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Abstract

The collision-coupling model for receptor-G-protein interaction predicts that the rate of G-protein activation is dependent on receptor
Ž .density, but not G-protein levels. C6 cells expressing m- or d-opioid receptors, or SH-SY5Y cells, were treated with b-funaltrexamine m

X Ž . w35 xor naltrindole-5 -isothiocyanate d to decrease receptor number. The time course of full or partial agonist-stimulated S GTPgS binding
did not vary in C6 cell membranes containing -1–25 pmolrmg m-opioid receptor, or 1.4–4.3 pmolrmg d-opioid receptor, or in

w35 xSHSY5Y cells containing 0.16–0.39 pmolrmg receptor. The association of S GTPgS binding was faster in membranes from C6m cells
than from C6d cells. A 10-fold reduction in functional G-protein, following pertussis toxin treatment, lowered the maximal level of
w35 xS GTPgS binding but not the association rate. These data indicate a compartmentalization of opioid receptors and G protein at the cell
membrane. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Opioid agonists alter intracellular events by binding to
receptor leading to subsequent activation of inhibitory G
proteins. The interaction of receptors and second messen-
ger proteins in a cell membrane has been described by a
collision coupling model, originally defined following
study of the coupling of the b-adrenoceptor and adenylyl

Žcyclase in turkey erythrocytes Tolkovsky and Levitzki,
.1978 . Extension of this model to G-protein would de-

scribe activated receptors as mobile catalysts for G protein
activation, with access to many G proteins per unit time.
The consequences of this model are that the level of G
protein activated is independent of the concentration of
agonist-bound receptors, but the rate of G protein activa-
tion is proportional to the concentration of agonist-bound
receptors. In contrast, if receptor and G proteins are closely
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associated then a reduction in receptor number would lead
to a reduction in the number of G proteins activated but
would not be expected to alter the rate of their activation.
The collision coupling model has been more recently
refined to include the effect of agonist occupancy turnover

Ž .on G protein activation Stickle and Barber, 1993, 1996 .
This shows that the rate of G protein activation is also
dependent on the agonist binding frequency relative to the
encounter time of G protein and receptor.

To gain further insight into the organization of opioid
receptors and G proteins we have tested the hypothesis,
based on the collision coupling model, that a reduction in
receptor density would cause no reduction in maximal
level of G protein activation but would reduce the rate of
G protein activation. We have also studied the conse-
quences of a reduction in G protein density. For these
studies we have used membranes from C6 glioma cells

Ž . Ž .stably expressing the rat m- C6m or rat d- C6d opioid
Žreceptors Emmerson et al., 1996; Clark et al., 1997; Alt et
.al., 1998 and human neuroblastoma SH-SY5Y cells ex-

Žpressing endogenous m-opioid receptors Kasmi and Misra,
.1987; Yu and Sadee, 1988 . These systems provide an
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excellent model to evaluate the efficacy of agonists in vitro
w35 x Žby measuring agonist-stimulated S GTPgS guanosine-

X w x. Ž5 -O- 3-thiotriphosphate binding Traynor and Nahorski,
.1995 . The findings demonstrate that the extent of

w35 xagonist-stimulated S GTPgS binding is dependent on
both receptor number and G-protein density. Studies in
reconstituted and other systems have shown that the rate-
limiting step in G protein activation is the dissociation of

ŽGDP Ferguson et al., 1986; Florio and Sternweis, 1989;
.Breivogel et al., 1998 . Consequently the rate of associa-

w35 xtion of GTP analogues, such as S GTPgS, reflects this
dissociation and so the rate of activation of G proteins
Ž .Ferguson et al., 1986; Mukhopadhyay and Ross, 1999 . In

w35 xthe present experiments the association rate for S GTPgS
binding was shown to be independent of either G-protein
or receptor levels. Moreover, there appear to be differences
between m- and d-opioid receptors regarding the kinetics
of G protein activation.

2. Materials and methods

2.1. Chemicals and drugs

w35 x Ž . w3 x ŽS GTPgS 1300 Cirmmol , H naloxone 53
. w3 x Ž .Cirmmol , H naltrindole NTI, 33 Cirmmol , and

w32 x ŽP NAD were purchased from Dupont NEN Boston,
.MA . Pertussis toxin was purchased from List Biochemi-
Ž .cals Campbell, CA . Nalbuphine, naltrindole, SIOM

Ž .7-spiroindinooxymorphone , b-funaltrexamine, b-chlo-
rnaltrexamine, and naltrindole-5X-isothiocyanate were ob-
tained through the Opioid Basic Research Center at the

Ž .University of Michigan Ann Arbor, MI . Geneticin was
Ž .purchased from Fisher Scientific Itasca, IL . Protogel was

Ž .purchased from National Diagnostics Atlanta, GA . Tyr-
Ž . Ž . w 2 5 xD-Ala-Gly- Me Phe-Gly-ol DAMGO , D-Ser ,L-Leu en-

Ž .kephalyl-Thr DSLET , Dulbecco’s Modified Eagle
Ž .Medium DMEM , fetal bovine serum, Tris–HCl, NAD,

GDP and other biochemicals were purchased from Sigma
Ž .St. Louis, MO .

2.2. Cell culture

C6 Glioma cells were stably transfected with the m-
Ž .opioid receptor as described in Emmerson et al. 1996 or

with the d-opioid receptor as described in Clark et al.
Ž .1997 . Cells were grown to confluence at 378C under 5%

Ž .CO in DMEM C6m and C6d or Minimal Essential2
Ž .Medium MEM, SH-SY5Y containing 10% fetal bovine

serum and, in the case of C6 cells, either with 0.5 mgrml
Ž . ŽGeneticin for subculture or without Geneticin for har-

.vest . Pertussis treatment of cells was carried out by
Ž .addition of pertussis toxin 2–20 ngrml with complete

media replacement 4 or 20 h before harvesting. For treat-
ment with b-funaltrexamine, or naltrindole-5X-isothio-

cyanate cell culture media was replaced with appropriate
medium without fetal bovine serum at 378C. For treatment
with b-chlornaltexamine, cell culture media was replaced
with physiological buffer containing 128 mM NaCl, 2.4
mM KCl, 1.3 mM CaCl , 2 mM NaHCO , 3 mM MgSO ,2 3 4

10 mM Na HPO , and 10 mM glucose at 378C. b-2 4
Ž .funaltrexamine 4–20 nM final concentration , b-chlor-

Ž . Ž .naltrexamine 100 nM or vehicle water was added to
C6m or SH-SY5Y cells or naltrindole-5X-isothiocyanate
Ž . Ž .100–300 nM or vehicle water was added to C6d cells.

Ž .After 1 h at 378C 3 h at 258C for b-chlornaltrexamine
cells were washed four times with DMEM at 378C before
harvesting for the preparation of membranes.

2.3. Membrane preparation

Plasma membranes were prepared by lysis of cells in
isotonic sucrose. Cells were washed twice with ice-cold

Žphosphate-buffered saline 0.9% NaCl, 0.61 mM
.Na HPO , pH 7.4 and detached from culture flasks by2 4

Žincubation in lifting buffer 5.6 mM glucose, 5 mM KCl, 5
.mM HEPES, 137 mM NaCl, 1 mM EGTA, pH 7.4 at

room temperature, then collected by centrifugation at 200
=g for 3 min. The cell pellet was resuspended in 10

Žvolumes of ice-cold 0.32 M sucrose pH 7.4 with 1mM
.Tris–HCl with a Teflon-glass homogenizer mounted to a

Tri-R Stir-R motor at 1000 rpm. The suspension was
centrifuged for 10 min at 1000=g at 48C, and the super-
natant removed and kept on ice. The resuspension and
centrifugation was repeated with the remaining pellet an
additional three times, storing the supernatant from each
spin on ice. The combined supernatants were then cen-
trifuged at 15,000=g for 20 min at 48C. The resulting
supernatant was discarded and the upper pellet separated
by gently washing with ice-cold 0.32 M sucrose, then
homogenized with a glass–glass homogenizer and cen-
trifuged at 15,000=g for 20 min at 48C. The upper pellet

Ž .was resuspended in 50 mM Tris–HCl buffer pH 7.4 and
centrifuged 20 min at 20,000=g and 48C. The final pellet
was resuspended in 50 mM Tris buffer and frozen at

Ž .y808C in 0.25 ml aliquots 1–2 mgrml . Protein concen-
Ž .tration was determined by the method of Bradford 1976

with a bovine serum albumin standard. Samples were
dissolved with 1 N NaOH for 30 min at room temperature
and neutralized with 1 M acetic acid before protein deter-
mination.

2.4. Receptor binding

Ligand binding was carried out as described previously
Ž .Fischel and Medzihradsky, 1981 . The binding of
w3 x Ž . w3 x ŽH naloxone 0.7–27 nM or H naltrindole 0.004–1.5

.nM was determined in the presence of 50 mM Tris–HCl
Ž .pH 7.4 , 100 mM NaCl, 5 mM MgCl and 5–15 mg2

membrane protein in a total volume of 0.1 ml or 2.0 ml,
respectively. Non-specific binding was defined using 10
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mM naloxone or 1 mM naltrindole, respectively. Mem-
branes were preincubated for 15 min at 258C in assay
buffer and ligand binding initiated by the addition of
radiolabeled ligand. After incubation for 90 min at 258C,
the samples were quickly filtered through glass fiber filters
Ž .Schleicher and Schuell no. 32, Keene, NH mounted in a

ŽBrandel cell harvester Biomedical Research and Develop-
.ment Laboratories, Gaithersburg, MD and rinsed 3 times

Ž .with ice-cold 50 mM Tris–HCl pH 7.4 . Each filter was
removed and placed in a 5-ml polypropylene scintillation
vial with 0.4 ml ethanol, and 4 ml Ultima Gold scintilla-
tion cocktail was added. The samples were subjected to
liquid scintillation counting. Results from 2–3 assays,
carried out in duplicate, were combined and fitted to a
one-site binding hyperbola using GraphPad Prism
Ž .GraphPad, San Diego, CA to determine K and Bd max

values.

[35 ]2.5. S GTPgS binding

w35 xOpioid-stimulated S GTPgS was determined in the
Ž .presence of 50 mM Tris–HCl pH 7.4 , 100 mM NaCl, 5

ŽmM MgCl , 1 mM EDTA, 1 mM dithiothreitol freshly2
.prepared , 50 mM GDP, 80–960 mg membrane, a maxi-

Ž .mal concentration of opioid agonist or vehicle water , and
w35 x0.05 nM S GTPgS in a total volume of 8.0 ml. Mem-

branes and assay buffer were preincubated for 10 min in a
shaking water bath at 378C then agonist or vehicle was
added for an additional 10 min at 378C before addition of
w35 xS GTPgS to initiate the reaction. The association rate

w35 xfor S GTPgS binding was measured by removing 0.5 ml
samples at 2–10 min intervals up to 100 min and filtering

Žthese through glass fiber filters Schleicher and Schuell no.
.32 as described above. The filters were quickly rinsed

Ž .four times with 2 ml ice-cold 50 mM Tris–HCl pH 7.4
containing 100 mM NaCl, and 5 mM MgCl . Filters were2

placed in polypropylene vials with 0.4 ml ethanol, and 4
ml Ultima Gold scintillation cocktail was added and sub-
jected to liquid scintillation counting. Agonist-stimulated
w35 xS GTPgS binding was determined as the difference

w35 xbetween S GTPgS binding with and without agonist at
each time point. The data was fitted to a one-phase expo-
nential association curve using GraphPad Prism to deter-

w35 xmine the rate and maximum agonist stimulated S GTPgS
binding. Each experiment was repeated two to three times.
Concentration–response relationships for DAMGO in con-
trol and b-funaltrexamine treated cell membranes and for
w 5 x w 5 xMet enkephalin and Leu enkephalin were determined

Žin a 30 min assay at 258C, as previously described Clark
.et al., 1997 .

[32 ]2.6. Pertussis toxin catalyzed P ADP-ribosylation of G
protein

The amount of G protein remaining after pertussis toxin
treatment was determined by pertussis toxin catalyzed

w32 x Ž .P ADP-ribosylation as described by Neubig et al. 1985 .
Membranes were thawed, centrifuged for 1 min in an
Eppendorf table top centrifuge, and resuspended to 10
mgrml in 20 mM Tris–HCl, 1 mM EDTA, and 1 mM

Ž .dithiothreitol at pH 8.0 TED . G proteins were extracted
from the membranes by adding sodium cholate to a final
concentration of 2% and incubating for 60 min on ice with
frequent vortexing. The extracts were diluted 20 fold with
0.1% Lubrol PX in TED, frozen in liquid nitrogen, and
stored at y808C for up to 2 weeks. Ribosylation was
initiated by adding 10 ml of thawed extract to 26 ml
pertussis reaction mixture resulting in a final concentration

w32 x Ž .of 2 mM P NAD 5000–10,000 cpm , 10 mgrml per-
tussis toxin, 10 mM dithiothreitol, 100 mM Tris–HCl, 10
mM thymidine, 2.5 mM MgCl , 1 mM Na EDTA, 1 mM2

ATP, 0.1 mM GTP, and 0.61 mgrml dimyristoylphospha-
tidylcholine at pH 8. After incubating for 60 min at 308C
the reaction was quenched by adding 10 ml electrophoresis
sample buffer containing 6.25 mM Tris–HCl, 10% glyc-

Ž .erol, 2% sodium dodecyl sulfate SDS , 5% 2-mercapto-
ethanol, and 0.05% bromophenol blue at pH 6.8. Samples
were heated 5 min at 958C before running on a 12%
polyacrylamide gel according to the method of Laemmli
Ž .1970 . The gel was dried and exposed to X-ray film at
y808C for 16 h. Each band was cut out and counted by
liquid scintillation counting in 4 ml EconoSafe scintillation
cocktail. After subtracting the blank value, the sample

Ž .cpms run in duplicate were divided by the average
Žcpmrpmol of the standards 0.5 and 1.0 pmol G rGo i

purified from bovine brain generously provided by Dr.
.Richard R. Neubig, The University of Michigan to deter-

w32 xmine the amount of P ADP ribosylated G protein.

3. Results

3.1. Effect of receptor density

The prediction of the collision-coupling model is that
despite a decrease in receptor concentration the maximal
extent of G-protein activation should be unchanged but the
rate of activation should be altered. To examine this,
membranes from C6m and C6d cells, with different recep-
tor densities were employed. Receptor density was varied
by treatment of cells with the irreversible ligands b-

Ž .funaltrexamine or b-chlornaltrexamine for m receptors or
X Ž .with naltrindole-5 -isothiocyanate for d receptors . The

number of receptors was determined by Scatchard analysis
w3 x w3 xof H naloxone or H naltrindole binding, respectively.

The mean affinities of these ligands in the controls were
not significantly different from those treated with alkylat-

Žing agent in membranes from C6m cells K s3.56"0.36d
.nM and 2.79"0.54 nM, respectively or from C6d cells

ŽK s0.136"0.076 nM and 0.188"0.085 nM, respec-d
.tively .
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Maximal G protein activation was determined by the
w35 xdegree of binding of S GTPgS stimulated by 1 mM

DAMGO. Maximal G protein activation in control C6m

cells and b-funaltrexamine treated cells did not vary signif-
Žicantly 0.126 " 0.017 pmolrmg and 0.124 " 0.032

.pmolrmg, respectively; Fig. 1 . The maximal G protein
activation by 1 mM nalbuphine, a partial agonist, was
lower in membranes from b-funaltrexamine treated cells
Ž .0.039"0.007 pmolrmg than in control membranes
Ž .0.079"0.013 pmolrmg . In membranes from C6d cells,
maximal G protein activation by 5 mM DSLET was not
significantly different between membranes from control

X Žand naltrindole-5 -isothiocyanate treated cells 0.104"

0.022 pmolrmg and 0.090"0.019 pmolrmg, respec-
.tively . The average number of receptors were 3.6"1.1

pmolrmg in control and 1.5"0.1 pmolrmg in mem-
branes from naltrindole-5X-isothiocyanate treated cells, as

w3 xmeasured by H naltrindole binding. Maximal activation
by 1 mM SIOM was lower than that of DSLET, but not
significantly different between membranes from control

X Žand naltrindole-5 -isothiocyanate treated cells 0.024"

0.006 pmolrmg and 0.020"0.005 pmolrmg, respec-
.tively .

w35 xThe binding of S GTPgS to G proteins is dependent
on the agonist-mediated dissociation of GDP and so pro-
vides a measure of G protein activation. The association

w35 xrate for agonist-stimulated S GTPgS binding did not
significantly change over a 4-to 5-fold range of receptor

Ž . Ž .concentration 5–23 pmolrmg protein Fig. 2A . The

w35 xFig. 1. Maximal stimulation of S GTPgS binding in membranes pre-
pared from b-funaltrexamine treated and control C6m cells. Cells were

Ž .treated for 1 h at 378C without control or with 15 or 20 nM b-
funaltrexamine in the absence of serum, washed and membranes prepared

w35 xas described in Section 2. Agonist-stimulated S GTPgS binding was
determined at 378 with 1 mM DAMGO or 1 mM nalbuphine in control
Ž . Ž .open bars or b-funaltrexamine treated shaded bars membranes as
described in Section 2. b-funaltrexamine treatment reduced the receptor
concentration from an average 15.0"2.6 pmolrmg in control to 5.4"0.1

w3 xpmolrmg as measured by H naloxone binding. Shown is the data from
Ž .six to seven assays error bars represent S.E.M. , each carried out in

duplicate except for basal and complete displacement carried out in
Ž) .triplicate. The asterisk indicates significantly different maximal nal-

w35 xbuphine-stimulated S GTPgS binding in membranes from control and
Žb-funaltrexamine treated C6m cells P -0.05 in a two-tailed, unpaired

.t-test . The average EC for DAMGO stimulation from two experiments50

is 80"11 nM for control and 105"5 nM for b-funaltrexamine treated
Ž .membranes data not shown .

w35 xFig. 2. Rate of agonist-stimulated S GTPgS binding in membranes
prepared from b-funaltrexamine treated and control C6m cells and from
naltrindole-5X-isothiocyanate treated and control C6d cells. Cells were
treated for 1 h at 378C without or with 4, 15 or 20 nM b-funaltrexamine
Ž . XC6m or without or with 100 or 300 nM naltrindole-5 -isothiocyanate
Ž .C6d in the absence of serum, washed and membranes prepared as

w35 xdescribed in Section 2. The agonist-stimulated rate of S GTPgS bind-
Ž . Ž .ing was determined at 378C with A 1 mM DAMGO B , 1 mM

Ž . Ž . Ž . Ž .nalbuphine I , and B 5 mM DSLET v , or 1 mM SIOM ` as
Ž . w35 xdescribed in Section 2. C depicts the basal rate of S GTPgS binding

in membranes prepared from control and alkylating agent-treated C6m

Ž . Ž . ŽB and C6d ' cells. Shown is the average rate error bars represent
.standard error from two to three assays of treated and control membranes

from four separate treatments. The receptor number in the membrane
w3 x Ž .preparations was determined by averaging H naloxone m or

w3 x Ž .H naltrindole d saturation binding data from two to three experiments.
The lines shown are the result of linear regression.

w35 xassociation rate for S GTPgS binding stimulated by the
partial agonist nalbuphine was lower than that seen with
DAMGO, but also showed no change with varying recep-

Ž .tor number Fig. 2A . Similar experiments using mem-
branes from C6d cells indicated no relationship between
the association rate stimulated by the full agonist DSLET
and receptor number over a fourfold receptor concentration

Ž . Ž .range 1.4 to 4.3 pmolrmg Fig. 2B . The association rate
stimulated by the partial agonist SIOM was not signifi-

Ž .cantly different from the full agonist DSLET Fig. 2B .
w35 xThe rate of association of basal S GTPgS binding in
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w35 xFig. 3. Agonist-stimulated S GTPgS binding in membranes prepared
from control and b-chlornaltrexamine treated-C6m cells. Cells were
incubated in physiological buffer for 3 h at 258C in either the absence
Ž . Ž .v or presence ` of 100 nM b-chlornaltrexamine prior to membrane
preparation as described in Section 2. Membranes from cells treated with
b-chlornaltrexamine retained 11"2% of the receptors seen in control

w3 x Ž .membranes, as measured by H naltrexone binding data not shown .
The effect of reduced receptor concentration on the ability of DAMGO
Ž . w35 x10 mM to stimulate S GTPgS binding over time was then measured
as described in Section 2. The data were fit to a one-phase exponential
association equation using GraphPad Prism. Data shown are mean and
S.E.M. from three experiments.

C6m or C6d membranes showed no correlation with vary-
Ž .ing receptor density Fig. 2C .

A concern regarding these findings is that they were not
gained using a cell line endogenously expressing opioid
receptors, and from a cell line stably expressing particu-
larly high levels of receptor. Therefore, two further experi-

w35 xFig. 4. Rate of agonist-stimulated S GTPgS binding in membranes
prepared from b-funaltrexamine treated and control SH-SY5Y cells. SH

Ž .SY5Y cells were treated for 1 h at 378C with 0 v or 30 nM
Ž .b-funaltrexamine ` , washed and membranes prepared as described in

Section 2. Shown is the combined and normalized data from three to five
experiments, measuring the rate of 1 mM DAMGO-stimulated
w35 xS GTPgS binding at 378C as described in Section 2. The curve shown
is a result of a one component exponential association equation. The
halftime of association is 25"6 min for control and 21"7 min for
b-funaltrexamine treated membranes. The maximum amount of
w35 xS GTPgS bound in the alkylated membranes is 40"6% of that in

w3 xcontrol membranes. The maximum H naloxone binding was 0.39
pmolrmg for control and 0.16 pmolrmg for b-funaltrexamine treated

Ž .membranes data not shown .

ments were performed. Firstly, membranes from C6m cells
expressing 2.6"0.3 pmolrmg m-opioid receptor were
treated with b-chlornaltrexamine such that only 11"2%
of the receptors seen in control membranes remained.
Membranes from these cells showed a reduction in the

w35 xmaximum level of S GTPgS binding stimulated by
DAMGO giving only 24"4% of that seen in control cells
Ž .Fig. 3 . In contrast, the apparent association rates were
unchanged: 0.042"0.005 and 0.037"0.009 miny1 corre-
sponding to half-times of 16.6 min and 18.8 min in control
and b-chlornaltrexamine treated membranes, respectively.
Secondly, DAMGO-stimulated G protein activation was
examined in membranes prepared from control and b-
funaltrexamine treated SH-SY5Y membranes displaying
0.39"0.12 and 0.16"0.02 pmol receptorrmg membrane

w3 xprotein respectively as determined with H naloxone. The
w35 xassociation rate of DAMGO-stimulated S GTPgS bind-

ing was again not significantly different between control
Ž .and alkylated membranes Fig. 4 . However, a 60% de-

w35 xcrease in the maximum level of S GTPgS binding was
observed.

w xFig. 5. Saturation analysis of DAMGO-stimulated 35S GTPgS binding
w35 xto membranes of C6m cells. Saturation binding of S GTPgS was

performed in the absence or presence of 10 mM DAMGO. Assays were
carried out for 120 min at 258C in the presence of 30 mM GDP with 15

w35 xmg membrane protein as described in Section 2. Unstimulated S GTPgS
binding was subtracted from the DAMGO-stimulated value at each point.

Ž . Ž .Shown is the saturation curve A and Scatchard plot B from a
representative assay carried out three times.
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w35 xFig. 6. Agonist-stimulated S GTPgS binding in membranes prepared
from control and pertussis-toxin treated C6m cells. Cells were treated
4–20 h with 2–20 ngrml of pertussis toxin followed by a preparation of

w35 xmembranes. S GTPgS binding was measured in the presence of 1 mM
Ž .DAMGO as described in Section 2. A Relationship between the rate of

w35 xS GTPgS binding and the level of G protein. The average rate was
0.088"0.007 miny1. There was no correlation between the level of G

w35 x Ž 2 .protein and the rate of S GTPgS binding r s0.0004 and the slope
Ž .of the line was not significantly different from zero. B Relationship

w35 xbetween the maximal S GTPgS bound and the level of G protein. Data
points represent the mean"range from 2 experiments in membranes from
control and treated cells. To assess the level of functional G protein in
membranes, cholate extracts of control and treated membranes were

w32 xprepared, and following pertussis toxin-catalyzed P ADP-ribose incor-
poration, the samples were run on 12% SDS-PAGE. Radioactive bands
migrating the same as ADP-ribosylated bovine brain G rG were cuto i

from the gel and counted.

3.2. Effect of G protein density

The maximal level of G-protein that could be stimulated
by agonist was measured in C6m cells expressing 2.6"0.3

Ž . w3 xpmolrmg protein ns4 , as determined with H nalo-
xone. C6m cells were incubated in the presence or absence

Žof a maximally stimulating concentration of DAMGO 10
.mM and the level of G proteins activated measured by the

w35 xhomologous displacement of S GTPgS by unlabeled
GTPgS. Analysis of the difference between the displace-
ment curves in the absence and presence of DAMGO,
which was best fit to a single binding site using GraphPad
Prism, afforded a K for GTPgS binding of 2.8"0.2 nMd

Ž .and a B of 10.92"0.21 pmolrmg protein. Fig. 5 .max

Thus, 4.2 mol G protein can be activated per 1 mol
m-opioid receptor in the C6m cells. To examine the role of

w35 xG protein concentration in agonist-stimulated S GTPgS
w35 xbinding association rates S GTPgS binding was mea-

sured in membranes from control cells and C6m cells

pretreated with pertussis toxin to reduce functional G
protein. Over a 10-fold range of inhibitory G protein

w35 xconcentration, the S GTPgS association rate was inde-
Ž .pendent of membrane G protein content Fig. 6 . However,

w35 xmaximal agonist-stimulated S GTPgS binding did corre-
Ž .late with decreasing membrane G protein content Fig. 6 .

3.3. G protein actiÕation by m OR and d OR

As shown earlier, the partial agonist nalbuphine induced
w35 xS GTPgS binding at a threefold slower rate than

Ž .DAMGO Fig. 2B . In contrast, there was no significant
w35 xdifference between the association rate of S GTPgS

binding stimulated by the full agonist DSLET and the
Ž .partial agonist SIOM Fig. 2B . In addition, even with the

w35 xfull agonist the S GTPgS association rate induced by
d-opioid receptor occupation was 35% slower than that

Ž .induced by occupancy of the m-opioid receptor Fig. 7 . To
rule out artifacts due to the different agonists used
Ž .DAMGO and DSLET the rate of G protein activation by
the same agonist acting at both receptors was evaluated.
w 5 x w 5 xMet enkephalin and Leu enkephalin are full agonists
compared with DAMGO and DSLET at the m- and d-opioid

w35 xFig. 7. Stimulation of S GTPgS binding by full agonists in membranes
prepared from C6m and C6d cells. The rates of agonist-stimulated
w35 xS GTPgS binding were determined using 3 mM DAMGO, 1 mM
w 5 x w 5 xMet enkephalin, 1 mM Leu enkephalin, and 10 mM DSLET in mem-
branes prepared from C6m and C6d cells as described in Materials and

Žw 5 xMethods. Shown is the average and S.E.M for either two Met en-
w 5 x . Ž . Ž .kephalin and Leu enkephalin , four DSLET or five DAMGO experi-

ments. The corresponding halftimes of association are 7.4"1 and 12.2"1
Ž) .min. for DAMGO and DSLET, respectively. An asterisk indicates

significantly different rates in C6m and C6d membranes for the same
Ž .agonist P -0.05 in a two-tailed, unpaired t-test . These experiments

were performed in membranes containing 19.6 pmol m-opioid
receptorsrmg membrane protein and 4.5 pmol d-opioid receptorsrmg

w35 xmembrane protein. The maximal agonist-stimulated S GTPgS binding
in these membranes was 0.147"0.012 pmolrmg membrane protein
Ž . Ž .ns5 and 0.207"0.015 pmolrmg membrane protein ns4 for C6m

and C6d membranes, respectively.
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Table 1
Enkephalin efficacy at the m OR and d ORa

Ligand m OR d OR
b cŽ . Ž . Ž . Ž .EC nM Efficacy % EC nM Efficacy %50 50

5w xLeu enkephalin 122"12 101.5"1.5 100"3 94"1
5w xMet enkephalin 40"8 105"3 66"2.5 100"1

a w35 xAgonist stimulated S GTPgS binding was evaluated in duplicate
at seven agonist concentrations in a 30 min assay in C6m and C6d

membranes as described in Section 2. The EC and efficacy values from50

two independent experiments were averaged and the mean and range are
reported.

b Ž .Relative to maximally efficacious DAMGO 3 mM .
c Ž .Relative to maximally efficacious DSLET 10 mM .

Ž .receptor respectively Table 1 . With these peptides m-
w35 xopioid receptor occupancy stimulated S GTPgS binding

at a significantly faster rate than d-opioid receptor occu-
pancy. In contrast, the maximal agonist-stimulated
w35 xS GTPgS binding was higher in the membranes from

Žthe C6d cells 0.207"0.015 pmolrmg membrane protein,
. Žns4 than the C6m cells 0.147"0.012 pmolrmg mem-

.brane protein, ns5 .

4. Discussion

In C6 cells G protein activation by opioid agonists can
w35 xbe measured by the stimulation of binding of S GTPgS

Ž .Traynor and Nahorski, 1995; Emmerson et al., 1996 . A
reduction in m-opioid receptor number in C6m cells by
b-funaltrexamine treatment did not significantly alter the

w35 xmaximal level of S GTPgS binding stimulated by the
m-opioid receptor agonist DAMGO, nor did variation of
receptor number from 5 to 20 pmolrmg protein alter the

w35 xtime taken to attain maximal S GTPgS binding. Similar
findings were obtained at the d-opioid receptor expressed

Žin C6 cells even though fewer receptors were involved 1.4
. w35 xto 4.3 pmolrmg . The fact that the level of S GTPgS

binding is the same across different receptor numbers
would support a collision coupling model whereby the
activated opioid receptor acts as a catalyst which is able to
reach all G protein molecules and cause guanine nu-
cleotide exchange. However, this model also requires a
decrease in rate of G protein activation as lower number of
receptors require more time to interact with all the avail-
able G protein. This was not seen and so does not support
a collision-coupling model. A possible explanation for this
inconsistency is that there is a large excess of receptors in
the C6m and C6d cells used in this study. Even when this
number is decreased by four- to fivefold there are suffi-
cient receptors remaining to activate all available G pro-
teins, i.e. there is a large receptor reserve in these cells.
However, this is not true for the partial agonist nalbuphine,
where maximal G protein activation decreases following

the reduction of receptor number, yet there is no change in
rate. To confirm this, prolonged treatment with b-chlo-
rnaltrexamine to decrease receptor number to approxi-
mately 300 fmolrmg protein did cause a reduction in the
maximal level of G protein stimulated by DAMGO. Simi-
larly, in SH-SY5Y cell membranes a reduction in receptor
number also caused an equivalent drop in the level of
w35 xS GTPgS binding stimulated suggesting a close relation-
ship between receptors and G protein, but also indicating a
lack of receptor reserve in this system. Moreover, these
reductions in maximal effect were not accompanied by any
change in the time taken for DAMGO to activate the
remaining G proteins.

Reduction in the level of functional inhibitory G protein
in C6m cells by treatment with pertussis toxin led, as

w35 xexpected, to a decrease in the level of S GTPgS labeling
induced by agonist action. However, the rate at which the

w35 xremaining G proteins were labeled by S GTPgS was not
reduced.

Taken together these findings support a model in which
there is some organization of receptors and G-protein,
rather than a random collision-coupling model. Analysis of
m-opioid receptors and G protein levels stimulated follow-
ing m-opioid receptor occupation would suggest an aver-
age ‘‘compartment’’ in C6m cells consists of a ratio of one
receptor to four G proteins. Previous experiments giving a
1: 2.4 ratio of m-opioid receptor to G protein in SH-SY5Y

Žcells suggests a similar organization Traynor and Na-
.horski, 1995 .

There is evidence to support the idea of a compartmen-
talization of opioid receptors and specific G protein. In
SH-SY5Y cells m-opioid receptors preferentially couple to
Ga i while d-opioid receptors preferentially activate Ga i3 1
Ž .Laugwitz et al., 1993 , suggesting some specificity of
action or compartmentalization. Perhaps more convinc-
ingly in NG108-15 cells there is no evidence for the
sharing of pertussis toxin-sensitive G-proteins between
d-opioid receptors and a -adrenoceptors, even though both2

Ž . Žreceptors couple to the same subtype Gi of Gi Graeser2
.and Neubig, 1993 . However, in SH-SY5Y cells d-opioid

and m-opioid receptors show synergistic actions with mus-
carinic cholinergic receptors at the level of phospholipase
Ž .C Connor and Henderson, 1996 and in rat olfactory bulb

opioid receptors act synergistically with receptors for va-
soactive intestinal peptide or corticotrophin releasing hor-

Žmone at the level of adenylyl cyclase Olianas and Onali,
.1993 . These findings suggest that any compartmentaliza-

tion is limited to receptors and G protein.
An intriguing finding of this study was the fact that the

w35 xassociation rate for S GTPgS binding in the presence of
a full m-opioid receptor agonist was greater than that
stimulated by a full d-opioid receptor agonist, even when
the same agonist was used. Although the actual numbers of
receptors differed in the C6m and C6d cells this was not
responsible for the difference as there was no relationship

w35 xbetween the association rate for S GTPgS binding and
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receptor number. Perhaps related to this is the finding that
the partial d-opioid receptor agonist SIOM, which gives

w35 x23% of the level of S GTPgS binding stimulated by full
Žagonist DSLET similar to levels reported by Clark et al.

Ž .. w35 x1997 caused stimulation of S GTPgS binding at an
association rate not significantly different from a full
agonist. In contrast, the partial m-opioid receptor agonist

w35 xnalbuphine, which gives 31% of the maximal S GTPgS
Žresponse seen with the full agonist DAMGO similar to

Ž ..levels reported by Emmerson et al. 1996 , led to a much
w35 xslower increase in the binding of S GTPgS than

Ž .DAMGO Clark et al., submitted . The reasons for these
differences are not clear, but may suggest that agonist
occupancy of m-opioid and d-opioid receptors activates
different types of G protein. Indeed this would also explain
why d-opioid receptor occupancy in the C6d cells caused

w35 xa much greater level of S GTPgS binding than m-opioid
receptor occupancy in the C6m cells. Although studies

Žwith opioid receptors transfected in CHO Chinese Ham-
.ster Ovary cells suggest m-opioid and d-opioid receptor

Žagonists stimulate similar G proteins Prather et al., 1994;
.Chakrabarti et al., 1995 , work in SH-SY5Y cells has

suggested that agonist-occupied m- and d-receptors have
different abilities to activate pertussis-sensitive G-proteins
Ž .Laugwitz et al., 1993 . The m-opioid receptor agonist
DAMGO stimulates incorporation of the photoaffinity la-

w 32 xbel a- P GTP-azidoanilide into Ga i much better than3

into Ga i while the opposite is true for agonists at the1

d-opioid receptor, though it is not clear how this relates to
C6 cells where the predominant pertussis toxin-sensitive
G-protein appears to be Ga i . This hypothesis would also2

require SIOM to be a full agonist at a particular sub-popu-
lation of G proteins. This hypothesis is supported by the

w35 xability of SIOM to stimulate S GTPgS binding at a rate
similar to the full agonist DSLET, although it could be that
the assay is not sensitive enough to detect small differ-
ences. Certainly in the mouse vas deferens, where d-opioid
receptor occupancy leads to an inhibition of electrically-in-
duced contractions, SIOM is a full agonist in contrast to its

Žpartial agonist property in the C6d cell Portoghese et al.,
.1993 .

In conclusion the findings do not lend support to a
random collision-coupling model for G protein activation
by agonist-occupied m-opioid or d-opioid receptors but

Žrather support a compartmentalization model Neubig,
.1994, 1998 in which receptors and G protein are in some

way associated, with an excess of G protein over receptors.
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