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Abstract

In this study we investigated biochemical mechanisms of agonist action at the G
protein-coupled D, dopamine receptor expressed in CHO cells. Stimulation of
[*S]GTPYS binding by full and partial agonists was determined at different
concentrations of [®*S]GTPyS (0.1 and 10 nM) and in the presence of different
concentrations of GDP. At both concentrations of [*°S]GTPyS, increasing GDP
decreased the [*S]GTPyS binding observed with maximally stimulating
concentrations of agonist, with partial agonists exhibiting greater sensitivity to the
effects of GDP than full agonists. The relative efficacy of partial agonists was greater
at the lower GDP concentrations. Concentration/response experiments were
performed for a range of agonists at the two [35S]GTPyS concentrations and with
different concentrations of GDP. At 0.1 nM [**S]GTPYS the potency of both full and
partial agonists was dependent on the GDP concentration in the assays. At 10 nM
[**S]GTPyS the potency of full agonists exhibited a greater dependence on the GDP
concentration whereas the potency of partial agonists was virtually independent of
GDP. It is concluded that at the lower [**S]GTPYS concentration the rate determining
step in G protein activation is the binding of [**S]GTPyS to the G protein. At the
higher [**S]GTPyS concentration, for full agonists [**S]GTPyS binding remains the
slowest step whereas for partial agonists another (GDP-independent) step, probably

ternary complex breakdown, becomes rate determining.
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Introduction

There is much interest in understanding mechanisms of action of agonists at receptors
(agonist efficacy) and the mechanistic distinction between full and partial agonists
((Black and Leff, 1983; Clarke and Bond, 1998; Colquhoun, 1998; Kenakin, 2002;
Strange, 1999). For the G protein-coupled receptors (GPCRs), an influential
biochemical model of GPCR action has been the ternary complex model and its
recent extensions (De Lean et al., 1980; Samama et al., 1993; Weiss et al., 1996).
The model describes a ground state of the receptor (R) which can isomerise to a
partially activated form (R*) which is able to couple better to the G protein to form

the active (R*G) state.

The ternary complex model accounts for differences in the relative efficacy of full
and partial agonists in terms of different extents of stabilisation of active (AR*G) and
inactive (AR) states of the receptor. Full agonists stabilise R*G better than partial
agonists so that relative efficacy is explained in terms of the differential stabilisation
of a single activated state. G protein activation and GDP/GTP exchange follow

accordingly.

This model has been examined using ligand-binding studies to determine affinities of
agonists for G protein coupled (higher affinity, K;) and uncoupled (lower affinity, K))
forms of the receptor. Some studies report a correlation between the K/K,, ratio for
agonists and their relative efficacy (Alder et al., 2003; De Lean et al., 1980; Egan et
al., 2000; Kearn et al., 1999; Payne et al., 2002; Watson et al., 2000), other studies do
not (Gardner and Strange, 1998; Gardner et al., 1997; Payne et al., 2002). It seems

that there may be additional factors influencing relative efficacy such as differential
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abilities of some agonists to induce G protein activation within AR*G. Different
agonists may stabilise different activated states of receptors leading to differential

activities (Seifert et al., 2001; Waelbroeck, 2001)

G protein activation occurs, however, as part of a cycle of reactions (Figure 1)
(Mosser et al., 2002; Waelbroeck, 2001; Zhong et al., 2003) and the overall rate of G
protein activation may be dependent on several of the component processes although
the slowest of these will limit the overall rate. The reactions of the cycle are as
follows:

(a) agonist (A) binds to receptor to stabilise AR*.

(b) AR* and Ggpp combine to form AR*G. For some agonists AR*G stability is a
guide to agonist relative efficacy; some agonists can produce a stable AR*G
complex but are partial agonists (Gardner and Strange, 1998; Gardner et al.,
1997; Payne et al., 2002) and so their activity must be limited by another
event.

(c) GDP release. This is typically considered to be the rate-determining step in
GPCR activation in the absence of agonist (Ross, 1989). In the presence of
agonist, GDP dissociation is accelerated, and GDP association decreased
(Florio and Sternweis, 1989). GDP release could, however, be the slowest
step in the cycle for some agonists, despite strong stabilisation of AR*G.

(d) GTP binding. Cells contain high concentrations of GTP (~50uM) (Jinnah et
al., 1993; Otero, 1990) so that this step will be fast, and another step rate-

determining.  This step may be examined using the GTP analogue
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([**S]GTPyS). Typically these assays are performed at low concentrations of
[**S]GTPyS and this step may become rate determining (Waelbroeck, 2001).

(e) AR*G dissociates releasing AR, G,GTP and Gg, This step may be agonist-
dependent for some receptors (Hausdorff et al., 1990; Van Koppen et al.,
1994) and could be rate determining if an agonist were unable to mediate
rapid breakdown of AR*G.

(f) The intrinsic GTPase of the G protein hydrolyses GTP to GDP and
deactivates G,. This step itself is independent of agonist as it is an intrinsic
activity of the G protein but is unlikely to be rate determining as, in the
presence of proteins with GTPase accelerating activity, this step is fast (Ross

and Wilkie, 2000).

There are, therefore, several steps in the cycle that are regulated by agonists and
which could determine the relative efficacy of agonists. It is not known whether the
rate determining step in the cycle is the same for all agonists. In this study, therefore,
we have examined the ability of a range of full and partial agonists to mediate G
protein activation via the D, dopamine receptor. We have perturbed the function of
the G protein cycle by altering the concentrations of both GDP and GTPYS in order to

understand which step in the cycle is rate limiting for different agonists.
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M aterials and M ethods

Materials. [*°S]GTPyS (~37 TBg.mmol™) and [*H]spiperone (~600 GBg.mmol™) were
purchased from Amersham Biosciences (Buckinghamshire, UK). Optiphase HiSafe-3
scintillation fluid was purchased from Perkin-Elmer Life Sciences (Cambridge, UK).
Dopamine, bromocriptine and (£)-7-OH-DPAT were purchased from TOCRIS (Bristol,
UK). NPA, B-phenylethylamine, m-tyramine and p-tyramine were purchased from

Sigma (Dorset, UK).

Cell culture. CHO cells stably expressing native D« dopamine receptors (Wilson et
al., 2001) were grown in DMEM containing 5% foetal bovine serum and 400 pg ml™
active geneticin (to maintain selection pressure). Cells were grown at 37°C in an

humidified atmosphere of 5 % CO.,.

Membrane preparation. Membranes were prepared from CHO cells expressing Dognort
dopamine receptors as described previously (Castro and Strange, 1993). Briefly,
confluent 175 cm? flasks of cells were washed once with 5ml HEPES buffer (20mM
HEPES, 1 mM EGTA, 1 mM EDTA, 10 mM MgCl,; pH 7.4). Cells were then
removed from the surface of the flasks using 5ml HEPES buffer and glass balls (2mm
diameter) and were then homogenised using an Ultra-Turrax homogeniser (two 5
second treatments). The homogenate was centrifuged at 1700 g (10 mins, 4°C) after
which the supernatant was centrifuged at 48000 g (60 mins; 4°C). The resulting pellet

was resuspended in HEPES buffer at a concentration of 3 - 5 mg protein ml™
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(determined by the method of (Lowry et al., 1951) and stored in aliquots at -70°C until
use.

Radioligand binding experiments.

Cell membranes (25 ug) were incubated with [*H]spiperone (0.35 nM) and competing
drugs in HEPES buffer (20 mM HEPES, 1 mM EGTA, 1 mM EDTA, 10 mM MgCl,,
100 mM NacCl; pH 7.4 (using KOH) containing 0.1 mM dithiothreitol) in a final
volume of 1 ml for 3 h at 25°C. 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 NaCl, 3 mM KCI, 1.5 mM KH,PQ,, 5
mM Na,HPO,; pH 7.4) to remove unbound radioactivity. Filters were soaked in 2 ml of
scintillation fluid for at least 5 h and bound radioactivity was determined by liquid
scintillation counting. Non-specific binding of [*H]-spiperone was determined in the
presence of 3 uM (+)-butaclamol.

[*S]GTPyS binding assays. Cell membranes (25 ng) were incubated with various
concentrations of GDP and agonist for 20 min before addition of 0.1 nM [*S]GTPyS
for 30 min or 10 nM [*S]GTPyS (0.5 nM [*S]GTPyS with 9.5 nM GTPyS) for 3 min
in HEPES buffer at 30°C containing 0.1 mM dithiothreitol. In the absence of GDP,
incubation times with 0.1 nM [**S]GTPyS were reduced to 15 min. 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 NaCl, 3 mM KClI, 1.5 mM KH,PO,, 5 mM Na,HPO,; pH 7.4) to remove unbound
radioactivity. Filters were soaked in 2 ml Optiphase HiSafe-3 for at least 5 h and

bound radioactivity was determined by liquid scintillation counting.
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Data analysis. Radioligand binding and [**S]GTPYS binding data were analysed by
non-linear regression using Prism (Graphpad San Diego, USA). Statistical significance
over multiple data sets was determined using an unpaired 2-way ANOVA followed by a
Bonferroni post-test whilst that for two groups was determined using a t-test. Statistical

significance was determined as P < 0.05.
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Results

Effects of different concentrations of GDP and [*S|GTPyS on agonist
stimulation of [*S]GTPyS binding

Maximal agonist-stimulated effect and relative agonist efficacy

The maximal agonist-stimulated effect and relative agonist efficacy were determined
from the stimulation of [**S]GTPyS binding by agonists in membranes of CHO cells
expressing the D, receptor (Wilson et al., 2001), (expression level of D, receptor 1-
1.5 pmol/mg protein). Agonist-stimulated [*>S]GTPYS binding is due to the D,
receptor as there is no stimulation in untransfected cells (Gardner et al., 1996). The
agonist-stimulated response is completely inhibited after pertussis toxin treatment
(100 ng/ml, 18h, data not shown) indicating a role for G;,, proteins. The principal G;j
proteins in CHO cells are G;, and Gj; (Gettys et al., 1994; Raymond et al., 1993).

The stimulation of [*>S]GTPYS binding by two full agonists (dopamine and NPA) and
two partial agonists (p-tyramine and (x)-7-OH-DPAT) was assessed in the presence
of increasing concentrations of GDP (0.3 - 30 pM) and using two concentrations of
[**S]GTPYS (0.1 and 10 nM). The four agonists were used at maximally stimulating
concentrations and total [*>S]GTPYS binding was corrected for the agonist-
independent binding to give the agonist-stimulated binding (Figure 2). The
association rate of [*>S]GTPYS binding stimulated by dopamine was much faster at
the higher [®*S]GTPyS concentration (10 nM) (t,: 1-2 min, data not shown)
compared with the rate at the lower concentration of [**S]GTPYS (0.1 nM) (ty,: 10-15
min, (Gardner et al., 1996)). Assays were, therefore, terminated after 3 min for

experiments at 10 nM [*°S]GTPyS, compared to 30 min at 0.1 nM [**S]GTPyS in

10
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order to ensure that the determinations were on the linear part of the time course. In
this way the determinations of agonist-stimulated [**S]GTPyS binding correspond to
rate measurements.

Maximal stimulated [**S]GTPyS binding (over basal) was decreased for both full and
partial agonists with increasing GDP concentration, although full agonists required
higher concentrations of GDP than partial agonists to reduce their stimulation below
that observed at the lowest concentration of GDP (Figure 2 a,c). Maximal agonist-
stimulated [*S]GTPyS bound was also increased by ~10 fold by increasing the
[**S]GTPyS concentration from 0.1 to 10 nM, and, given the difference in assay time
for the two concentrations of [*>S]GTPyS, this corresponded to a ~ 100 fold increase
in the rate of [**S]GTPyS binding.

Increasing the concentration of GDP reduced the relative efficacy of partial agonists
compared to full agonists in an almost linear fashion (from ~75 to ~50% relative
efficacy at 0.1 nM [*S]GTPyS and from ~60 to ~30% relative efficacy at 10 nM
[*°S]GTPYS) (Figure 2 b,d). When relative agonist efficacies were compared at the
two concentrations of [*>S]GTPYS, it was seen that the relative efficacy of the partial

agonists was lower at the higher [**S]GTPyS concentration (Figure 2 b,d).

Given that the relative efficacy of partial agonists was higher at the lower GDP
concentrations, we performed some assays in the absence of GDP. Under these
conditions, both full and partial agonists were still able to promote [**S]GTPYS
binding over basal levels (Table 1; Figure 3). Both full and partial agonists, however,
now stimulated [*S]GTPyS binding to the same extent. There was no change in the

rate or extent of basal [**S]GTPyS binding in the presence of (+)-butaclamol if the

11

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 31, 2004 as DOI: 10.1124/mol.104.004077
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 4077

membranes were pre-treated with an agonist, suggesting that there is no pre-bound
GDP present in the preparation (data not shown). Therefore, the stimulation of
[35S]GTPyS binding in the absence of GDP is not a reflection of release of bound

GDP.

Agonist potency

In order to probe the relationship between the ECs, for agonist stimulation of
[35S]GTPyS binding and GDP concentration, a series of agonist/concentration
experiments was performed at different concentrations of GDP. The four agonists
used above were assessed at two different concentrations of [*>S]JGTPyS (0.1 nM and
10 nM) and additional agonists were also tested at the lower concentration of
[**S]GTPyS . Representative data are shown in Figure 4 and the derived ECs, values
are given in Table 3 and Figure 5. At 0.1 nM [*S]GTPyS, increasing concentrations
of GDP caused a similar rightward shift in agonist EC, for all of the agonists tested
with the exception of bromocriptine. This shift falls between the agonist binding
affinities calculated for G-protein coupled and uncoupled receptors determined under
the conditions used for the [**S]GTPyS binding assays (see below and Table 2). In
contrast, bromocriptine, which displays no observable affinity preference for coupled
or uncoupled receptors (Gardner et al., 1997), shows no change in ECsy with
changing GDP concentration. With the exclusion of bromocriptine, when the pEC50
was plotted against log[GDP], there was no significant difference between the slopes
of the lines (P > 0.05) and a mean slope of -0.31 was obtained.

When the [**S]GTPyS concentration was increased to 10 nM, the ECs, for the two

full agonists tested was shifted rightward as before as the GDP concentration was

12
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increased, whereas for the two partial agonists the ECsy was much less affected by
GDP. This effect is emphasised in the pECs, versus log[GDP] plots (Figure 5).
Linear relationships between pECs, and log[GDP] were still observed but there were
significantly greater slopes for the full agonists, NPA and dopamine, compared to the
partial agonists (x)-7-OH-DPAT and p-tyramine (P < 0.05) (Figure 5, Table 3).
Binding of full and partial agonists to D, dopamine receptors

The binding of the agonists (dopamine, NPA, p-tyramine and (x)-7-OH-DPAT) was
determined in competition versus the binding of [*H]spiperone using assay buffer
containing 100mM NaCl as in the [**S]GTPyS binding experiments (see above). In
each case the competition data were fitted best by a two-binding site model and the

derived dissociation constants (K, K) are given in Table 2.

Discussion

In this study we have examined some basic mechanisms of agonist action using the
D, dopamine receptor as a model GPCR, with the aim of understanding the
mechanistic distinction between full and partial agonists. For the GPCRs, differences
in the relative efficacy of agonists have been explained using the ternary complex
model (De Lean et al., 1982; Lefkowitz et al., 1993; Weiss et al., 1996) whereby
partial agonists stabilise the ternary complex (AR*G) less well than full agonists.
The model does not always account for relative efficacy and this may relate to the
fact that GPCR activation depends on a cycle of reactions (Figure 1) (Mosser et al.,
2002; Waelbroeck, 2001; Zhong et al., 2003). During receptor activation the
reactions of the cycle will not be at equilibrium and different agonists may influence
steps in the cycle differentially. In this report we have examined how agonists with

different relative efficacies influence the steps in the cycle using the D, dopamine
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receptor as a model system. From the data we have been able to show that full and
partial agonists differ in their abilities to modulate different reactions in the G protein
cycle. The study, therefore, provides a mechanistic basis for the distinction between

full and partial agonists.

We used stimulation of [**S]GTPYS binding by agonists as a measure of their relative
efficacy and examined the effect of different concentrations of GDP on both the
maximal [®S]GTPyS binding and relative efficacy. Assays were performed at two
concentrations of [**S]GTPyS (0.1 nM, 10 nM) with several full and partial agonists.
In the [**S]GTPYS binding assays, two principal parameters were determined for each
agonist, the concentration of agonist achieving half the maximal stimulated effect
(potency, ECso) and the maximal rate of [®S]GTPyS binding stimulated by

saturating agonist concentrations.

The effects of GDP on the potency (ECsy) for agonists to stimulate [*°S]GTPyS
binding were assessed. At low concentrations of [*°S]GTPyS (0.1 nM) the potency of
each of the agonists tested, with the exception of bromocriptine, was reduced as the
GDP concentration was increased. The effect of GDP was similar for each agonist,
independent of its relative efficacy, as shown by the similar slopes of the lines
relating pECs, and log[GDP]. The effects of GDP here reflect binding of GDP to the
AR*G state leading to its breakdown and sequestration of G protein as Ggpp. Higher
concentrations of agonist are then required to stabilise AR*G in which [*°S]GTPyS

binding occurs and the ECx, for the agonist is increased. Simulations of these effects
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have been reported (McLoughlin and Strange, 2000). The slope of the line relating
PECs, and log[GDP] reflects the affinities of the agonist for the G protein-coupled
and uncoupled states of the receptor and the sensitivity of the agonist/receptor/G
protein complex to GDP. Bromocriptine has been shown have similar affinities for
the coupled and uncoupled states (Gardner et al., 1997) so it is not surprising that it is

insensitive to GDP.

When higher concentrations of [**S]GTPyS (10 nM) were used, the potencies of the
two full agonists (NPA, dopamine) tested were sensitive to the effects of GDP.
Indeed the pEC50 was more sensitive to log[GDP] than at the lower concentration of
[**S]GTPyS (P<0.05). In contrast the potencies of the two partial agonists ((£)-7-OH-
DPAT, p-tyramine) were virtually independent of log[GDP], when assays were
performed at the higher [358]GTPyS concentration. A change in the mechanism of
[**S]GTPYS binding, from a GDP-dependent rate-determining step to a GDP-
independent rate-determining step, may have occurred for the partial agonists at the
higher concentration of [*S]GTPyS. The 100-fold increase in [*S]GTPyS
concentration also leads to a substantial increase (~100 fold) in the maximal rate of
[**SIGTPyS binding stimulated by dopamine. This increase in the maximal rate of
binding of [*S]GTPyS as the concentration is increased suggests that the rate-
determining step in the cycle at the lower concentration of [®S]GTPyS is the
[**S]GTPyS binding event. This reflects the rather low concentration of [*S]GTPyS
that is being used and similar conclusions have been reached by others using other
approaches (Waelbroeck, 2001). Agonists are able, therefore, to modulate directly

the rate of binding of [**S]GTPyS as has been suggested by Florio and Sternweis
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(Florio and Sternweis, 1989). Indeed, in the present study, agonists were able to
stimulate [*S]GTPyS binding in the absence of GDP supporting these ideas. This
underlines the idea that agonists are able to regulate the rate of [**S]GTPYS binding
and suggests that the G protein associated with receptor is a better substrate for
[**S]GTPyS binding than free G protein. In the present system, however, in the
absence of GDP the agonists all mediated the same maximal [*S]GTPyS binding i.e.
all appear as full agonists. There may, therefore, be a limit on the stimulation of
[35S]GTPyS binding possible in this system and in the absence of GDP this is

achieved by all the agonists tested here.

If, therefore, [**S]GTPyS binding is the rate determining step at the lower
concentration of [**S]GTPyS for all agonists, then the effect of the increase in
[**S]GTPyS concentration, and concomitant increase in overall rate may have lead to
a change in the rate-determining step for some agonists. For the partial agonists, at
the higher concentration of [**S]GTPyS, another, GDP-independent step may have
become rate-determining. In order for this process to be GDP-independent, it must be
subsequent to formation of AR*G and a likely candidate could be ternary complex
breakdown.  For the full agonists, the rate-determining step at the higher
concentration of [*>S]GTPyS is GDP dependent and most likely is the [*°S]GTPyS
binding event, although we cannot rule out that GDP release has become rate-

determining.
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The maximal agonist-stimulated [**S]GTPYS binding was reduced at both
concentrations of [*S]GTPYS as the GDP concentration was increased. The maximal
[**SIGTPyS binding reflects the rate of the slowest process in the cycle and the
amount of the different species in the cycle. At the lower concentration of
[*°S]GTPYS, where the rate reflects directly the [**S]JGTPYS binding process, the
effect of GDP on the maximal rate of [*S]GTPYS binding may result from a
reduction in the level of AR*G species following sequestration of G proteins as Ggpp
when the G protein cycle is at steady state. Although the potency of bromocriptine is
unaffected by changes in GDP (see above), the maximal [**S]GTPyS binding for this
compound is reduced by increased GDP supporting the above ideas. At the higher
[**S]GTPYS concentration, for the full agonists the binding event is still the slowest
process, whereas for the partial agonists, ternary complex breakdown may be the
slowest process in the cycle. Effects of GDP on maximal [*S]GTPyS binding rate
presumably reflect sequestration of G proteins reducing levels of AR*G and hence the

overall rate of the cycle.

As well as the effects of GDP on the maximal rates of [*>S]GTPYS binding there were
effects on the relative efficacies of the partial agonists. The maximal rates of
[**S]GTPYS binding of the partial agonists were more sensitive to GDP than those of
the full agonists, resulting in a reduction in relative efficacy for the two partial
agonists as GDP was increased. This suggests that differences in relative efficacy
may reflect differences in GDP sensitivity of different agonist/receptor/G protein
species i.e. full agonists are able to overcome G protein sequestration more than

partial agonists. For other GPCRs it has been shown that agonists may affect the
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affinity of the receptor for the G protein (Tota and Schimerlik, 1990). Thus different
AR*G complexes may appear differentially sensitive to GDP. The relative efficacies
of the partial agonists were also generally lower at higher [*>S]GTPYS and this may
reflect the change in rate determining step to ternary complex breakdown for which

the partial agonists are deficient relative to the full agonists.

In the present study bromocriptine stands out as having unusual properties in that its
potency for stimulation of [*S]GTPyS binding, when measured at 100 pM
[*°S]GTPyS, is insensitive to GDP unlike the potencies of the other agonists tested
(Figure 5). Bromocriptine exhibits similar behaviour in ligand binding assays in that
its binding is insensitive to guanine nucleotides unlike other agonists (see for
example (Gardner and Strange, 1998; Gardner et al., 1997)). We have suggested that
this reflects stabilisation by bromocriptine, in the absence of G protein coupling, of a
conformation of the receptor that is close to the conformation in the fully active G
protein-coupled state (Strange, 1999). Hence there is little difference in affinity

between the uncoupled and G protein-coupled forms of the receptor.

This study has, therefore, provided new information on the biochemical basis of the
distinction between full and partial agonists. Several steps in the G protein cycle are
agonist-dependent: GDP release from the G protein, [*°*S]GTPYS binding to the G
protein, breakdown of the ternary complex. In the experiments performed in this
report at the low concentration of [®S]GTPyS, the binding of [*S]GTPyS is the
slowest step and differential effects of agonists on this step reflect full and partial

agonism.  This conclusion is likely to apply to all [®*S]GTPyS binding assays

18
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performed on all GPCRs at these low concentrations of [*°S]GTPyS. At the higher
concentrations of [*°S]GTPyS, the rate of [*S]GTPyS binding increases ~100 fold
and, for the full agonists, ternary complex breakdown is still fast enough for a GDP-
dependent event, most likely the [*S]GTPYS binding event, to be rate determining.
For the partial agonists, however, another step, probably ternary complex breakdown
is slower and becomes rate determining. These conclusions are of some significance
in that the concentration of GTP in the cell is high (~50uM,(Jinnah et al., 1993;
Otero, 1990)) so that in cells partial agonism may be apparent because of this
limitation of the rate of ternary complex breakdown.

Given that the experiments conducted here at the higher concentration of [*°S]GTPYS
reflect more closely cellular conditions it should be possible to relate effects of
agonists on [*S]GTPyS binding performed under these conditions to experiments
performed on whole cells, for example examining effects of agonists to inhibit CAMP
accumulation (see for example (Payne et al., 2002)). The present set of data for the
higher [*>S]GTPYS concentration is not extensive enough to allow this correlation to
be examined but this will be an important aim for future work in relating these in

vitro assays to cellular assays.

19

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 31, 2004 as DOI: 10.1124/mol.104.004077
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 4077

References

Alder JT, Hacksell U and Strange PG (2003) Analysis of molecular determinants of
affinity and relative efficacy of a series of R- and S-2-(dipropylamino)tetralins
at the 5-HT1A serotonin receptor. Br J Pharmacol 138:1129-39.

Black JW and Leff P (1983) Operational models of pharmacological agonism. Proc R
Soc Lond B Biol Sci 220:141-62.

Castro SW and Strange PG (1993) Differences in the ligand binding properties of the
short and long versions of the D2 dopamine receptor. J Neurochem 60:372-5.

Clarke WP and Bond RA (1998) The elusive nature of intrinsic efficacy. Trends
Pharmacol Sci 19:270-6.

Colquhoun D (1998) Binding, gating, affinity and efficacy: the interpretation of
structure-activity relationships for agonists and of the effects of mutating
receptors. Br J Pharmacol 125:924-47.

De Lean A, Kilpatrick BF and Caron MG (1982) Dopamine receptor of the porcine
anterior pituitary gland. Evidence for two affinity states discriminated by both
agonists and antagonists. Mol Pharmacol 22:290-7.

De Lean A, Stadel JM and Lefkowitz RJ (1980) A ternary complex model explains
the agonist-specific binding properties of the adenylate cyclase-coupled beta-
adrenergic receptor. J Biol Chem 255:7108-17.

Egan C, Grinde E, Dupre A, Roth BL, Hake M, Teitler M and Herrick-Davis K
(2000) Agonist high and low affinity state ratios predict drug intrinsic activity
and a revised ternary complex mechanism at serotonin 5-HT(2A) and 5-

HT(2C) receptors. Synapse 35:144-50.

20

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 31, 2004 as DOI: 10.1124/mol.104.004077
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 4077

Florio VA and Sternweis PC (1989) Mechanisms of muscarinic receptor action on Go
in reconstituted phospholipid vesicles. J Biol Chem 264:3909-15.

Gardner B, Hall DA and Strange PG (1996) Pharmacological analysis of dopamine
stimulation of [35S]-GTP gamma S binding via human D2short and D2long
dopamine receptors expressed in recombinant cells. Br J Pharmacol
118:1544-50.

Gardner B and Strange PG (1998) Agonist action at D2(long) dopamine receptors:
ligand binding and functional assays. Br J Pharmacol 124:978-84.

Gardner BR, Hall DA and Strange PG (1997) Agonist action at D2(short) dopamine
receptors determined in ligand binding and functional assays. J Neurochem
69:2589-98.

Gettys TW, Sheriff-Carter K, Moomaw J, Taylor IL and Raymond JR (1994)
Characterization and use of crude alpha-subunit preparations for quantitative
immunoblotting of G proteins. Anal Biochem 220:82-91.

Hausdorff WP, Hnatowich M, O'Dowd BF, Caron MG and Lefkowitz RJ (1990) A
mutation of the beta 2-adrenergic receptor impairs agonist activation of
adenylyl cyclase without affecting high affinity agonist binding. Distinct
molecular determinants of the receptor are involved in physical coupling to
and functional activation of Gs. J Biol Chem 265:1388-93.

Jinnah HA, Page T and Friedmann T (1993) Brain purines in a genetic mouse model
of Lesch-Nyhan disease. J Neurochem 60:2036-45.

Kearn CS, Greenberg MJ, DiCamelli R, Kurzawa K and Hillard CJ (1999)
Relationships between ligand affinities for the cerebellar cannabinoid receptor

CB1 and the induction of GDP/GTP exchange. J Neurochem 72:2379-87.

21

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 31, 2004 as DOI: 10.1124/mol.104.004077
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 4077

Kenakin T (2002) Drug efficacy at G protein-coupled receptors. Annu Rev
Pharmacol Toxicol 42:349-79.

Lefkowitz RJ, Cotecchia S, Samama P and Costa T (1993) Constitutive activity of
receptors coupled to guanine nucleotide regulatory proteins. Trends
Pharmacol Sci 14:303-7.

Lowry O, Rosebrough N, Farr A and Randall R (1951) Protein measurement with the
folin phenol reagent. J Biol Chem 193:265-275.

McLoughlin DJ and Strange PG (2000) Mechanisms of agonism and inverse agonism
at serotonin 5-HT1A receptors. J Neurochem 74:347-57.

Mosser VA, Amana IJ and Schimerlik M1 (2002) Kinetic analysis of M2 muscarinic
receptor activation of Gi in Sf9 insect cell membranes. J Biol Chem 277:922-
3L

Otero AD (1990) Transphosphorylation and G protein activation. Biochem
Pharmacol 39:1399-404.

Payne SL, Johansson AM and Strange PG (2002) Mechanisms of ligand binding and
efficacy at the human D2(short) dopamine receptor. J Neurochem 82:1106-
17.

Raymond JR, Olsen CL and Gettys TW (1993) Cell-specific physical and functional
coupling of human 5-HT1A receptors to inhibitory G protein alpha-subunits
and lack of coupling to Gs alpha. Biochemistry 32:11064-73.

Ross EM (1989) Signal sorting and amplification through G protein-coupled

receptors. Neuron 3:141-52.

22

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 31, 2004 as DOI: 10.1124/mol.104.004077
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 4077

Ross EM and Wilkie TM (2000) GTPase-activating proteins for heterotrimeric G
proteins: regulators of G protein signaling (RGS) and RGS-like proteins. Annu
Rev Biochem 69:795-827.

Samama P, Cotecchia S, Costa T and Lefkowitz RJ (1993) A mutation-induced
activated state of the beta 2-adrenergic receptor. Extending the ternary
complex model. J Biol Chem 268:4625-36.

Seifert R, Wenzel-Seifert K, Gether U and Kobilka BK (2001) Functional differences
between full and partial agonists: evidence for ligand-specific receptor
conformations. J Pharmacol Exp Ther 297:1218-26.

Strange PG (1999) G-protein coupled receptors: conformations and states. Biochem
Pharmacol 58:1081-8.

Tota MR and Schimerlik M1 (1990) Partial agonist effects on the interaction between
the atrial muscarinic receptor and the inhibitory guanine nucleotide-binding
protein in a reconstituted system. Mol Pharmacol 37:996-1004.

Van Koppen CJ, Sell A, Lenz W and Jakobs KH (1994) Deletion analysis of the m4
muscarinic acetylcholine receptor. Molecular determinants for activation of
but not coupling to the Gi guanine-nucleotide-binding regulatory protein
regulate receptor internalization. Eur J Biochem 222:525-31.

Waelbroeck M (2001) Activation of guanosine 5'-[gamma-(35)S]thio-triphosphate
binding through M(1) muscarinic receptors in transfected Chinese Hamster
ovary cell membranes: 2. Testing the "two-states" model of receptor
activation. Mol Pharmacol 59:886-93.

Watson J, Collin L, Ho M, Riley G, Scott C, Selkirk JV and Price GW (2000) 5-

HT(1A) receptor agonist-antagonist binding affinity difference as a measure

23

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 31, 2004 as DOI: 10.1124/mol.104.004077
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 4077
of intrinsic activity in recombinant and native tissue systems. Br J Pharmacol
130:1108-14.

Weiss JM, Morgan PH, Lutz MW and Kenakin TP (1996) The cubic ternary complex

receptor-occupancy model. Ill. resurrecting efficacy. J Theor Biol 181:381-97.

Wilson J, Lin H, Fu D, Javitch JA and Strange PG (2001) Mechanisms of inverse
agonism of antipsychotic drugs at the D(2) dopamine receptor: use of a
mutant D(2) dopamine receptor that adopts the activated conformation. J
Neurochem 77:493-504.

Zhong H, Wade SM, Woolf PJ, Linderman JJ, Traynor JR and Neubig RR (2003) A
spatial focusing model for G protein signals. Regulator of G protein signaling

(RGS) protien-mediated kinetic scaffolding. J Biol Chem 278:7278-84.

24

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 31, 2004 as DOI: 10.1124/mol.104.004077
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 4077

Footnote

We thank the Wellcome Trust for financial support.

25

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 31, 2004 as DOI: 10.1124/mol.104.004077
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 4077

Figure Legends

Figure 1 G protein cycle. See text for discussion of the constituent steps.

Figure 2. Stimulation by agonists of [**S]GTPYS binding to membranes of CHO cells
expressing the D, dopamine receptor: effects of GDP on maximal [*S]GTPyS
binding and relative agonist efficacy for full and partial agonists. Membranes were
incubated with either 0.1nM (A, B) or 10 nM (C, D) [**S]GTPYS in the presence of
varying concentrations of GDP and maximal stimulatory concentrations of agonist as
described in the Methods section. Agonist concentrations were 100 uM dopamine
(m), 10 uM (£)-7-OH-DPAT (#), 10 uM NPA (A) and 1 mM para-tyramine (V).
Incubation times were 30 min (0.1 nM [**S]GTPyS) or 3 min (0.1 nM [*S]GTPyS).
Data shown are mean * sem, of 3-4 experiments with basal subtracted.

* P < 0.05; ** P < 0.01 for comparison of relative efficacy between 0.1 nM and 10
nM [®S]GTPyS (B and D) or for comparison of pmol.mg™ [®S]GTPyS binding from

that observed at 300 nM GDP (A and C).
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Figure 3. Stimulation of [*°*S]GTPyS binding by agonists in the absence of GDP.
Membranes of CHO cells expressing the D, dopamine receptor were incubated with
either dopamine (m), (x)7-OH-DPAT (¢), NPA (A) or p-tyramine (V) in the
presence of 0.1 nM [*S]GTPyS and the absence of added GDP as described in the
Methods section. The data shown represent a single experiment replicated as in Table
1. Concentration/response curves are fitted best by sigmoidal curves with Hill

coefficients of one.

Figure 4. Stimulation of [**S]GTPyS binding to membranes of CHO cells expressing
the D, dopamine receptor by agonists, effects of GDP on potency of dopamine (A,C)
and p-tyramine (B,D). Membranes were incubated with either 0.1nM (A, B) or 10
nM (C, D) [**S]GTPyS in the presence of varying concentrations of GDP and a range
of concentrations of agonist as described in the Methods section. The data shown
represent single experiments replicated as shown in Figure 5. Concentration/response

curves are fitted best by sigmoidal curves with Hill coefficients of one.

27

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 31, 2004 as DOI: 10.1124/mol.104.004077
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 4077

Figure 5. Stimulation of [**S]GTPYS binding to membranes of CHO cells expressing
the D, dopamine receptor by agonists, the relationship between GDP concentration
and agonist pECg at (A) 0.1 nM and (B) 10 nM [*S]GTPyS. Concentration-response
curves were constructed for dopamine (), bromocriptine (1), NPA (V¥), (£)-7-OH-
DPAT (X), quinpirole (e), B-phenylethylamine (#), m-tyramine (A) and p-tyramine
(<>) at the indicated GDP concentrations and the potency (ECs,) was determined as
in Figure 4 and the Methods section.

Data shown are mean + sem of 3-5 experiments performed in triplicate. For

statistical analysis see Table 3.
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Tables

TABLE 1. Stimulation of [**S]GTPyS binding by agonists in the absence of GDP.

PECs, Stimulation of [*S]GTPyS
(ECs0, NnM)  binding (pmol.mg protein'l)

dopamine 7.84£0.04 0.056 £ 0.012
(14)

(x)-7-OH-DPAT  8.21 £0.09 0.067 £0.013
(6)

NPA 10.00 £ 0.12 0.067 £0.018
0.1)

p-tyramine 5.48 £0.10 0.057 £0.013

(3310)

The stimulation of [*S]GTPyS binding by agonists was determined as described in
the Methods section in the absence of GDP. pECs, values were determined and
maximal effects expressed as the stimulation of [*S]GTPyS binding over basal in

pmol.mg protein™ . Maximal effects were not statistically different (P>0.05)
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TABLE 2. The binding of agonists to D, dopamine receptors

pKh PK| %Ry, Ki/Kp
(Khv nM) (Klv nM)
dopamine 7.61+£001 555+0.02 49+7 115
(24.5) (2820)
(x)-7-OH-DPAT 7.83+0.15 6.49+0.08 42+4 22
(14.8) (320)
NPA 10.03+£0.16 8.21+0.12 355 69
(0.09) (6.2)
p-tyramine 510+0.25 3.61+0.07 4010 31
(7940) (245000)

Agonist binding was determined in competition versus [*H]spiperone (~0.3 nM) in a
buffer containing Na* (100mM) as described in the Methods section. Data were fitted
best by a two-binding site model and analysed by non-linear regression to derive
dissociation constants for the higher (K;) and lower (K)) affinity sites and the

percentage of receptors in the high affinity state (%R;,). Data represent mean + sem of

3 experiments performed in triplicate.
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TABLE 3. The relationship between GDP concentration and agonist potency

Slope
0.1 nM 10 nM

[*S[GTPyS [*SIGTPyS
dopamine -0.31+£0.06 -0.47 £0.04
bromocriptine 0.02+0.04 ND
(x)-7-OH-DPAT -0.31+0.04 -0.20 £ 0.07
NPA -0.37 £ 0.06 -0.55+0.03
quinpirole -0.29 £ 0.05 ND
B-phenylethylamine -0.24 £ 0.05 ND
p-tyramine -0.32£0.03 -0.04 £0.09
m-tyramine -0.30 £ 0.04 ND

The slopes of the lines shown in Fig 5 were determined by linear regression. ND =
Not determined.

In the experiments at 0.1 nM [*S]GTPyS all compounds had similar slopes (P>0.05)
with the exception of bromcriptine.

In the experiments at 10nM [**S]GTPyS, the slope for 7-OH-DPAT was different
from 0 (P<0.05) and different from slopes for other compounds (P<0.05); the slope
for p-tyramine was not different from 0 (P>0.05), the slopes for dopamine and NPA
were different from slopes for 7-OH-DPAT and p-tyramine .

Slopes for NPA or dopamine were different at the two concentrations of [**S]GTPYS.
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Figure 4c,d
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