection, and
35S]GTPgS binding assay was performed. The spe-
ific [35S]GTPgS binding to the membranes express-
ng Gi1 or GoA and Edg-2/Vzg-1 significantly increased
ith LPA concentrations in the range from 0.1 to 10
M (Figs. 1A and 1B). The addition of 1 mM LPA

ncreased the specific [35S]GTPgS binding to the Gi1-
xpressed membrane by 58% of control, and to the

oA-one by 86% of control. The absolute value of
PA-induced increase in [35S]GTPgS binding in the
reparations expressing Gi1 or GoA and Edg-2/Vzg-1
as 670.7 fmole/mg protein or 886.3 fmole/mg pro-

ein respectively. No LPA-dependent activation was
ound in the membranes with Edg-2/Vzg-1 alone nor
ith either G protein alone (data not shown). These

esults indicate that the Edg-2/Vzg-1 couples Gi1 or
oA in the present coexpression experiments.
In a preparation expressing G11, LPA stimulated the

35S]GTPgS binding through Edg-2/Vzg-1 in a
oncentration-dependent manner in the range from 0.1
M to 10 mM (Fig. 1C). The addition of 10 mM LPA
howed a significant increase by 30% of control. On the
ther hand, 10 mM LPA showed a weak, but non-
ignificant increase (16.6%) in the preparation express-
ng Gs (Fig. 1D). In order to confirm that Gs was prop-
rly expressed, we performed the coexpression of Gs

nd D1 dopamine receptor. As shown in Fig. 1E, SKF-
2958, a dopamine D1 agonist, markedly stimulated
he [35S]GTPgS binding in a concentration-dependent
anner.

PA-Induced Kinetic Changes in the [35S]GTPgS
Binding to Gi1 or GoA

To further characterize the functional coupling be-
ween Edg-2/Vzg-1 and either G protein, LPA-
timulated [35S]GTPgS binding was determined un-
er the condition of various concentrations of

35S]GTPgS in the reaction mixture. The Scatchard
lot analysis showed the single component of

35S]GTPgS binding in either preparation expressing
i1 or GoA, and in both cases in the absence or pres-
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nce of 1 mM LPA (Figs. 2A and 2B). The Kd value of
35S]GTPgS binding in the absence of LPA in the
reparation expressing Edg-2/Vzg-1 and Gi1 was
37.5 nM as shown in Fig. 2C. When 1 mM LPA was
dded, the Kd was decreased to one third of control
85.7 nM). Similar decrease in the Kd value was
ound in the membrane expressing Edg-2/Vzg-1 and

oA. The Kd in the absence and presence of 1 mM LPA
as 191.0 and 46.1 nM, respectively (Fig. 2C). These

esults indicate that LPA activates Gi1 and GoA

hrough the Edg-2/Vzg-1.

FIG. 1. Effect of LPA or SKF-82958 concentrations on the [35

embrane containing G protein (A, Gi1; B, GoA; C, G11; and D and E,
ithout (E) Edg-2/Vzg-1. (E) The membrane contained Gs with (F) o
r at 30°C. * , 0.05, ** , 0.01, compared with value of the membra
no LPA nor SKF-82958) and represent the mean 6 S.E.M. of three

FIG. 2. Scatchard analysis of binding of [35S]GTPgS to Sf21 m
ontaining the G protein (A, Gi1; B, GoA) with Edg-2/Vzg-1 was assaye
F) of 1 mM of LPA. (C) LPA-dependent change of Kd values of [35S]G
he value of the membrane without LPA. Data represent the mean
80
xpression of G Proteins in Baculovirus Expression
System

Although the recombinant Gs was found to be func-
ional from the coexpression experiment using D1 re-
eptor and Gs, the possibility cannot be excluded that
he loss of coupling between Edg-2/Vzg-1 and Gs might
e attributed to the poor expression of Edg-2/Vzg-1 or
he selective inhibition of Gs-expression by coexpres-
ion of Edg-2/Vzg-1. The relative amounts of Vzg-1
alculated from their immunoreactivities in the Gi1,

TPgS binding to membrane. [35S]GTPgS binding activity in the
was assayed. (A-D) The membrane contained G protein with (F) or
ithout (E) D1 dopamine receptor. Each sample was incubated for 1
without Edg-2/Vzg-1. Data are expressed as a percentage of control
ependent experiments.

branes G-proteins. [35S]GTPgS binding activity in the membrane
the various concentration of GTPgS in the absence (E) or presence

gS binding to Gi1 or GoA with Edg-2/Vzg-1. * , 0.05, compared with
.E.M. of four independent experiments.
S]G
Gs)
r w
ne
ind
em
d in
TP

6 S



G
(
r
n
d
t
G
c
s
e
w
t
p
s
w
c

baculovirus (data not shown). Interestingly, the immu-
n
b

I

p
E
n
t
p
c
p
E
f

w
m
o
i
G
i
[
c
[
i
L
L
f
V
t
s
t
i
s
p
(

b
V
a
E
G
o
p
1

D

L
s
p
s
u
E

G
a
t
m
w
s
o
t
c
E
c
D
m

Vol. 259, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
oA, Gs, and G11 are 1, 0.41, 0.38, and 0.84, respectively
Fig. 3A). The linearity of dilution-immunoreactivity
elationship was observed in the range from the immu-
oreactivity in Gs preparation to that in Gi1 one. It
emonstrated that the amount of the Edg-2/Vzg-1 in
he Gs-expressed membrane was similar to that in the

oA-expressed membrane in which the significant in-
rease in [35S]GTPgS binding was detected. Figure 3B
hows that all G protein a-subunits including Gas were
xpressed in the reconstituted membranes with or
ithout Edg-2/Vzg-1 by immunoblot analysis. Each an-

ibody stained only one band corresponding to the ex-
ected molecular weight of recombinant a subunit. No
ignificant immunoreactivity for G protein a subunits
as observed by use of these antibodies in the insect

ells which were uninfected or infected with wild type

FIG. 3. Immunoblot analysis of expression of LPA receptor and
protein a subunits, and basal activity of [35S]GTPgS binding. (A

nd B) Immunoblot analysis of expressed Edg-2/Vzg-1 (A) or G pro-
ein a subunits (B) in the infected Sf21 cells. Membrane proteins (1.3
g) of the Sf21 cells expressing the indicated G protein with (1) or
ithout (2) Edg-2/Vzg-1 were analyzed by immunoblotting using the

pecific antibody against the Edg-2/Vzg-1 or the corresponding type
f a subunit respectively. (C) Basal activity of [35S]GTPgS binding in
he absence of LPA. [35S]GTPgS binding activity in the membrane
ontaining indicated G protein was assayed in the absence of LPA.
ach sample was incubated for 1 hr at 30°C. * , 0.05, ** , 0.01,
ompared with the value of the membrane without Edg-2/Vzg-1.
ata represent the mean 6 S.E.M. of three independent experi-
ents.
81
oreactivity of Gai1 and GaoA was markedly decreased
y co-infection with Edg-2/Vzg-1.

ntrinsic Activity of Edg-2/Vzg-1 to Stimulate Gi1

Figure 3C shows the basal [35S]GTPgS binding in the
reparation expressing each G protein with or without
dg-2/Vzg-1. As expected from the results with immu-
oblot analysis (Fig. 3B), the basal binding activity in
he GoA-preparation was markedly decreased in the
resence of Edg-2/Vzg-1. There was no significant
hange in the basal binding in the Gs- or G11-
reparation between the preparations with or without
dg-2/Vzg-1 (Fig. 3C), being consistent with the results

rom the immunoblot analyses.
However, the basal binding in the Gi1-preparation
as rather increased in the Edg-2/Vzg-1-coexpressed
embrane (Fig. 3C), being inconsistent with the result

f immunoblot analysis. In order to further character-
ze the increase in the basal [35S]GTPgS binding in the

i1-preparation, the LPA-dependent [35S]GTPgS bind-
ng was normalized by dividing with the maximal
35S]GTPgS binding which was obtained from the Scat-
hard Plot analysis by use of various concentrations of
35S]GTPgS. As shown in Fig. 4A, there was no change
n [35S]GTPgS binding by various concentrations of
PA in the preparation expressing Gi1 alone, and the
PA-induced changes in [35S]GTPgS binding were

ound in the preparation expressing Gi1 plus Edg-2/
zg-1 as described above. Of interest is the finding that

he normalized basal [35S]GTPgS binding in the ab-
ence of LPA was significantly higher in the prepara-
ion expressing Gi1 plus Edg-2/Vzg-1 than that express-
ng Gi1 alone. On the other hand, there was no
ignificant change in the basal binding between the
reparations expressing GoA and GoA plus Edg-2/Vzg-1
Fig. 4B).

We further characterized the kinetic changes in
asal G protein activities by co-expression with Edg-2/
zg-1 in the absence of LPA. In the Scatchard Plot
nalyses, the affinity for [35S]GTPgS was increased by
dg-2/Vzg-1 coexpression in Gi1-preparation but not in
oA-preparation (Figs. 5A and 5B). Average (6 S.E.M.)

f Kd value of [35S]GTPgS binding in the Gi1-
reparation was decreased from 695 6 227 to 377 6
19 nM by Edg-2/Vzg-1 expression (Fig. 5C).

ISCUSSION

The present study revealed two major findings, 1)
PA receptor, Edg-2/Vzg-1, selectively couples some
pecies of G proteins including Go in coexpression ex-
eriments, 2) Edg-2/Vzg-1 has an intrinsic activity to
timulate Gi1. Here we found that LPA strongly stim-
lates Gi1 and GoA, and weakly stimulates G11 through
dg-2/Vzg-1. The LPA-induced activation of Gi1 is con-
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istent with some previous reports which showed that
he LPA stimulation inhibited an adenylate cyclase in
he Edg-2/Vzg-1-expressed neuroblast cell line (16),
nd activated an endogenous Gi1 in the membrane
rom the Edg-2/Vzg-1-expressed hepatoma cell line
24). However, the activation of Go which is an abun-
ant membrane bound protein in the brain (25)
hrough Edg-2/Vzg-1 has not been reported. In this
tudy, we demonstrate that GoA is also activated
hrough the Edg-2/Vzg-1 in the similar range of con-
entration of LPA to activate Gi1. Some parts of LPA-
nduced cellular events in the brain may be mediated
hrough an activation of Go.

We observed that LPA weakly but significantly acti-
ated G11 through Edg-2/Vzg-1 in the coexpression ex-
eriments. As the stoichiometry of receptor coupling to

FIG. 4. Intrinsic stimulation of [35S]GTPgS binding by expression
roteins (fmol/mg protein) was divided by the value of maximal bindi
ontained G protein with (F) or without (E) Edg-2/Vzg-1. * , 0.05, **
ata represent the mean 6 S.E.M. of three independent experimen

FIG. 5. Scatchard analysis of binding of [35S]GTPgS in the absen
protein (A, Gi1; B, GoA) with (F) or without (E) Edg-2/Vzg-1 was ass

C) Edg-2/Vzg-1-induced change of Kd values of [35S]GTPgS binding to
PA. Data represent the mean 6 S.E.M. of four independent experi
82
q/11 is generally very low, compared to Gi, Go or Gs-
oupled receptors (26), we should not neglect the phys-
ological significance of functional coupling between
dg-2/Vzg-1 and G11. LPA was reported to activate
hospholipase C through a PTX-insensitive G protein
8, 27). The present result suggests that Edg-2/Vzg-1-

ediated activation of G11 may lead to activate phos-
holipase C and to mobilize an increase in the concen-
ration of intracellular calcium ion.

Gs could not be coupled to Edg-2/Vzg-1 in the expres-
ion system. It is possible that lower expression of
unctional receptors caused the apparent uncoupling.
ecause the LPA has the lipophilic detergent property,

t was difficult to analyze ligand-receptor interactions
16, 28, 29). Therefore, we determined that the amount
f LPA receptor in the Gs-expressed membrane was

dg-2/Vzg-1. A value of specifically bound [35S]GTPgS per membrane
(pmol/mg protein) calculated in the presence of LPA. The membrane
.01, compared with the value of the membrane without Edg-2/Vzg-1.

f LPA. [35S]GTPgS binding activity in the membrane containing the
d in the various concentration of [35S]GTPgS in the absence of LPA.

i1 or GoA. * , 0.05, compared with the value of the membrane without
nts.
of E
ng
, 0
ts.
ce o
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oA

unoblot analysis. The reason that Edg-2/Vzg-1 could
ot coupled to Gs might be not that the receptor ex-
ression was low.
Interestingly, the amount of Gi1 or GoA in the prepa-

ation coexpressing Edg-2/Vzg-1 was decreased com-
ared with that of Gi1 or GoA in the preparation in the
bsence of Edg-2/Vzg-1. Some reports showed that the
mount of G protein was decreased by the stimulation
f its downstream effector (30, 31). Therefore, the de-
rease in both protein expressions found in this study
ay reflect down regulation caused by the downstream
echanisms in the infected cells.
We found that the addition of LPA increased the

ffinity (or decreased the Kd) of [35S]GTPgS binding
o either Gi1 or GoA. However, during the detailed
nalysis we noticed that the basal activity of

35S]GTPgS binding to Gi1 without LPA was higher in
he Edg-2/Vzg-1 expressed cells than in unexpressed
nes, despite the immunoreactive Gi1 expression was
arkedly decreased by Edg-2/Vzg-1 expression. Fur-

her analysis revealed that the affinity of [35S]GTPgS
inding to Gi1 in the absence of LPA was increased by
his receptor expression, indicating that the Edg-2/
zg-1 has an intrinsic activity to stimulate Gi1. Al-

hough we washed the membranes with serum-free
uffer, the contamination of residual LPA or related
ompounds derived from serum used in the infection
f Sf21 cells with baculoviruses can not excluded.
owever, as there was no significant increase in the
ffinity of [35S]GTPgS binding to the reconstituted
oA, it is unlikely that such a contamination exerts

ignificant effects. These results indicate that the Gi1

s selectively activated by Edg-2/Vzg-1 in the absence
f any ligand. It is possible that no intrinsic activity
bserved in GoA-expressed membranes resulted from
ower expression of Edg-2/Vzg-1 indicated by immu-
oblot analysis. However, because of higher activity
f LPA-induced [35S]GTPgS binding in GoA-expressed
embranes than in Gi1-expressed membranes, the

mount of the functional receptor may be enough to
ntrinsically activate GoA if it was possible. Therefore
he intrinsic activity of the receptor to GoA may be
elatively weak. Several reports suggested that some
eceptors were found to show an intrinsic activity in
he absence of their ligands (32, 33). These receptors
ffected the basal level of second messengers, such
s cAMP (34), but the kinetic change in a specific G
rotein through the intrinsic activity of receptors
as not been reported.
It is interesting to discuss the physiological roles of

ntrinsic activity of the Edg-2/Vzg-1. cAMP is one of
ajor second messenger to regulate neuronal differ-

ntiation such as neurite extension and gene expres-
ion (35, 36). As it is expected that the Edg-2/Vzg-1
tself activates Gi and inhibited cAMP production,
he developmental change of Edg-2/Vzg-1 during
83
AMP signaling pathway and the neuronal differen-
iation. On the other hand, there are reports that
ome compounds possess the inverse agonist activity
hich represents the inhibition of G protein activity
r second messenger production through metabo-
ropic receptors (38 – 41). The observation of the in-
rinsic activity of Edg-2/Vzg-1 may lead to a discov-
ry of an unknown inverse agonist to Edg-2/Vzg-1
PA receptor.
In conclusion, we demonstrated here that a single

ype of LPA receptor, Edg-2/Vzg-1 is functionally cou-
led with some G proteins, Gi1, GoA and G11, and the
eceptor has an intrinsic activity to stimulate Gi1.
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