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G-protein-coupled receptors are a major target for po-
ential therapeutics; yet, a large number of these recep-
ors couple to the Gi pathway, generating signals that
re difficult to detect. We have combined chimeric G
roteins, automated sample handling, and simultaneous
6-well fluorometric imaging to develop a high-through-
ut assay system for Gi signaling. The chimeric G pro-
eins alter receptor coupling so that signaling can occur
hrough Gq and result in mobilization of intracellular
alcium stores. An automated signaling assay device, the
uorometric imaging plate reader (FLIPR), can simulta-
eously measure this response in real time in 96-well
icroplates, allowing two people to process more than

0,000 points per day. We used the chimeric G protein/
LIPR system to characterize signaling by the Gi-cou-
led human opioid receptors. We show that the m, d, and
opioid receptors and the related nociceptin receptor,
RL1, each couple to Gaqi5, Gaqo5, and Ga16 (Gaqi5 and
aqo5 refer to Gaq proteins containing the five carboxyl-

erminal amino acids from Gai and Gao, respectively)
nd that different receptor/G protein combinations
how different levels of maximal activation. We tested 31
pioid ligands for agonist activity at the opioid recep-
ors (124 ligand–receptor combinations); all 31 activated
t least one receptor type, and several activated multi-
le receptors with differing potencies. This high-
hroughput assay could be useful for dissecting the com-
lex ligand–receptor relationships that are common in
ature. © 1999 Academic Press

1 The first two authors contributed equally to this work.
2 Current address: Caliper Technologies, 605 Fairchild Drive,
ountain View, CA 94043-2234.
3 To whom correspondence should be addressed. Fax: (415) 285-
632. E-mail: bconklin@gladstone.ucsf.edu. Web: http://gladstone.
csf.edu/conklin.html. R
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G-protein-coupled receptors constitute the largest
nown family of cell-surface receptors (1). Nearly 2000
ave been identified (2), and we estimate that more
han 100 activate Gi-signaling pathways in response to
ormone ligands. Gi signaling is involved in a variety
f physiologic processes, including chemotaxis, neuro-
ransmission, proliferation, hormone secretion, and
nalgesia (3). Scientists in academia and industry have
solated and characterized the genes encoding many

edically important Gi-coupled receptors, such as the
pioid, serotonin, and dopamine receptors (4). Drugs
hich target these receptors have found use in the

reatment of pain, depression, psychoses, and Parkin-
on’s disease (4). Searching for drugs that target the
stimated 100 Gi-coupled receptors presents a major
hallenge for research.
Several methods exist for measuring signaling by

i-coupled receptors. Incorporation of radiolabeled
TPgS into receptor-activated G proteins is a popular
ethod, but requires purification of membrane compo-

ents and handling of radioisotopes, and lacks the
ntrinsic signal amplification that would occur in a
hole cell (5). Because activation of the Gi pathway
ecreases adenylylcyclase activity, Gi signaling has
lso been studied by measuring the inhibition of fors-
olin-stimulated cAMP accumulation (6). However,
his assay suffers from a limited dynamic range, since
nhibition rarely exceeds 60% of the stimulation. In
ddition, the assay is expensive, time-consuming, and
ot well suited for high-throughput screening. Re-
ently, the fluorometric imaging plate reader (FLIPR,4

olecular Devices) was developed to perform high-
hroughput agonist and antagonist screening with

4
 Abbreviations used: FLIPR, fluorometric imaging plate reader;
-SAT, receptor selection and amplification technology.
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243CHIMERIC G PROTEINS AND SCREENING ASSAYS
ransfected cells in a 96-well microplate format. This
obotic system allows rapid screening of compounds
resent in combinatorial chemical libraries and pro-
ides an efficient way to characterize orphan receptors
nd potential peptide agonists identified by genome
equencing projects. The FLIPR can measure simulta-
eously in 96 wells of a microplate the increase in

ntracellular calcium resulting from activation of Gq-
ignaling pathways in CHO cells. Although activation
f Gi-coupled receptors does not normally cause cal-
ium mobilization in CHO cells, mobilization will occur
f the receptors are coexpressed with chimeric Gaq pro-
eins containing the five carboxyl-terminal amino acids
rom Gai or Gao (i.e., Gaqi5 or Gaqo5) (7) or with full-
ength Ga16 (8, 9).

In this report, we have used chimeric G proteins to
llow the Gi-coupled opioid receptors to signal through
q and thus generate a robust calcium response in
HO cells. We then used the FLIPR to measure this

esponse. The chimeric G protein/FLIPR data are con-
istent with results obtained from the Cytosensor mi-
rophysiometer, indicating that artificial G protein
oupling does not significantly affect receptor pharma-
ology. In addition, the FLIPR assay is less expensive
nd more efficient than traditional assays. We used the
himeric G protein/FLIPR system to screen a panel of
pioid peptides and drugs to determine their pharma-
ologic activities on each of the human opioid receptors.
ll of the peptides activated at least one receptor, and
any activated two or more, supporting a complex
odel of receptor activation. In addition, this assay
as able to identify molecules that behaved as antag-
nists.

ATERIALS AND METHODS

Cells and culture conditions. Human m, d, and k
pioid receptor cDNAs were obtained and used under
icense from the National Institutes of Health, the Uni-
ersity of Arizona, and Temple University, respectively
10–13). The ORL1 cDNA was cloned by reverse tran-
criptase–polymerase chain reaction (RT–PCR) from
uman NT neurons (Layton Bioscience, Inc., Atherton,
A) using forward primer 59-AGGAGGTTGCAGAAG-
ACC-39 and reverse primer 59-CTGTGTGAGCTCT-
TGTTGG-39. The cDNAs encoding Gaqo5, and Gaqi5

ere described previously (14). The full-length DNA
equences and methods for requesting materials are
vailable in the G Protein Chimera Users Manual
osted on our web site (http://gladstone.ucsf.edu/conklin.
tml). The Ga16 cDNA was cloned by RT–PCR from
F-1 cells using forward primer 59-TTTCAGGCAAG-
AACTCTAGG-39 and reverse primer 59-GTCAAG-
AAGGGCAGGAGTAC-39. Stable CHO-K1 cell lines
xpressing each receptor were generated by standard

ethods using G418 selection (GENETICIN, Life t
echnologies, Gaithersburg, MD). For cotransfection
xperiments, these stable cell lines were either tran-
iently transfected with one of the three G protein
DNAs or stably transfected with Gaqi5 using hygromy-
in B resistance as the selectable marker.
Fluorometric imaging plate reader assay. Cells and

igands were prepared for the FLIPR assay as de-
cribed (7). For a given experiment, ligands from the
ame master ligand plate were assayed against all the
eceptors, eliminating ligand breakdown as the expla-
ation for differential agonist activity across receptors.
Microphysiometry experiments. Cells were pre-

ared for the Cytosensor microphysiometer (Molecular
evices Corp., Sunnyvale, CA) as described (15). To
enerate dose–response curves, cells were exposed to
ncreasing concentrations of ligand in running medium
or 3 min at 30-min intervals, and the effects on acid-
fication rate were measured. The acidification rate
as normalized to 100% before the addition of test
aterials.
Reagents. Peptide hormones were purchased from

eninsula Laboratories (Belmont, CA), and small mol-
cule drugs were purchased from Research Biochemi-
als International (Natick, MA). Additional supplies of
piradoline were a gift of Pharmacia & Upjohn
Kalamazoo, MI). Butorphanol was purchased from the
harmacy at the San Francisco General Hospital. All
ther reagents were from Sigma or Fisher Scientific.

ESULTS

Coupling the opioid receptors to Gq. The FLIPR
igh-throughput system measures changes in intracel-

ular calcium levels that accompany activation of the
q pathway. To make the normally Gi-coupled opioid

eceptors activate Gq, we cotransfected each receptor
nd Ga16, Gaqi5, or Gaqo5 into CHO K1 cells. The trans-
ected CHO cells were then incubated in a medium
ontaining the calcium-sensitive dye Fluo-3 and used
n the FLIPR assay to measure receptor-activated in-
reases in intracellular calcium levels. The nociceptin
eceptor, ORL1, a Gi-coupled receptor closely related to
he opioid receptors (10), was also evaluated in this
ssay. We used the following receptor agonists:
AMGO for the m opioid receptor (MOR) (11), DPDPE

or the d opioid receptor (DOR) (12), U69593 for the k
pioid receptor (KOR) (13), and nociceptin for ORL1.
he MOR and KOR signaled most efficiently when
otransfected with Gaqi5, and the DOR signaled most
fficiently when cotransfected with Ga16, although it
lso signaled well with Gaqi5 (Fig. 1). ORL1 signaled
fficiently when cotransfected with Gaqi5, Gaqo5, or
a16. In the absence of a transfected chimeric G pro-

ein, no calcium signal was seen upon activation of any
f the receptors. To control for differences in transfec-

ion efficiency, equal amounts of DNA encoding each of
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244 COWARD ET AL.
he chimeric G proteins were transfected into cells
tably expressing one of the receptors. This ensured
hat, for a given receptor, each transfection produced
imilar receptor:G protein expression levels (16, 17).
his experiment demonstrates that when chimeric G
roteins confer Gq-effector coupling to the opioid recep-
ors, receptor activation results in changes in intracel-
ular calcium levels that can be measured by the
LIPR.
Because the chimeric G protein/FLIPR assay relies on

rtificial G protein coupling to activate the Gq-signaling
athway, we wanted to compare our FLIPR results with
hose generated from a system that uses endogenous Gi

athways. The Cytosensor microphysiometer can detect
hanges in extracellular acidification that result from
gonist stimulation of Gi-coupled receptors (18). Like the
LIPR, the Cytosensor measures changes in real time,
ut Cytosensor experiments are more time-consuming
nd not well suited for high-throughput screening. CHO
ell lines stably expressing only the opioid receptors were
sed for the Cytosensor, and cells stably expressing both
n opioid receptor and Gaqi5 were used in the FLIPR
ssay. The cells were exposed to limiting dilutions of
gonists to generate dose–response curves, which were
sed to calculate the EC50 value for each receptor/agonist
air. In each case, the Cytosensor EC values were lower

IG. 1. Preferential coupling of opioid receptors for specific chimer
ere transiently transfected with G protein constructs. Agonist-med
escribed under Materials and Methods. DPDPE, DAMGO, and noci
ndicates the addition of agonist. Each plot represents the mean va
xperiments gave similar results.
50

han the corresponding FLIPR values (Table 1). This
c
n

esult was not unexpected since similar effects of artifi-
ial G protein coupling on EC50 values have been noted
reviously, probably reflecting decreased efficiency of re-
eptor–G protein interaction (14, 19). The fact that the
hange was not the same for each cell line may reflect
ifferences in the relative amounts of receptor and G
rotein expressed because these differences are also
nown to affect EC50 values (20). Exposure of parental

proteins. CHO cells stably expressing the indicated opioid receptor
d changes in intracellular calcium were measured by the FLIPR as
tin were used at 100 nM, and U69593 was used at 1 mM. The arrow
of eight determinations from a single experiment. Two additional

TABLE 1

Comparison of EC50 Values Calculated from FLIPR
and Cytosensor Experiments

Receptor 1 ligand FLIPR Cytosensor
Fold

difference

OR 1 DAMGO 141 6 69.3 (2) 9.61 6 2.78 (5) 15
OR 1 DPPPE 23.8 6 18.5 (3) 1.01 6 0.16 (6) 24
OR 1 U69593 69.6 6 6.93 (4) 13.4 6 2.79 (5) 5
RL1 1 nociceptin 8.19 6 1.19 (6) 0.064 6 0.0015 (6) 129

Note. Data are expressed (in nM) as geometric means 6 95%
onfidence interval. The number of experiments used to generate the
ata is shown in parentheses. For the Cytosensor, drugs were tested
n duplicate or quadruplicate at 11 concentrations from 0.01 to 1000
M (MOR, DOR, and ORL1) or 0.1 to 10,000 nM (KOR). For the
LIPR, drugs were tested in duplicate or quadruplicate at seven
ic G
iate
cep
oncentrations from 0.1 to 100 nM (MOR, DOR, ORL1) or 1 to 1000
M (KOR).
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245CHIMERIC G PROTEINS AND SCREENING ASSAYS
HO cells to these agonists had no detectable effect on
cidification rate or calcium mobilization (data not
hown). When combined with the observation that the
himeric G protein/FLIPR assay correctly identified
nown opioid agonists and antagonists (7) (see Fig. 2),
he data presented in Table 1 indicate that artificial cou-
ling of the receptors does not significantly influence
eceptor pharmacology and validate the use of the assay
o identify agonists and antagonists of Gi-coupled recep-
ors.

Cost of operating the FLIPR. The FLIPR is a high-
hroughput assay that does not require extensive
ample handling by the investigator. The cost of
abor and reagents to run the FLIPR is estimated to
e about $0.40 per data point, and two researchers
an generate over 10,000 data points per day (S.

IG. 2. Agonist activities of 31 peptide and small molecule ligands
n the MOR, DOR, KOR, and ORL1. Agonist-mediated changes in
ntracellular calcium were measured by the FLIPR as described
nder Materials and Methods. The agonist concentration was 1.0
M. See Table 2 for peptide ligand abbreviations. Data are expressed
s mean of duplicate determinations in a single experiment. An
dditional experiment gave similar results.
acLennan, Roche Bioscience, personal communica- r
ion). By comparison, the traditional inhibition of
denylylcyclase assay costs about $1.50 per point,
nd two researchers can process about 400 data
oints per day. As a result, the FLIPR assay costs
bout 67% less per data point and can generate over
5 times more data in a given time period. Other
ommercially available, 96-well plate-based cyclase
ssays cost about $4.00 per data point (excluding
abor and other reagent costs) and are not auto-

ated. Ligand-binding experiments cost about the
ame as FLIPR experiments, but are less informa-
ive because they do not differentiate between ago-
ists and antagonists. GTPase assays have also been
sed but require the use of radioactivity.
Agonist activity of opioid peptides. Opioid pep-

ides are proteolytically processed from three pre-
ursor proteins to yield many different peptides
ith potential biological activity (21, 22). Although

he binding affinities of many of these peptides
ave been determined (23), they have not been sys-
ematically characterized for agonist activity. The
himeric G protein/FLIPR system provided an ideal
ssay to test the agonist activity of each of the com-
ercially available opioid peptides on each opioid

eceptor. Figure 2 shows the results of a typical
xperiment, assaying a panel of 25 naturally oc-
urring peptides (see Table 2), two synthetic pep-
ides, and four synthetic small molecule drugs for
gonist activity. These data are interesting for sev-
ral reasons. First, it is often assumed that peptides
erived from each precursor protein act primarily
n a specific class of receptor (e.g., enkephalins pri-
arily activate the DOR). Clearly this is not the

ase, since leu-enkephalin and met-enkephalin po-
ently activated the MOR and DOR, and the other
nkephalin peptides activated the MOR, DOR, and
OR. The dynorphin peptides showed strong activa-

ion of the KOR, but certain of these peptides also
ctivated the MOR and DOR. Interestingly, dynor-
hin A(1-7) was a strong KOR agonist, but dynorphin
(1-6), which has one less amino acid, showed very

ittle activity at this receptor. Conversely, dynorphin
(1-6) was among the most efficacious DOR agonists

ested, but dynorphin A(1-7) was significantly less
ffective, and dynorphin A(1-8) even less so. b-En-
orphin(1-27) and b-endorphin(1-31) were weakly
eactive with the MOR and DOR, and endomorphin-1
nd endomorphin-2 were specific for the MOR. The
mall molecule drug bremazocine showed strong
OR-agonist and weak DOR-agonist activity, but
utorphanol and pentazocine did not behave as ago-
ists at any of the receptors in this assay. The con-
rol drugs DAMGO, DPDPE, and spiradoline were,
s expected, specific for the MOR, DOR, and KOR,

espectively. Nociceptin was very specific for ORL1,
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246 COWARD ET AL.
nd ORL1 did not respond to any of the opioid pep-
ides or small molecule drugs at the highest concen-
rations tested (1 mM).

Antagonist activity of synthetic drugs. The small
olecule drugs butorphanol and pentazocine showed
o agonist activity in the chimeric G protein/FLIPR
ssay at concentrations up to 1 mM, raising the possi-
ility that they might be antagonists or partial ago-
ists. We therefore tested the ability of these com-
ounds to affect signaling activated by MERF, a
eptide that activates all three opioid receptors (Fig.
). MERF was used at 37.5 nM, a concentration below
ts EC50 but high enough to give a detectable signal in
he FLIPR assay (Fig. 3). Butorphanol, pentazocine,
remazocine, and the known antagonist naloxone were
dded at a concentration of 1 mM. Butorphanol antag-
nized signaling by MERF at each of the opioid recep-
ors, while pentazocine showed antagonist activity at
he KOR and MOR, but did not affect MERF activation
f the DOR. Bremazocine showed antagonistic activity
t the MOR and DOR, but, as expected, also showed
otent KOR agonist activity (21, 24). Naloxone was an

TAB

Comparison of Opioid an

Peptide

Proopiomelanocortin (POMC) products
b-Endorphin (1-27) (b-Endor1-27)
b-Endorphin (1-31) (b-Endor1-31)

Proenkephalin products
Leu-enkephalin (Leu-Enk)
Met-enkephalin (Met-Enk)
Met-enkephalin-Arg-Phe (MERF)
Met-enkephalin-Arg-Gly-Leu (MERGL)
Metorphamide
BAM 12
BAM 18
BAM 22
Peptide E

Prodynorphin products
Dynorphin A(1-6) (DynA1-6)
Dynorphin A(1-7) (DynA1-7)
Dynorphin A(1-8) (DynA1-8)
Dynorphin A(1-9) (DynA1-9)
Dynorphin A(1-13) (DynA1-13)
Dynorphin A(1-17) (DynA1-17)
Dynorphin AB(1-32) (DynAB1-32)
Dynorphin B(1-13) (DynB1-13)
Leumorphin
a-Neoendrophin (a-neo-End)
b-Neoendrophin (b-neo-End)

Other peptides
Endomorphin-1
Endomorphin-2
Nociceptin

Note. Amino acid sequences of peptides derived from the opioid pre
nd other peptides used in thus study, using the single-letter amino
ntagonist at each of the opioid receptors. This exper-
e
m

ment demonstrates that antagonists and partial ago-
ists can also be assayed with the chimeric G protein/
LIPR system.

2

ther Peptide Sequences

Sequence

YGGFMTSEKSQTPLVLFKNAIIKNAY
YGGFMTSEKSQTPLVLFKNAIIKNAYKKGE

YGGFL
YGGFM
YGGFMRF
YGGFMRGL
YGGFMRRV-NH2
YGGFMRRVGRPE
YGGFMRRVGRPEWWMDYQ
YGGFMRRVGRPEWWMDYQRYG
YGGFMRRVGRPEWWMDYQRYGGFL

YGGFLR
YGGFLRR
YGGFLRRI
TGGFLRRIR
YGGFLRRIRPKLK
YGGFLRRIRPKLKWDNQ
YGGFLRRIRPKLKWDNQKRYGGFLRRQFKVVT
YGGFLRRQFKVVT
YGGFLRRQFKVVTRSQEDPNAYYEELFDV
YGGFLRKYPK
YGGFLRKYP

YPWF
YPFF
FGGFTGARKSARKLANQ

sor proteins proopiomelanocortin, proenkephalin, and prodynorphin,
id notation. Abbreviations used in Fig. 2 are shown in parentheses.

IG. 3. Antagonist activity of four small molecule drugs on the
pioid receptors. Agonist-mediated changes in intracellular calcium
ere measured by the FLIPR as described under Materials and
ethods. MERF was added at 37.5 nM either alone or in combina-

ion with the small molecule drugs indicated at 1 mM. Data are
LE

d O
xpressed as mean of duplicate determinations in a single experi-
ent. Two additional experiments gave similar results.
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247CHIMERIC G PROTEINS AND SCREENING ASSAYS
ISCUSSION

We have used chimeric G proteins to allow Gi-cou-
led receptors to mobilize intracellular calcium stores
n response to agonist stimulation. This response was

easured with the FLIPR high-throughput assay sys-
em. The chimeric G protein/FLIPR system has several
dvantages over other assay systems used to charac-
erize Gi-coupled receptors. First, because the experi-
ents reported here use recombinant receptors and G

roteins expressed in a well-defined tissue culture cell
ine, the definition of ligand–receptor interaction is

ore precise than in studies of whole animals or tissue
reparations, where expression of multiple receptor
ypes or family members can be a confounding vari-
ble. Second, because the FLIPR assay system mea-
ures a physiologic effect (i.e., signaling), the results
re more revealing with regard to agonist and antago-
ist activities than results obtained solely from binding
tudies, even those using recombinant receptors.
hird, because this assay is a stimulation assay, it is
etter suited for distinguishing subtle differences in
gonist potency than the traditional Gi-signaling as-
ay, which measures inhibition of adenylylcyclase and
uffers from a limited dynamic range. Fourth, the
LIPR assay is very rapid, taking only 2 min for the
uorometric measurement, and is performed in 96-well
lates, making it possible to simultaneously test mul-
iple dilutions of many ligands in duplicate. For exam-
le, we were able to test all four receptors with all the
igands described in Fig. 2 in 3 h, including the time to
ncubate the cells in medium containing the calcium-
ensitive dye Fluo-3. Fifth, we estimate that two re-
earchers can generate over 10,000 data points in a day
t a cost of about $0.40 per point, making this assay
bout 25 times more efficient and 67% less expensive
han the traditional inhibition of adenylylcyclase as-
ay.
Recently, two other assays have been developed that

an measure activation of Gi-coupled receptors in a
icroplate format. The receptor selection and amplifi-

ation technology (R-SAT) assay measures increases in
-galactosidase activity associated with receptor-medi-
ted proliferation in NIH 3T3 cells (25). A second assay
ses the photoprotein apoaequorin to monitor changes

n intracellular calcium levels after receptor activation
n CHO cells (9). Both assays use chimeric or “promis-
uous” (i.e., Ga16) G proteins. It is unclear how these
ssays compare to the chimeric G protein/FLIPR assay
n terms of sensitivity and ability to distinguish subtle
ifferences in agonist potency. The fact that the R-SAT
ssay requires agonist stimulation for many hours may
imit its usefulness with unstable, toxic, or scarce li-
ands.
The FLIPR assay described here relies on chimeric G
roteins to alter the signaling specificity of the Gi- p
oupled opioid receptors to include Gq. In fact, the
himeras are effective for altering the signaling speci-
city of Gi-, Gs-, and Gq-coupled receptors and have
een used to stimulate calcium flux in CHO K1 cells
7); adenylylcyclase in CHO K1 and Cos-7 cells (26, 27);
hospholipase C b in CHO K1, HEK 293, and Cos-7
ells (16, 17, 26, 28, 29); Na1–H1 exchange in HEK 293
ells (30); NFAT-mediated gene expression in PC12
ells (31); and proliferation in NIH 3T3 cells (25, 32).
owever, receptors do not always activate the chime-

as equally, and some do not activate any at all (26).
hen we combine our own studies with the reports

rom other groups, 18 of 20 Gi-coupled receptors effi-
iently activate chimeric or promiscuous G proteins.
Only the somatostatin and cannabinoid receptors
ave been reported not to work with the G protein
himeras.) Unfortunately, there is no general rule for
redicting whether a particular receptor will work. For
eceptors that do work, it is important to test multiple
himeras to determine which works most efficiently
see Fig. 1). Since the G protein chimeras have been
istributed to over 50 laboratories worldwide, new Gi-
oupled receptors are being tested on a regular basis. A
ontinually undated list of references to studies that
ave used the G protein chimeras is available in the G
rotein Chimera Users Manual on our web site (http://
ladstone.ucsf.edu/conklin.html).
The data presented in Fig. 2 support a complex
odel of opioid receptor activation, where a given pep-

ide has different effects on the different receptor fam-
ly members and peptides differing by as little as one
mino acid have different effects on the same receptor.
imilarly complex receptor–ligand networks exist for
ther receptor families, including the serotonin, dopa-
ine, endothelin, orexin, and melatonin receptors (33–

6). Why would nature want such a complicated sys-
em of ligands and receptors? Presumably this system
ffords more sophisticated regulation of signaling
vents. For example, the same concentration of leu-
nkephalin maximally activates the DOR, half-maxi-
ally activates the MOR, and has little effect on the
OR. Neighboring cells expressing a single type of

eceptor might then respond differently to equivalent
oncentrations of this peptide. Likewise, cells express-
ng more MOR than DOR would respond differently
han cells expressing more DOR than MOR. Complex
eceptor–ligand networks are common in nature and
ighlight the need for high-throughput assays, like the
himeric G protein/FLIPR assay described here, to eas-
ly measure all the potential ligand–receptor combina-
ions. We anticipate that this high-throughput screen-
ng assay will be useful not only for accurately defining
ndogenous ligands, but also for mass screening of

otential therapeutic compounds.



A

N
f
J

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3
3

248 COWARD ET AL.
CKNOWLEDGMENTS

This work was supported by the Gladstone Institutes and the
ational Institutes of Health. We thank members of the Conklin lab

or valuable discussions, and Gary Howard, Stephen Ordway, and
ane Peredo for expert editorial assistance.

EFERENCES

1. Strader, C. D., Fong, T. M., Tota, M. R., and Underwood, D.
(1994) Annu. Rev. Biochem. 63, 101–132.

2. Ji, T. H., Grossmann, M., and Ji, I. (1998) J. Biol. Chem. 273,
17299–17302.

3. Spiegel, A. M., Shenker, A., and Weinstein, L. S. (1992) Endocr.
Rev. 13, 536–565.

4. Hardman, J. G., Limbird, L. E., Molinoff, P. B., Ruddon, R. W.,
and Gilman, A. G. (1996) Goodman & Gilman’s The Pharmaco-
logical Basis of Therapeutics, 9th ed. McGraw–Hill, New York.

5. Cerione, R. A. (1991) Biochem. Biophys. Acta 1071, 473–501.
6. Wong, Y. H. (1994) Methods Enzymol. 238, 81–94.
7. Coward, P., Wada, H. G., Falk, M. S., Chan, S. D. H., Meng, F.,

Akil, H., and Conklin, B. R. (1998) Proc. Natl. Acad. Sci. USA 95,
352–357.

8. Offermanns, S., and Simon, M. I. (1995) J. Biol. Chem. 270,
15175–15180.

9. Stables, J., Green, A., Marshall, F., Fraser, N., Knight, E., Sau-
tel, M., Milligan, G., Lee, M., and Rees, S. (1997) Anal. Biochem.
252, 115–126.

0. Mollereau, C., Parmentier, M., Mailleux, P., Butour, J.-L., Moisand,
C., Chalon, P., Caput, D., Vassart, G., and Meunier, J.-C. (1994)
FEBS Lett. 341, 33–38.

1. Wang, J.-B., Johnson, P. S., Persico, A. M., Hawkins, A. L.,
Griffin, C. A., and Uhl, G. R. (1994) FEBS Lett. 338, 217–222.

2. Knapp, R. J., Malatynska, E., Fang, L., Li, X., Babin, E., Nguyen,
M., Santoro, G., Varga, E. V., Hruby, V. J., Roeske, W. R., and
Yamamura, H. I. (1994) Life Sci. 54, PL463–PL469.

3. Zhu, J., Chen, C., Xue, J.-C., Kunapuli, S., DeRiel, J. K., and
Liu-Chen, L.-Y. (1995) Life Sci. 56, PL201–PL207.

4. Conklin, B. R., Farfel, Z., Lustig, K. D., Julius, D., and Bourne,
H. R. (1993) Nature 363, 274–276.

5. Chan, S. D. H., Antoniucci, D. M., Fok, K. S., Alajoki, M. L.,
Harkins, R. N., Thompson, S. A., and Wada, H. G. (1995) J. Biol.
Chem. 270, 22608–22613.

6. Liu, J., Blin, N., Conklin, B. R., and Wess, J. (1996) J. Biol.
Chem. 271, 6172–6178.

7. Liu, J., Conklin, B. R., Blin, N., Yun, J., and Wess, J. (1995) Proc.
Natl. Acad. Sci. USA 92, 11642–11646.

8. McConnell, H. M., Owicki, J. C., Parce, J. W., Miller, D. L.,

Baxter, G. T., Wada, H. G., and Pitchford, S. (1992) Science 257,
1906–1912.
9. Lee, J. W. M., Joshi, S., Chan, J. S. C., and Wong, Y. H. (1998)
J. Neurochem. 70, 2203–2211.

0. Burstein, E. S., Spalding, T. A., and Brann, M. R. (1997) Mol.
Pharmacol. 51, 312–319.

1. Reisine, T., and Pasternak, G. (1996) in Goodman & Gilman’s
The Pharmacological Basis of Therapeutics (Hardman, J. G.,
Limbird, L. E., Molinoff, P. B., Ruddon, R. W., and Gilman, A. G.,
Eds.), 9th ed., pp. 521–555, McGraw–Hill, New York.

2. Hunter, J. C. (1994) in The Encyclopedia of Molecular Biology
(Kendrew, J., Eds.), pp. 772-780, Blackwell Science, Oxford.

3. Mansour, A., Hoversten, M. T., Taylor, L. P., Watson, S. J., and
Akil, H. (1995) Brain Res. 700, 89–98.
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