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Mechanisms of G protein activation via the D2

dopamine receptor: evidence for persistent
receptor/G protein interaction after agonist
stimulation

K Quirk, DJ Roberts and PG Strange

School of Pharmacy, University of Reading, Whiteknights, Reading, UK

Background and purpose: The aim of this report is to study mechanisms of G protein activation by agonists.
Experimental approach: The association and dissociation of guanosine 50-O-(3-[35S]thio)triphosphate ([35S]GTPgS) binding
at G proteins in membranes of CHO cells stably transfected with the human dopamine D2short receptor was studied in the
presence of a range of agonists.
Key results: Binding of [35S]GTPgS was dissociable in the absence of agonist and dissociation was accelerated both in rate and
extent by dopamine, an effect which was blocked by the dopamine D2 receptor antagonist raclopride and by suramin, which
inhibits receptor/G protein interaction. A range of agonists of varying efficacy increased the rate of dissociation of [35S]GTPgS
binding, with the more efficacious agonists resulting in faster dissociation. Agonists were able to dissociate about 70% of the
pre-bound [35S]GTPgS, leaving a component which may not be accessible to the agonist-bound receptor. The dissociable
component of the [35S]GTPgS binding was reduced with longer association times and increased [35S]GTPgS concentrations.
Conclusions and implications: These data are consistent with [35S]GTPgS binding being initially to receptor-linked G proteins
and then to G proteins which have separated from the agonist bound receptor. Under the conditions used typically for
[35S]GTPgS binding assays, therefore, much of the agonist-receptor complex remains in proximity to G proteins after they have
been activated by agonist.
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Introduction

Approximately half of the currently prescribed drugs act on

cell surface receptors, the majority of which are G protein-

coupled receptors (GPCRs) (Fredriksson et al., 2003).

Considerable effort is focussed on understanding the

mechanisms of action of agonists at these receptors, and in

particular, the differences between full and partial agonists.

G protein activation is the first step in the signal-

transduction cascade of GPCRs. It is therefore of interest to

look closely at this step in terms of how it contributes to

agonist efficacy. It is currently thought that in the resting

state, GDP is bound to the Ga subunit of the G protein

heterotrimer (abg). When the receptor is activated, it

promotes the dissociation of GDP and the association of

GTP to the G protein. This induces the active state of the G

protein, which leads to the heterotrimer dissociating into

Ga-GTP and Gbg. The GTPase activity of the Ga subunit

hydrolyses the GTP to GDP causing the inactivation of the G

protein. Ga-GDP and Gbg then reassociate, returning to the

resting state and the cycle is complete.

Several studies have suggested models of G protein

activation, which differ from this. Biddlecome et al. (1996)

proposed a model in which receptor, Gq and phospholipase

C form a three protein complex in the presence of agonist

which is responsible for phospholipase C signalling. Bune-

mann et al. (2003) suggested, using fluorescence resonance

energy transfer (FRET) techniques, that the subunits of the Gi

G protein do not actually separate upon agonist activation,

but rather undergo a subunit rearrangement. Studies such as
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these are providing evidence that signal transduction from

receptor to effector may involve multiprotein signalling

complexes rather than separation of Ga-GTP and Gbg
subunits.

The ability of agonists to stimulate the dissociation of GDP

and association of GTP from the G protein can be assessed

by measuring the binding of guanosine 50-O-(3-[35S]thio)tri-

phosphate ([35S]GTPgS), a non-hydrolysable analogue of

GTP. When the agonist binds to the receptor, GDP is released

from the G protein and [35S]GTPgS binds. The G protein

cycle is perturbed by this as the GTPase cannot hydrolyse the

[35S]GTPgS, resulting in the accumulation of bound

[35S]GTPgS. This assay has been used as a measure of agonist

efficacy for many GPCRs, with the maximum effect provid-

ing a measure of the degree of agonism of the compound

and the EC50 a measure of its potency (Harrison and

Traynor, 2003).

Initial studies on [35S]GTPgS binding described the binding

as irreversible and were carried out on purified Ga subunits

(Bokoch et al., 1984; Sternweis and Robishaw, 1984), or on

purified heterotrimeric G protein (Higashijima et al., 1987).

The [35S]GTPgS binding was seen to be irreversible in the

presence of millimolar concentrations of Mg2þ , but became

reversible when the Mg2þ concentration was lowered. Since

then studies carried out in native membrane systems

containing GPCRs have suggested that [35S]GTPgS binding

is reversible and that the [35S]GTPgS binding reaches an

equilibrium dependent on the association and dissociation

of [35S]GTPgS. In support of this, agonists have been shown

to stimulate the dissociation of [35S]GTPgS binding via

muscarinic receptors in atrial porcine membranes (Hilf

et al., 1989), the formyl peptide receptor in HL-60 cells

(Kupprion et al., 1993), cannabinoid receptors in rat

cerebellar membranes (Breivogel et al., 1998), b2-adrenergic

receptors in Sf9 cells (Wenzel-Seifert and Seifert, 2000),

muscarinic M1 receptors in CHO cells (Waelbroeck, 2001),

5 -HT1A receptors in CHO cells (Newman–Tancredi

et al., 2002), and opioid receptors in SH-SY5Y cells (Alt

et al., 2002).

In this study, we have taken the dopamine D2 receptor

stably expressed in CHO cells as a system to further

investigate the dissociation of [35S]GTPgS binding and the

relation of this process to the G protein activation cycle.

We have used a range of agonists of varying efficacy and

examined the relationship between agonist efficacy and

dissociation of [35S]GTPgS binding. The data show that

[35S]GTPgS dissociation can be accelerated by agonists, and

that a large proportion of bound [35S]GTPgS is to the agonist/

receptor/G protein ternary complex which is relatively stable

under the conditions used.

Materials and methods

Cell culture

CHO-K1 cells stably expressing the native human dopamine

D2short receptor (1–2 pmol mg�1 protein) were made as

described previously (Wilson et al., 2001). They were grown

in Dulbecco’s modified eagle’s medium (DMEM) containing

2 mM L-glutamine, 1% non-essential amino acids, 5% foetal

bovine serum and 200 mg ml�1 geneticin. Cells were grown at

371C in an atmosphere of 5% CO2.

Membrane preparation

Membranes were prepared from CHO cells expressing the

human D2short dopamine receptor as described previously

(Castro and Strange, 1993). Confluent 175 cm2 flasks of cells

were washed once with 5 ml 4-(2-hydroxyethyl)-1-piperazi-

neethanesulfonic acid (HEPES) buffer (20 mM HEPES, 1 mM

ethylene glycol tetraacetic acid (EGTA), 1 mM ethylene-

diaminetetraacetic acid (EDTA), pH 7.4). Cells were then

removed from the surface of the flasks using a cell scraper

into 10 ml HEPES buffer and were homogenized using an

Ultra-Turrax homogeniser (4�5 s). This was followed by

centrifugation at 250 g for 10 min at 41C. Supernatants were

collected and then centrifuged at 48 000 g for 60 min at 41C.

The resulting pellet was resuspended in HEPES buffer at a

concentration of 2–4 mg protein ml�1 and stored in aliquots

at �801C until use. Protein concentration was determined by

the method of Lowry et al. (1951).

Where Pertussis toxin was used cells were treated with

100 ng ml�1 of the toxin for 18 h before harvesting cells for

membrane preparation.

[3H]NPA-binding assays

[3H]NPA binding was carried out as described previously

(Roberts et al., 2004). Cell membranes (25 mg) were incubated

with 0.4 nM [3H]NPA and competing drugs in HEPES buffer

(20 mM HEPES, 1 mM EGTA, 1 mM EDTA, 10 mM MgCl2,

100 mM N-methyl-D-glucamine; pH 7.4 (using HCl) contain-

ing 0.1 mM dithiothreitol (DTT) in a final volume of 1 ml for

3 h at 251C. The assay was terminated by rapid filtration

(through Whatman GF/C filters) using a Brandel cell

harvester followed by four washes with 4 ml ice-cold

phosphate-buffered saline (0.14 M Sodium chloride (NaCl),

3 mM Potassium chloride (KCl), 1.5 mM potassium phosphate

(KH2PO4), 5 mM disodium hydrogen phosphate (Na2HPO4);

pH 7.4) to remove unbound radioactivity. Filters were

soaked in 2 ml of scintillation fluid for at least 6 h and

bound radioactivity was determined by liquid scintillation

counting. High-affinity specific binding of [3H]NPA was

defined as that inhibited by high concentrations of GTPgS or

suramin, both of which gave similar definitions of [3H]NPA

binding.

[35S]GTPgS dissociation

Assays were carried out in triplicate in 20 mM HEPES, 100 mM

NaCl, 10 mM MgCl2, 0.1 mM DTT, pH 7.4 in a final volume of

1 ml. Each tube contained 10 mM GDP, 0.2 nM [35S]GTPgS and

25 mg membrane protein from CHO cells expressing the D2

dopamine receptor. Assays were incubated at 301C for 60 min

before addition of 10 mM GTPgS and agonist to initiate

dissociation. Assays were then terminated at the stated time

and radioactivity determined as described above.

In some assays, both the association and dissociation of

[35S]GTPgS were carried out in the presence of agonist.

Association was performed using 0.1 nM [35S]GTPgS,

25 mg membranes, agonist (at the concentration stated) and
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10 mM GDP, and dissociation was initiated by addition of

10mM GTPgS.

Data analysis

Data were analysed using GraphPad Prism (Graphpad San

Diego, CA, USA). [35S]GTPgS dissociation data were analysed

using one and two component exponential decay models

and the fits compared using an F-test. All data were fitted

best to a model of one site exponential decay with the

equation ([35S]GTPgS bound)¼ Span e�ktþ Plateau. Unless

otherwise stated statistical analysis was carried out using

unpaired, two-tailed t-tests with 95% confidence limits. All

data presented are expressed as the mean7s.e.m. of at least

three independent experiments.

Materials

(þ )-Butaclamol, DMEM, dopamine, geneticin, GTPgS,

L-glutamine, m-tyramine, non-essential amino acids, R-(þ )-

propylnorapomorphine (NPA), p-tyramine, raclopride and

R(þ )-3-(3-hydroxyphenyl)-N-propylpiperidine hydrochlor-

ide (R-(þ )-3-PPP) were purchased from Sigma (Dorset, UK).

GDP was from ICN Biomedicals (Hampshire, UK). Quinpirole

was purchased from Tocris Cookson Ltd (Avonmouth, UK).

NaCl, MgCl2 were from BDH (Loughborough, UK). Ultima

Gold was from Perkin Elmer (Cambridge, UK). [35S]GTPgS
(37 TBq mmol�1) was from Amersham (Bucks, UK) and

[3H]NPA (1 TBq mmol1) was purchased from Perkin-Elmer

Life Sciences.

Results

[35S]GTPgS dissociation from membranes of CHO cells

expressing D2 dopamine receptors (CHO-D2 cells) was

determined following a 60 min pre-labelling period with

[35S]GTPgS. 10 mM non-radioactive GTPgS was added to stop

nucleotide association and [35S]GTPgS dissociation was

followed. About 40% of the bound [35S]GTPgS dissociated

under these conditions and the dissociation data fitted well

to a single exponential model with a t1/2 of 6.5 min. We then

tested the effects of three agonists whose relative efficacies

have been well defined in [35S]GTPgS-association experi-

ments (dopamine (100%), m-tyramine (69%) and, p-tyra-

mine (53%) (Payne et al., 2002)). The agonists were added at

the same time as the non-radioactive GTPgS and were found

to increase the rate and extent of [35S]GTPgS dissociation.

The increase in the rate and extent was greater the more

efficacious the agonist (Figure 1). The ability of dopamine to

dissociate [35S]GTPgS binding under these assay conditions

was inhibited by 10 mM raclopride (data not shown) showing

that the effects of agonists on [35S]GTPgS dissociation are

mediated via the D2 receptor. It is noteworthy, however, that

the amount of additional [35S]GTPgS binding dissociated

by the agonists is low and this presumably reflects the

labelling of G proteins and other proteins inaccessible to the

D2 receptor.

To increase the agonist-specific signal we, therefore,

performed [35S]GTPgS association to CHO-D2 membranes

in the presence of agonists before adding non-radioactive

GTPgS to observe [35S]GTPgS dissociation. This resulted

in higher levels of bound [35S]GTPgS at the start of the

dissociation phase compared to experiments without ago-

nist. Figure 2 shows the results of an experiment with

dopamine. Basal levels of [35S]GTPgS dissociation determined

in the absence of agonist were similar to those seen in

Figure 1 and have been subtracted. In the experiment in

Figure 2, basal [35S]GTPgS dissociation amounted to about

a third of the agonist-stimulated dissociation. Under these

conditions, about 70% of the bound [35S]GTPgS dissociated

in a monexponential manner and the t1/2 for dissociation

(3.070.3 min) was similar to that seen in experiments

without dopamine in the association phase. To determine

whether this effect of dopamine on [35S]GTPgS dissociation

was a receptor-mediated event, we carried out agonist-

stimulated dissociation of [35S]GTPgS in the presence of the

D2 receptor antagonist raclopride. 100 mM raclopride was

added to the assay after the 60 min association along with

the 10 mM GTPgS. As shown in Figure 2 raclopride almost

completely inhibited the effect of dopamine on the

[35S]GTPgS dissociation. A high concentration of raclopride

is used in this experiment in order to block the effects of

dopamine rapidly and completely.

We then examined a range of agonists of varying efficacy

for their ability to stimulate dissociation of the prebound

[35S]GTPgS from the G proteins. Each agonist was tested at a

maximally effective concentration as determined from the

concentration/response dependence for the agonist in

[35S]GTPgS association experiments (Gardner and Strange,

1998; Payne et al., 2002). The concentrations of agonists

used here appear, therefore, rather high but they were
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Figure 1 Agonist-stimulated [35S]GTPgS dissociation from mem-
branes of CHO cells expressing D2 dopamine receptors. Membranes
were incubated with [35S]GTPgS (0.2 nM) for 60 min as described
in the Materials and methods section. 1 mM dopamine, 1 mM

m-tyramine, 1 mM p-tyramine or vehicle were then added to the
assays, together with 10mM GTPgS and the [35S]GTPgS dissociation
determined. Data were fitted best by a model of a single exponential
decay. t1/2 values obtained were 2.370.2 min for dopamine,
3.670.6 min for m-tyramine, 4.570.1 min for p-tyramine and
6.571.1 min for basal. Maximal [35S]GTPgS dissociated was
63.072.6% for dopamine, 62.271.8% for m-tyramine,
55.771.0% for p-tyramine and 51.171.7% for basal. This graph
shows the data from a single representative experiment carried out
three times with similar results.
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chosen in order to provide a saturating response in the

association part of the reaction, full occupancy of the

receptors based on ligand-binding assays and a presumed

maximal response in the dissociation phase. Using

these concentrations, the present study provides relative

efficacy data for association (see below) in good agreement

with other studies. Also such concentrations of agonist do

not give rise to unexpected effects in concentration/

response curves. Indeed, we have shown for dopamine that

similar, maximal effects are seen in association and

dissociation assays for concentrations of 10 mM–1 mM (data

not shown).

The efficacy of each agonist was determined in the present

study as the amount of [35S]GTPgS bound in the association

phase (60 min) of each experiment relative to that of 1 mM

dopamine. Based on these data, the relative efficacy of the

compounds ranged from 39 to 103%, and these data were

similar to those found previously for this system (Gardner

and Strange, 1998; Payne et al., 2002). Data from the

dissociation experiments were best fitted to a model of

a one site exponential decay (Figure 3). The t1/2 for the

dissociation of [35S]GTPgS and the amount dissociated were

calculated for each compound (Table 1). The t1/2 values for

each of the compounds were converted to dissociation rate

constants and were found to correlate well with the relative

efficacy of the compounds in the association assay

(r2¼0.95). For dopamine, m-tyramine and p-tyramine, these

t1/2 values are similar to those seen when the assay is

performed without agonist present during the association

phase (Figure 1, P40.5, analysis of variance) suggesting that

both assay formats provide similar measures of agonist

efficacy. The extent of [35S]GTPgS dissociation also varied

between the different agonists (Table 1). Although there was

a trend for the most efficacious compounds to dissociate

more [35S]GTPgS, the relative efficacy of the compounds

did not show a significant correlation with the amount

of [35S]GTPgS binding which the compounds were able

to dissociate.

In the [35S]GTPgS dissociation experiments, it was notable

that about 30% of the bound [35S]GTPgS did not dissociate

despite the presence of a 100 000 fold excess of non-

radioactive GTPgS. The non-dissociable bound [35S]GTPgS
was not non-specific binding as this was determined by

including non-radioactive GTPgS (10 mM) throughout the

experiment, and nonspecific binding amounted to 5% of

the total [35S]GTPgS binding at the start of the dissociation.

The majority of the bound [35S]GTPgS bound at the start

of the dissociation was to Gi/o proteins as [35S]GTPgS binding

to membranes from cells treated with Pertussis toxin was

B5% of the value seen in membranes from untreated cells.
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Figure 2 Dopamine stimulated dissociation of [35S]GTPgS from CHO cell membranes expressing D2 dopamine receptors, effects of
raclopride. [35S]GTPgS dissociation assays were performed as described in the Materials and methods section. Membranes were incubated with
[35S]GTPgS (0.1 nM) in the presence of dopamine (10mM) for 60 min and [35S]GTPgS dissociation was initiated by addition of 10mM GTPgS.
Parallel [35S]GTPgS dissociation assays were performed in the absence and presence of raclopride (100mM), added at the same time as the
GTPgS. Basal [35S]GTPgS dissociation has been subtracted from the data shown. Agonist-stimulated dissociation data were fitted best by a
model of a single exponential decay. Data represented in this graph are from a single experiment replicated three times.
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Figure 3 Dissociation of [35S]GTPgS binding carried out in the
presence of different agonists. Dissociation of [35S]GTPgS binding
was carried out in the presence of a range of agonists as described in
the Materials and methods section. Each agonist was present at a
maximally effective concentration throughout the experiment that
is, during [35S]GTPgS association and dissociation. Agonists tested
were 1 mM dopamine, 1 mM quinpirole, 10mM bromocriptine, 1 mM

p-tyramine, 1 mM (þ )-3-PPP and 10mM NPA. Data are expressed as
a percentage of [35S]GTPgS binding at time zero after the subtraction
of basal levels of [35S]GTPgS dissociation. Dissociation data were
fitted best by a model of a single exponential decay. Data shown are
representative curves for experiments replicated at least three times.
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This suggests that at the start of the dissociation there is

more than one population of bound [35S]GTPgS, but most of

this (B95%) is to Gi/o proteins.

A large part of the bound [35S]GTPgS will dissociate in a

manner sensitive to agonists and inhibited by antagonists

suggesting that it is a receptor-mediated event. The fact that

the receptor is required for this dissociation suggests that

the receptor is still coupled to the G protein after agonist

stimulation has occurred and that dissociation is occurring

from the agonist/receptor/G protein(ARG)[35S]GTPgS species.

To provide further evidence for an interaction between the

receptor and G protein after agonist stimulation we exam-

ined the effect of suramin on both [35S]GTPgS association

and dissociation as shown in Figure 4. Suramin inhibited

both association and dissociation of [35S]GTPgS in a dose-

dependent manner with pEC50 values of 6.7970.01 and

6.1370.43, respectively. In control experiments, it was

shown that suramin did not inhibit [3H]spiperone binding

to the receptor (C Meneveau and PG Strange, unpublished)

indicating that suramin did not interact directly with the

receptor-binding site. Taken together, these data suggest that

the ARG complex persists after the agonist has stimulated

binding of [35S]GTPgS to the G protein. This was examined

further by determining the high-affinity binding of the

agonist, [3H]NPA, which corresponds to labelling of the RG

complex (Roberts et al., 2004) (Figure 5). Suramin inhibited

high affinity [3H]NPA binding in a dose-dependent manner

with a pEC50 of 6.9070.08 which is similar to its effect on

[35S]GTPgS association and dissociation.

To investigate whether levels of dissociable [35S]GTPgS
binding could be manipulated, we performed experiments

with different association times. Total [35S]GTPgS binding

increased with time reaching a plateau level at long

incubation times (Figure 6). In separate assays at each

incubation time, [35S]GTPgS association was terminated by

addition of excess GTPgS and [35S]GTPgS dissociation

assessed. The amounts of dissociable and non-dissociable

[35S]GTPgS binding both increased with time. Whereas the

dissociable portion increased quite quickly and reached a

plateau level at long association times, the non-dissociable

portion increased more slowly throughout the time course.

This suggests that there are two species of [35S]GTPgS-

labelled G proteins whose proportions change with associa-

tion time. The dissociable component reached a plateau and

Table 1 Effect of a range of agonists of varying efficacy on the rate of
[35S]GTPgS dissociation

[35S]GTPgS dissociation assays

Compound t1/2 (min) Dissociable
[35S]GTPgS
(% of initial

[35S]GTPgS bound)

Efficacy in [35S]GTPgS
association assay

(%, relative
to dopamine)

NPA 2.270.2 79.571.9 103.675.6
Dopamine 2.770.2 74.771.3 100
Quinpirole 2.970.8 70.973.5 80.571.7
m-Tyramine 4.371.0 60.377.7 62.572.6
(þ )-3-PPP 6.370.8 73.371.9 55.670.4
Bromocriptine 5.370.7 70.872.6 50.572.4
p-Tyramine 7.170.9 61.473.5 39.978.6

Abbreviations: (þ )-3-PPP, R(þ )-3-(3-hydroxyphenyl)-N-propylpiperidine hy-

drochlorideNPA, R-(þ )-propylnorapomorphine.

The effect of a range of agonists on the rate of dissociation of [35S]GTPgS was

investigated as described in the Materials and methods section and in

Figure 3. The relative efficacy of each agonist was calculated from the

[35S]GTPgS association data relative to 1 mM dopamine, which was taken to be

100%. Agonists were added at maximally effective concentrations (1 mM

dopamine, quinpirole, m-tyramine, (þ )-3-PPP, and p-tyramine, 10 mM NPA

and bromocriptine). t1/2 values were taken from the graphs of time versus

amount of [35S]GTPgS bound, which fitted well to a model of a single

exponential decay. The amount of dissociable [35S]GTPgS is shown as a

percentage of the initial binding at t¼0 min. Data are the mean7s.e.m. of

at least three independent experiments.
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Figure 4 Effect of suramin on the association and dissociation of
[35S]GTPgS binding to CHO cell membranes expressing the
dopamine D2 receptor. Dopamine-stimulated [35S]GTPgS association
and dissociation assays were carried out as described in the Materials
and methods section. (a) Association assays were performed for
60 min in the presence of a range of concentrations of suramin.
(b) Dissociation assays were performed as described in the Materials
and methods section. Association was carried out for 60 min and
suramin was added to the assay after this association phase with or
without 10mM non-radioactive GTPgS, and dissociation allowed to
proceed for a further 30 min. Suramin added without the 10 mM non-
radiolabelled GTPgS had no effect on dissociation, but did prevent
any further association of the [35S]GTPgS. The graphs show data
from representative experiments carried out three times with similar
results.
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the non-dissociable component increased as the association

phase was allowed to proceed for longer times.

These data suggest that under typical [35S]GTPgS-binding

assay conditions, breakdown of the ARG complex is low.

This may be due to the low concentration of [35S]GTPgS
(0.1 nM) used in these assays. To investigate this further, we

performed dissociation assays using a higher concentration

of [35S]GTPgS (1 nM) in the association and dissociation

phases. At the higher [35S]GTPgS concentration, there is less

dissociable binding (57.171.3%), that is, more breakdown of

the ARG complex, as compared with that seen for the lower

[35S]GTPgS concentration (69.872.4%, Po0.05).

The effect of different concentrations of GTPgS on the

stability of the ARG complex was examined using the high-

affinity binding of the agonist [3H]NPA. GTPgS dose

dependently inhibited high-affinity agonist binding, that

is, the formation of the ARG complex (Figure 7).

Discussion

Studies carried out in the 1980s showed that the binding of

[35S]GTPgS to purified Gao and Gai2 subunits of G proteins

and to purified heterotrimeric Go protein was irreversible

in the presence of millimolar concentrations of Mg2þ

(Sternweis and Robishaw, 1984; Higashijima et al., 1987).

More recent studies carried out in membrane systems

containing GPCRs have shown, however, that [35S]GTPgS
binding is reversible and that dissociation may be accelerated

in the presence of an agonist (Kupprion et al., 1993;

Breivogel et al., 1998; Waelbroeck, 2001; Alt et al., 2002). In

this study, we have used the D2 dopamine receptor stably

transfected in CHO cells to further investigate the dissocia-

tion of [35S]GTPgS from G proteins.

We observe that in CHO cell membranes transfected with

the dopamine D2 receptor, [35S]GTPgS dissociation occurs

under basal conditions (absence of agonist) and that the

dissociation is markedly increased in rate and extent in the

presence of dopamine. This agrees well with previous studies

on the formyl peptide receptor (Kupprion et al., 1993), where

a 50% decrease in bound [35S]GTPgS was observed over a

30 min period upon addition of 1 mM non-radiolabelled

GTPgS. In that study, the dissociation was rapid and maximal

in its extent in the first 10 min. Agonist independent

[35S]GTPgS dissociation observed for cannabinoid receptors

(Breivogel et al., 1998) showed a rapid dissociation phase

with a t1/2 of 6.8 min. In addition, t1/2 values in the range

1–3 min have been reported for agonist stimulated dissocia-

tion of [35S]GTPgS in other systems for example, m-opioid
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Figure 5 Inhibition of high-affinity [3H]NPA binding by suramin in
CHO cell membranes expressing the dopamine D2 receptor.
[3H]NPA binding was carried out as described in the Materials and
methods section. The data are expressed as a percentage of the total
high affinity [3H]NPA binding defined as the [3H]NPA binding
inhibited by high concentrations of suramin. The data are from a
single representative experiment repeated three times with similar
results.
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Figure 6 [35S]GTPgS dissociation assays performed following
different times of association. Membranes from CHO cells expressing
the dopamine D2 receptor were incubated with 0.1 nM [35S]GTPgS in
the presence and absence of 1 mM dopamine for different times and
total bound [35S]GTPgS (total) was determined as described in the
Materials and methods section. In parallel assays, [35S]GTPgS
association was terminated at each time point by addition of
10mM GTPgS and [35S]GTPgS dissociation determined after 30 min.
Basal levels of [35S]GTPgS binding at each time point were
subtracted from data. The figure shows the amount of [35S]GTPgS
that was dissociable after 30 min at these different times (dissociable)
and the amount that did not dissociate at these times (non-
dissociable). Data shown are representative curves from an experi-
ment performed independently three times with similar results.
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Figure 7 Inhibition of [3H]NPA binding by GTPgS in CHO cell
membranes expressing the dopamine D2 receptor. [3H]NPA binding
was carried out as described in the Materials and methods section.
Data are expressed as a percentage of total high-affinity [3H]NPA
binding defined as that inhibited by high concentrations of
nucleotide. Data are from a single representative experiment, which
was carried out three times with similar results.
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receptors (Traynor et al., 2002) and muscarinic acetylcholine

receptors (Berstein et al., 1992), in agreement with this study.

We extended our study to investigate the effects of a range

of agonists of varying efficacy on the dissociation of

[35S]GTPgS. We examined the effect of agonists on [35S]GTPgS
dissociation in two assay formats. In the first, [35S]GTPgS
association occurred in the absence of agonist and

[35S]GTPgS dissociation was started by the addition of excess

non-radiolabelled GTPgS and agonist. In the second format,

agonist was present during both the association and

dissociation phase; otherwise the assay was the same. In

both assay formats, the degree of acceleration of the

[35S]GTPgS dissociation was dependent on and correlated

well with the relative efficacy of the agonist, as measured in

[35S]GTPgS-association experiments in this and other studies

(Gardner and Strange, 1998; Payne et al., 2002). [35S]GTPgS
dissociation reached a plateau where dissociation was

incomplete and there was a tendency for the more

efficacious agonists to dissociate more [35S]GTPgS. The two

assay formats therefore, provide similar data showing that

[35S]GTPgS dissociation may be accelerated by the agonist-

bound dopamine D2 receptor.

It is surprising in the present study that not all of the

bound [35S]GTPgS is dissociable, when a large excess of non-

radiolabelled GTPgS is used to trigger dissociation. There

appears to be about 30% of the bound [35S]GTPgS which is

non-dissociable in experiments using 0.1 nM [35S]GTPgS and

dopamine as agonist. There are various possible explanations

for this. For example, the non-dissociable [35S]GTPgS could

be bound to G proteins or other proteins not accessible to

the D2 receptor. This seems unlikely as in the experiments

where agonist is present in the association phase, there is a

marked increase in [35S]GTPgS binding owing to the agonist

and a proportion of this is also non-dissociable. Also, if we

pretreat our cells with Pertussis toxin, we only observe a very

small amount of agonist-induced [35S]GTPgS binding to

membranes derived from the cells. This represents less than

5% of the signal we observe in membranes from control cells

(data not shown), suggesting that the majority of [35S]GTPgS
bound in these experiments is to Gi/o proteins. The bound

[35S]GTPgS is also 495% specifically bound as determined in

the presence of non-radioactive GTPgS. This shows clearly

that the majority of bound [35S]GTPgS at the start of the

dissociation is specifically bound to Gi/o proteins. The bound

[35S]GTPgS seen at the end of the association phase could

consist, therefore, of two distinct species of [35S]GTPgS
bound to G protein. One of these could be [35S]GTPgS bound

to G proteins which are still closely linked to the receptor

(agonist/receptor/G[35S]GTPgS) and the other could be

[35S]GTPgS bound to Ga subunits that have separated from

the receptor (Ga [35S]GTPgS) (see e.g. (Birnbaumer et al.,

1990)). [35S]GTPgS bound to the former species would be

dissociable via the receptor. [35S]GTPgS bound to the G

protein a subunits separated from the receptor is unlikely

to be able to recombine easily with agonist bound rece-

ptors under the experimental conditions used here, as

the large excess of non-radiolabelled GTPgS will lead to

excess Ga GTPgS that will dominate any reverse reaction.

Hence, [35S]GTPgS binding to free a subunits will appear

irreversible.

It seems, therefore, that the following scheme may hold

for these experiments.

ARG þ ½35S�GTPgSÐARG 	 ½35S�GTPgS

! AR þ Ga½35S�GTPgS þ bg

We investigated this scheme by examining [35S]GTPgS
dissociation following different association times. These

experiments showed that the dissociable component of

[35S]GTPgS binding reached an apparent plateau for the

longer association times and the non-dissociable component

increased. This would be consistent with [35S]GTPgS binding

being first to G proteins linked to the receptor and

subsequently to G protein a subunits separated from the

receptor, formed slowly by breakdown of the ARG[35S]GTPgS.

We also tested the effect of different concentrations of

[35S]GTPgS in the assays. When the [35S]GTPgS concentra-

tion was increased to 1 nM, we observed less dissociable

[35S]GTPgS binding suggesting that there is a greater

breakdown of ARG in the presence of higher [35S]GTPgS
concentrations. The effect of increasing the [35S]GTPgS
concentration could also be consistent with labelling of

different populations of RG complexes, so that one is

labelled more at low concentrations of [35S]GTPgS and is

dissociable and the other is labelled at higher concentrations

of [35S]GTPgS and is non-dissociable. This scheme, however,

seems unlikely as [35S]GTPgS saturation binding experi-

ments indicate a single affinity (K Quirk and PG Strange

unpublished).

To provide further support for the scheme where

[35S]GTPgS labels both ARG and Ga, we investigated the

effects of suramin, a compound that has been shown to

inhibit RG coupling (Freissmuth et al., 1999). Suramin elicits

a dose-dependent inhibition of [35S]GTPgS association and

dissociation with pEC50 values which agree well with the

ability of suramin to inhibit formation of the ARG species,

as measured by its ability to inhibit high-affinity agonist

([3H]NPA) binding. These data support a role for the ARG

complex in these assays and point to the fact that in the

presence of low concentrations of [35S]GTPgS (0.1 nM) there

is little breakdown of the ARG species. Further support for

these ideas came from experiments where different concen-

trations of non-radioactive GTPgS were used to prevent high-

affinity [3H]NPA binding, and this showed that ARG was

fairly stable at low concentrations of GTPgS.

It seems likely, therefore, that the dissociation of

[35S]GTPgS observed here in either assay format is occurring

from agonist/receptor/G protein species. The rate we

observe, (k¼0.25 min�1), in the presence of a full agonist is

similar to values reported for other GPCRs. The pharmaco-

logical profile of the dissociation reaction corresponds well

to that of the observed association reaction. Although the

observed association reaction will be dependent on both the

association and dissociation rate constants, the correspon-

dence in pharmacological profile between forward and back

reactions is expected and reassuring.

We cannot relate the present observations directly to

native systems. The principal G protein interacting with the

D2 dopamine receptor in brain is Go, (Jiang et al., 2001)

whereas in the CHO cells the principal inhibitory G proteins
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are Gi2 and Gi3 (Neubig et al., 1985; Raymond et al., 1993;

Gettys et al., 1994). Whether these differences in G proteins

make any difference to the data observed will require further

experimentation. The R/G stoichiometry could also affect

the data observed. R/G stoichiometry in tissues such as the

brain is unknown, but dopamine/[3H]spiperone competition

curves are similar for D2 in brain and expressed in CHO cells

(Withy et al., 1981; Lin et al., 2006) suggesting that the R/G

stoichiometry is not very different.

The data presented in this report, therefore, suggest that a

large proportion of agonist/receptor/G protein (ARG) com-

plexes remain intact after agonist has bound to the receptor

and activated the G proteins. This is particularly clear when

using the low concentrations of [35S]GTPgS (0.1 nM) typically

used in [35S]GTPgS-binding assays. With higher concentra-

tions of guanine nucleotides, more separation may occur.

Models of G protein activation have assumed that the ARG

complex dissociates upon binding of GTP or an analog.

Studies in intact cells using FRET analyses have shown that

for the G protein Gi, the subunits rearrange rather than

separating (Bunemann et al., 2003). In addition, a study

carried out on muscarinic m1 receptors suggested that the

receptor, the G protein Gq and the effector phospholipase C

form a three protein complex that is stable over multiple

activation/deactivation cycles (Biddlecome et al., 1996).

These data, taken together, provide support for the possibi-

lity that receptor and G protein may not immediately

separate upon agonist activation, but this will be dependent

on the conditions used for assays.

Agonist efficacy is dependent on the rate of the different

reactions of the G protein cycle, with the slowest step in the

cycle being the rate-determining step for that agonist. This

assay shows us that the binding of [35S]GTPgS to the G

protein a subunit is not an irreversible event and allows us to

calculate a rate constant for this step in the cycle. The rate of

dissociation of [35S]GTPgS is accelerated by the presence of

an agonist and dependent upon the efficacy of the agonist.

The data are consistent with bound [35S]GTPgS existing in

two distinct species, in one of which the agonist/receptor/

G[35S]GTPgS still remain closely linked. This assay provides

us with a useful tool for further investigating the G protein

cycle, which in turn aids in the understanding of the

mechanisms of agonist efficacy.
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