
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

1J.Tracy Alder, 2Uli Hacksell & *,1Philip G. Strange

1School of Animal and Microbial Sciences, University of Reading, Whiteknights, Reading, Berkshire RG6 6AJ U.K. and
2ACADIA Pharmaceuticals, 3911 Sorrento Valley Boulevard, San Diego, CA 92121, U.S.A

1 Factors influencing agonist affinity and relative efficacy have been studied for the 5-HT1A

serotonin receptor using membranes of CHO cells expressing the human form of the receptor and a
series of R-and S-2-(dipropylamino)tetralins (nonhydroxylated and monohydroxylated (5-OH, 6-OH,
7-OH, 8-OH) species).

2 Ligand binding studies were used to determine dissociation constants for agonist binding to the 5-
HT1A receptor:

(a) Ki values for agonists were determined in competition versus the binding of the agonist [3H]-8-OH
DPAT. Competition data were all fitted best by a one-binding site model.

(b) Ki values for agonists were also determined in competition versus the binding of the antagonist
[3H]-NAD-199. Competition data were all fitted best by a two-binding site model, and agonist
affinities for the higher (Kh) and lower affinity (Kl) sites were determined.

3 The ability of the agonists to activate the 5-HT1A receptor was determined using stimulation of
[35S]-GTPgS binding. Maximal effects of agonists (Emax) and their potencies (EC50) were determined
from concentration/response curves for stimulation of [35S]-GTPgS binding.

4 Kl/Kh determined from ligand binding assays correlated with the relative efficacy (relative Emax) of
agonists determined in [35S]-GTPgS binding assays. There was also a correlation between Kl/Kh and Kl/
EC50 for agonists determined from ligand binding and [35S]-GTPgS binding assays.

5 Simulations of agonist binding and effect data were performed using the Ternary Complex Model
in order to assess the use of Kl/Kh for predicting the relative efficacy of agonists.
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Introduction

The activation of G-protein-coupled receptors by agonists

depends on the binding of the agonist to the receptor and the

subsequent stabilisation of a complex of agonist/receptor/G

protein (the ternary complex, reviewed in Kenakin, 1993).

There is, however, little detailed knowledge as to how the

interaction of ligands with receptors leads to their activation.

This has been studied for the adrenoreceptors and dopamine

receptors by making mutations in residues at the ligand

binding site that are thought to contact ligands (see for

example Strader et al., 1994, Strange, 1996a, b; Ballesteros

et al., 2001b). These studies have highlighted important

electrostatic interactions between the cationic amino group

of ligands and an aspartic acid residue in the third membrane

spanning a-helix (TMIII), hydrophobic interactions between

aromatic moieties of the ligand and residues in TMVI, and

hydrogen bond interactions between hydroxyl groups of

ligands and serine residues in TMV.

A complementary method for analysing these interactions is

to examine series of ligands with similar structures and defined

changes in the functional groups. The affinity with which

ligands bind to the receptors may be determined using

radioligand binding studies. The relative efficacy and potency

of ligands for receptor activation may be determined using a

variety of assays, but a very useful method for receptors that

couple to Gi/o proteins is to analyse the activation of G

proteins by determining agonist stimulation of [35S]-GTPgS
binding.

For the D2 dopamine receptor, using these methods

it has been possible to probe the interactions made by

agonists in binding to the receptor and in its activation

(Payne et al., 2002). Using a homologous series of hydro-

xylated 2-(dipropylamino)tetralin (DPAT) ligands, it was

found that hydroxyl groups on these agonists served to

determine both potency and efficacy of ligands, and this

may reflect important interactions with TMV (Payne et al.,

2002). Compounds lacking hydroxyl groups behaved as

full agonists so that for these compounds the principal*Author for correspondence; E-mail: P.G.Strange@rdg.ac.uk
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interactions with the receptor are likely to be with residues

in TMIII and TMVI (Payne et al., 2002). This is consistent

with studies on rhodopsin and the b2 adrenoreceptor, where

it has been shown that the principal conformational change

that occurred upon activation of these proteins was between

TMIII and TMVI (Farrens et al., 1996; Ballesteros et al.,

2001a).

The 5-HT1A serotonin receptor is an important site of action

of the neurotransmitter serotonin and may be important for

the actions of novel anxiolytics and antipsychotics. The

determinants of ligand affinity and efficacy have been less

well defined for the 5-HT1A serotonin receptor. Mutagenesis

studies have been performed on some of the residues

that might interact with ligands such as Asp 82 in

TMIII and Ser 198 and Thr 199 in TMV (Ho et al., 1992;

Chanda et al., 1993). Although the results suggest that

these residues may be important for ligand interaction,

the characterisation was performed using radiolabelled

agonists; hence it is difficult to distinguish effects of the

mutations on the binding of ligands and on the conformational

changes involved in agonist binding and coupling to G

proteins.

Agonist binding studies have, for several G-protein-coupled

receptors, also provided valuable information on models of

receptor activation. For many G-protein-coupled receptors,

agonist binding curves may be resolved into two classes of sites

(higher and lower affinity, see for example De Lean et al.,

1980; Wreggett & De Lean, 1984). The occurrence of the

higher affinity site depends on receptor/G protein coupling,

and it has been proposed that the ratio of dissociation

constants of the agonist for the lower and higher affinity sites

(Kl/Kh ratio) may provide a measure of the ability of an agonist

to stabilise the ternary complex and hence its relative efficacy.

In principle, this enables the relative efficacy of the agonist to

be predicted from ligand binding experiments. This has been

tested for several G-protein-coupled receptors including the 5-

HT1A serotonin receptor. In some cases correlations are seen

between the Kl/Kh ratio and relative efficacy values of agonists

(see for example De Lean et al., 1980; Evans et al., 1985;

Fitzgerald et al., 1999), but not in other studies (Sibley &

Creese, 1983; Fisher et al., 1984; Gardner et al., 1997; Gardner

& Strange, 1998).

In the present report, therefore, we have tested a

series of homologous hydroxylated 2-(dipropylamino)tetralins

(Figure 1) for their ability to bind to the human 5-HT1A

serotonin receptor expressed in CHO cells (CHO-5-HT1A

cells) and to activate it as assessed using [35S]-GTPgS
binding. The binding of these ligands has been determined

in competition versus [3H]-8-OH DPAT and [3H]-NAD-199.

[3H]-8-OH DPAT is an agonist radioligand that has been

shown to label the 5-HT1A receptor coupled to G proteins

(Newman-Tancredi et al., 1992). [3H]-NAD-199 is an antago-

nist radioligand that has been shown to label the free and

G-protein-coupled forms of the 5-HT1A receptor (Jerning et al.,

1998; Malmberg & Strange, 2000). The use of the two

radioligands enables estimates of agonist affinity to be made

at the higher and lower affinity sites. These ligand binding data

have been used in the present report together with functional

studies using [35S]-GTPgS binding to assess the nature

of agonist interactions with the receptor and to assess the

use of the Kl/Kh ratio as a predictor of the relative efficacy of

agonists.

Methods

Chemicals

[3H]-8-OH-DPAT (7.4–8.9 TBq mmol�1) and [35S]-GTPgS (37–

55 TBq mmol�1) were from Amersham Pharmacia (Amer-

sham, U.K.) and [3H]-NAD-199 (0.81 TBq mmol�1) was a

generous gift from AstraZeneca (Sodertalje, Sweden). The 2-

(dipropylamino)tetralins were synthesised in Uppsala, Sweden.

Dithiothreitol, GDP, l-glutamine, HEPES, RPMI 1640

medium and serotonin were obtained from Sigma Chemical

Company (Poole, Dorset, U.K.). Foetal bovine serum was

from Life Technologies Ltd. (Paisley, U.K.). Phosphate

buffers and salts (NaCl, KCl, MgSO4) were obtained from

Merck Ltd (Lutterworth, Leicestershire, U.K.).

Cell culture and membrane preparation

CHO-5-HT1A cells (derived as described in Newman-Tancredi

et al., 1992) were grown in RPMI 1640 medium supplemented

with 2 mm l-glutamine and 10% foetal bovine serum (v/v) in a

humidified atmosphere of 5% CO2 at 371C. Cell membranes

were prepared when cells reached confluency in 175 cm2 flasks,

essentially as described by Castro & Strange (1993). Briefly,

cells were washed with 5 ml ice-cold HEPES buffer (20 mm

HEPES, 5 mm MgSO4, pH 7.4). Cells were removed from the

flask surface by gentle agitation with glass beads (2 mm

diameter) and 5 ml HEPES buffer and homogenised using 30

up–down strokes of a Dounce homogeniser. The homogenate

was centrifuged at 1700� g for 10 min at 41C, and the resulting

supernatant was centrifuged at 48000� g for 1 h at 41C. The

pellet was resuspended in HEPES buffer at a protein

concentration of approximately 4 mg ml�1 (determined by the

method of Lowry et al., 1951) and stored in aliquots at �701C.

[3H]-8-OH-DPAT binding assays

For saturation analyses, cell membranes (25 mg) were incu-

bated in triplicate with [3H]-8-OH-DPAT (0.025–10 nm) in a

final volume of 1 ml HEPES buffer (20mm HEPES, 5mm

MgSO4, pH 7.4 containing 0.1 mm dithiothreitol) for 2.5 h at
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Figure 1 Structures of compounds used. The unhydroxylated and
the 5-OH, 6-OH, 7-OH, 8-OH DPAT molecules are used in both the
R- and S-series.
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251C. Nonspecific binding was determined in the presence of

10 mm serotonin for each [3H]-8-OH-DPAT concentration. For

competition binding assays, cell membranes (25 mg) were

incubated with 0.25 nm [3H]-8-OH-DPAT and competing

ligand in a final volume of 1 ml HEPES buffer (as above)

and nonspecific binding was determined in the presence of

10 mm serotonin. The assays were terminated by rapid filtration

(through Whatman GF/C filters, Whatman International Ltd,

Maidstone, Kent, U.K.) using a Brandel cell harvester

followed by four washes with 4 ml of ice-cold phosphate-

buffered saline (0.14m NaCl, 3 mm KCl, 1.5 mm KH2PO4,

5 mm Na2HPO4, pH 7.4). Filters were soaked in 2 ml

scintillation fluid (Optiphase Hisafe 3, Wallac UK Ltd, Milton

Keynes, Bucks, U.K.) for at least 6 h and radioactivity was

determined by liquid scintillation spectrometry.

[3H]-NAD-199 binding assays

[3H]-NAD-199 binding was carried out in an identical HEPES

buffer to that for [3H]-8-OH-DPAT binding. For saturation

analyses, cell membranes (15 mg) were incubated in triplicate

with [3H]-NAD-199 (0.025–10 nm) in a final volume of 1 ml for

2.5 h at 251C. Nonspecific binding was determined in triplicate

for each concentration of [3H]-NAD-199 by the inclusion of

10 mm serotonin. For competition assays, cell membranes (7–

15 mg, depending on Bmax to maintain bound radioligand at less

than 10% of the total) were incubated with 0.5 nm [3H]-NAD-

199 and competing ligand in triplicate as described above.

Assays were terminated and radioactivity was determined as

for [3H]-8-OH-DPAT-binding assays.

[35S]-GTPgS binding assays

[35S]-GTPgS binding assays were carried out essentially as

described by Gardner et al. (1996). Cell membranes (12.5–

20 mg) were preincubated in triplicate in HEPES buffer (20 mm

HEPES, 10 mm MgCl2, 100 mm NaCl, pH 7.4) containing

0.1 mm dithiothreitol, 1mm GDP and ligands in a volume of

0.9 ml for 30 min at 301C. Following this preincubation, 100 ml

of [35S]-GTPgS was added to give a final concentration of

100 pM [35S]-GTPgS, and the reaction mixture was incubated

for a further 30 min at 301C. The assay was terminated and

bound radioactivity was determined as described for [3H]-8-

OH-DPAT assays.

Simulations of agonist binding and receptor activation
using the Ternary Complex Model

The Ternary Complex Model (Figure 2) was used to simulate

agonist binding and agonist activity curves. The model

assumes association constants (KA and KAG) for agonist

binding to the uncoupled and coupled forms of the receptor

and an equilibrium constant (J) for the interaction of R and G.

It assumes that receptor activity is determined by the amounts

of RG and ARG present.

For the model in Figure 2, the following equations may be

written:

KA ¼ ½AR�
½A�½R�

KAG ¼ ½ARG�
½A�½RG�

J ¼ ½RG�
½G�½R�

If Rt and Gt are the total concentrations of receptor and G

protein, respectively, then we may write

½Rt� ¼ ½R� þ ½RG� þ ½AR� þ ½ARG�
½Gt� ¼ ½G� þ ½RG� þ ½ARG�

Hence

½Rt� ¼ ½R�ð1 þ ½G�Jþ½A�KAþ½A�KAG½G�JÞ
½Gt� ¼ ½G�ð1 þ ½R�Jþ½A�KAG½R�JÞ

These equations may be simplified by writing:

X ¼ 1 þ ½A�KA

Y ¼ J þ ½A�KAGJ

Then

½Rt� ¼ ½R�ðX þ ½G�YÞ
½Gt� ¼ ½G�ð1 þ ½R�YÞ

solving these equations for [G] and taking the positive root

gives

½G� ¼ �bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2 � 4ac
p

2a

where

a ¼ Y

b ¼ YRt þ X � GtY

c ¼ �GtX

The concentration of bound agonist [Abound] is then given by

the equation

Abound¼ ½AR� þ ½ARG�

Hence [Abound]¼ [A][R]KA+[A][R]KAGJ[G]

½Abound� ¼ ½Rt�
½A�ðKA þ KAGJ½G�Þ

1 þ ½A�KA þ ½G�ðJ þ ½A�KAGJÞ

½Abound� ¼ ½Rt�
½A�ðKA þ KAGJ½G�Þ

X þ ½G�Y

½Abound�
½Rt�

¼ ½A�ðKA þ KAGJ½G�Þ
X þ ½G�Y

R   +  G                        RG

KA
                        KAG

AR +  G                        ARG 

J

Figure 2 Ternary Complex Model for the interaction of a receptor
(R) and a G protein (G) and the binding of an agonist (A) to the
receptor. The model is described in detail in the Methods section.
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For agonist activation of receptor, it was assumed that the

response depended linearly on [RG]+[ARG]. The maximum

response in the system will then be given when

[RG]+[ARG]¼ [Rt].

Hence the fractional response (E) in the presence of agonist

[A] is

¼ ½RG� þ ½ARG�
½Rt�

¼ J½R�½G� þ KAG½A�J½R�½G�
½Rt�

¼ J½G� þ KAG½A�½G�J
1þ½A�KA þ ½G�ðJ þ ½A�KAGJÞ

¼ J½G� þ KAG½A�½G�J
Xþ½G�Y

Simulations were performed in Excel with either a fixed

value of KA and varying values of KAG or a fixed value of KAG

and varying values of KA to simulate agonists with different

abilities to stabilise the RG state. The simulated data obtained

and the parameters assumed are given in the Results section.

Values for Kl and Kh were derived from the simulated agonist

binding curves (Abound) by fitting in GraphPad Prism 3.0

(GraphPad Software, San Diego, CA, U.S.A.). Values for

EC50 and Emax (as a percentage of the maximum system

response) were derived from the simulated agonist

activity curves (E) by fitting in Prism. These values are given

in Table 5.

Data analysis

Radioligand binding data were analysed by nonlinear regres-

sion analysis using Prism. The equilibrium dissociation

constants (Kd) of [3H]-8-OH-DPAT and [3H]-NAD-199 were

derived from standard saturation isotherm analysis. The free

concentration of radioligand was determined by subtracting

the total bound concentration from the added concentration.

Competition binding experiments were assumed to fit best to a

one-site model unless a two-site model provided a statistically

better fit; statistical significance was determined using an F

test. The inhibition constants (Ki, Kh, Kl) were calculated from

IC50 values as described by Cheng & Prusoff (1973).

Concentration/response curves for agonist stimulation of

[35S]-GTPgS binding were analysed using equations for a

sigmoidal concentration/response relation with a Hill coeffi-

cient of 1 providing values for the EC50 and maximal

stimulation (Emax) expressed as a percentage of the maximal

response given by serotonin. Statistical significance was

determined using an unpaired Student’s t-test. Correlations

were analysed and statistical significance was determined using

the Pearson correlation coefficient.

Results

Saturation analyses with [3H]-8-OH DPAT and [3H]-
NAD-199

The two radioligands [3H]-8-OH DPAT and [3H]-NAD-199

bound with high affinity and in a saturable manner to

membranes of the CHO-5-HT1A cells. In all cases, the data

fitted best to a one-binding site model (Po0.05). The ligand

binding parameters were as follows: [3H]-8-OH DPAT–Bmax

1.8570.24 pmol mg�1, pKd 9.1070.09 (Kd 0.8 nm); [3H]-NAD-

199–Bmax 5.2271.26 pmol mg�1, pKd 9.9170.09 (Kd 0.12 nm)

(mean7s.e.m., n¼ 3).

Competition ligand binding studies with [3H]-8-OH
DPAT

The R- and S-enantiomers of DPAT and 5-OH, 6-OH, 7-OH

and 8-OH DPAT (Figure 1) were analysed in competition

versus the binding of [3H]-8-OH DPAT to membranes of

CHO-5-HT1A cells. Competition curves were fitted best by

one-binding site models in all cases (Po0.05) and the different

ligands competed with different potencies (Figure 3). Ki values

were derived and these are given in Table 1.

Competition ligand binding studies with [3H]-NAD-199

The R- and S-enantiomers of DPAT and 5-OH, 6-OH, 7-OH

and 8-OH DPAT were analysed in competition versus the

binding of [3H]-NAD-199 to membranes of CHO-5-HT1A cells

(Figure 4). Competition curves were characterised by Hill

coefficients less than 1 and a two-binding site model provided

the best fit to the data (Po0.05) in all cases. Values for the

dissociation constants for the higher and lower affinity sites

(Kh, Kl) and the percentage of higher affinity sites are given in

Table 2. In most cases, there was good agreement between Kh

derived in these assays and Ki derived versus [3H]-8-OH DPAT.

Exceptions were for S-5-OH, R-6-OH and S-6-OH DPAT,

where these values were statistically different (comparisons of

pKi and pKh values, Po0.05).

Effects of agonists to stimulate [35S]-GTPgS binding

Concentration–response curves were obtained for each agonist

to stimulate [35S]-GTPgS binding to membranes of CHO cells

expressing the human 5-HT1A serotonin receptor (Figure 5).

Stimulation of [35S]-GTPgS binding occurred at different

potencies for each compound and to different maximal extents.
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Figure 3 Inhibition of [3H]-8-OH DPAT binding to human 5-HT1A

serotonin receptors expressed in CHO cells by agonists. [3H]-8-OH
DPAT binding was determined as described in the Methods section.
The data are from representative experiments replicated as in
Table 1. Data were fitted to one and two-binding site models using
Prism, and the curves shown are for one-binding site models that
provided the best fit to the data in all cases (Po0.05).
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Table 1 Competition of agonists versus [3H]-8-OH DPAT binding to membranes of CHO cells expressing the human 5-HT1A receptor

Ligand DPAT 5-OH DPAT 6-OH DPAT 7-OH DPAT 8-OH DPAT
enantiomer R S R S R S R S R S

pKi7s.e.m. 7.9470.12 6.9770.23 6.3170.10 6.6570.15 5.8670.07 5.5470.06 7.2170.08 6.5070.05 9.4170.07 9.2770.09
(Ki (nm)) (11.5) (108) (492) (223) (1371) (2865) (62) (316) (0.39) (0.53)
n 3 3 4 4 4 4 4 4 5 5

The binding of a series of agonists was determined in competition versus [3H]-8-OH DPAT as described in the Methods section.
Competition curves were fitted well by one-binding site models in all cases (Po0.05) and Ki values (pKi mean7s.e.m., n experiments) are
recorded.
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Figure 4 Inhibition of [3H]-NAD-199 binding to human 5-HT1A

serotonin receptors expressed in CHO cells by agonists. [3H]-NAD-
199 binding was determined as described in the Methods section.
The data are from representative experiments replicated as in
Table 2. Data were fitted to one and two-binding site models using
Prism, and the curves shown are for two-binding site models that
provided the best fit to the data in all cases (Po0.05).
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Figure 5 Stimulation of [35S]-GTPgS binding by agonists via
human 5-HT1A serotonin receptors expressed in CHO cells. [35S]-
GTPgS binding was determined as described in the Methods section.
The data are from representative experiments replicated as in
Table 3. Data were analysed using Prism, and the curves shown are
sigmoidal concentration/response curves with Hill coefficients of 1
that provided the best fit to the data in all cases (Po0.05).

Table 2 Competition of agonists versus [3H]-NAD-199 binding to membranes of CHO cells expressing the human 5-HT1A receptor

Ligand DPAT 5-OH DPAT 6-OH DPAT 7-OH DPAT 8-OH DPAT
enantiomer R S R S R S R S R S

pKh7s.e.m. 8.2270.05 7.7470.19 6.5370.23 7.4870.18 6.3270.09 7.0470.36 7.4570.13 6.8470.20 9.2670.12 9.7670.33
(Kl(nm)) (6.0) (18) (280) (33) (480) (92) (35) (145) (0.55) (0.18)
pKl7s.e.m 6.0970.01 5.9670.03 5.0770.13 5.5470.13 4.6170.12 5.2270.06 5.5770.04 5.4270.09 7.2470.05 7.8170.10
(Kl(nm)) (813) (1109) (8433) (2884) (24320) (5984) (2685) (3784) (58) (15)
Rh7s.e.m % 51.074.0 49.174.5 51.4712.1 38.677.9 40.673.5 21.675.2 53.370.8 47.575.8 44.777.4 38.474.6
n 3 3 3 4 8 3 4 4 6 4

The binding of a series of agonists was determined in competition versus [3H]-NAD-199 as described in the Methods section. Competition
curves were fitted well by two-binding site models in all cases (Po0.05), and Kh, Kl and percentage higher affinity site (Rh) values (mean7
s.e.m., n experiments) are recorded.

J.T. Alder et al Affinity and efficacy at the 5-HT1A receptor 1133

British Journal of Pharmacology vol 138 (6)



The maximal stimulation of [35S]-GTPgS binding was deter-

mined relative to that given by a maximally stimulating

concentration of serotonin and the potency (EC50) and relative

efficacy (percentage of maximal serotonin effect, Emax) data are

given in Table 3.

Simulations of agonist binding and receptor response
according to the Ternary Complex Model

Data for agonist binding and agonist activation of G proteins

were simulated using equations derived from the Ternary

Table 3 Stimulation of [35S]-GTPgS binding by agonists in membranes of CHO cells expressing the human 5-HT1A receptor

Ligand
enantiomer

DPAT 5-OH DPAT 6-OH DPAT 7-OH DPAT 8-OH DPAT
R S R S R S R S R S

pEC507s.e.m. 7.1470.07 6.6970.15 5.5770.16 5.8570.23 5.4470.19 5.3170.39 6.3670.11 5.6970.10 8.2770.05 8.1370.08
(EC50) (72) (206) (2669) (1409) (3656) (4878) (435) (2059) (5.4) (7.4)
Emax7s.e.m
(% serotonin)

96.473.8 83.475.8 67.876.7 65.976.7 57.0710.3 25.678.9 80.876.5 64.376.1 93.073.8 92.174.1

Stimulation of [35S]-GTPgS binding was determined as described in the Methods section, and the EC50 and maximal response (Emax, as a
percentage of the maximal serotonin response) were determined. The data are mean7s.e.m, derived from three to seven experiments for
EC50 values and from seven experiments for the maximal response.
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Figure 6 Simulation of agonist binding and G protein activation according to the Ternary Complex Model. The Ternary Complex
Model (Figure 2) was used as described in the Methods section, and two simulations were performed with values of parameters as
follows: Simulation 1: KA 104

m
�1; KAG (m�1) 108, 3.33� 107, 107, 5� 106, 3.33� 106, 2� 106, 106; J 108

m
�1; [R]¼ 2� 10�10

m,
[G]¼ 10�10

m. Simulation 2 KA (m�1) 8� 103, 3� 104, 8� 104, 1.5� 105, 2.5� 105, 4� 105, 8� 105, 2� 106; KAG 108
m

�1; J 108
m

�1;
[R]¼ 2� 10�10

m, [G]¼ 10�10
m. Data from the two simulations are given in Table 5 and the derived parameters were amalgamated

in subsequent analyses (Figures 7 and 8). Panels a and b (simulations 1 and 2, respectively) show agonist binding expressed as
percentage inhibition of the binding of a radioligand that does not discriminate coupled and uncoupled forms of the receptor at a
radioligand concentration much less than its dissociation constant. Panels c and d (simulations 1 and 2, respectively) show agonist
activation of G proteins with response (E) expressed as a percentage of the maximal response in the system.
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Complex Model (Figure 2). Data were simulated for a range of

agonists with either the same affinity for the uncoupled

receptor (KA¼ 104
m

�1) and differing abilities to bind to the G-

protein-coupled form of the receptor (varying KAG) or

differing abilities to bind to the uncoupled receptor (varying

KA) and the same affinity to bind to the coupled form of the

receptor (KAG ¼ 108
m

�1) (see Figure 6 for the parameters used

and the resulting simulated data). The data derived from the

two sets of simulations were analysed using Prism. Simulated

agonist binding data were all fitted best by a two-binding site

model (Po0.05) from which dissociation constants for the

higher and lower affinity sites (Kl, Kh) could be determined

(Figure 6). The data are expressed in Figure 6 as the percentage

inhibition of the binding of a radioligand that does not

discriminate the coupled and uncoupled forms of the receptor

and at a concentration much less than its dissociation

constant. The percentage of receptors in the higher affinity

state varied between B50% for high values of KAG/KA and

B30% for low values of KAG/KA. Kl/Kh ratios were calculated

from the data (Table 5). Simulated receptor activation data

were fitted best (Po0.05) by sigmoidal concentration/response

curves with Hill coefficients close to 1. The Hill coefficients

varied from 0.88 for high values of KAG/KA to 0.98 for

low values of KAG/KA. The maximal agonist response

(Emax, expressed as a percentage of the maximum system

response) and the concentration of agonist giving a half

maximal response (EC50) were determined from the curves and

the Kl/EC50 ratio was derived.

For these two sets of simulated data, the relation between

Emax and Kl/Kh is hyperbolic, with high values of Kl/Kh

giving Emax values of 100% (Figure 7a). A correlation

between the two quantities is observed (r2¼ 0.962, Po0.05,

Figure 7b) if the data are plotted in the form of a double

reciprocal plot, although the relation is not a linear one. Kl/

EC50 and Kl/Kh are highly correlated (r2¼ 0.9996, Po0.05,

Figure 8).

Discussion

In this study, we have used a homologous series of 2-

(dipropylamino)tetralins to probe the structural requirements

of agonist binding and receptor activation at the 5-HT1A

serotonin receptor. We have also examined whether agonist

binding data may be used to predict the relative efficacy for

this series of agonists. The results provide some insights into

the structural requirements in agonists at this receptor as well

as the mechanisms of receptor activation.

Table 4 Efficacy parameters

Ligand
enantiomer

DPAT 5-OH DPAT 6-OH DPAT 7-OH DPAT 8-OH DPAT
R S R S R S R S R S

Kl/Kh 98.0 25.1 22.2 33.5 29.9 11.7 57.4 17.7 126.1 48.4
Kl/EC50 11.3 5.4 3.2 2.0 6.7 1.2 6.2 1.8 10.7 2.0

Kl/Kh and Kl/EC50 ratios were determined from the data in Tables 1–3 as described in the text. Kl was defined using competition versus
[3H]-NAD-199, and Kh was derived from the mean of the pKh and pKi values derived in competition versus [3H]-NAD-199 and [3H]-8-OH
DPAT, respectively.

Table 5 Simulations of agonist binding and receptor activation using the Ternary Complex Model

Simulation 1

log KAG

8 7.522 7 6.699 6.522 6.301 6

%Emax 99 97 91 85 80 72 58
EC50 682 1985 6014 10,780 14,800 21,340 33,050

Kl/Kh 152.9 54.8 19.0 10.9 7.9 5.5 3.5
Kl 89,580 88,190 86,650 86,980 88,080 89,330 91,360
Kl/EC50 131.3 44.4 14.4 8.1 6.0 4.2 2.8

Simulation 2
log KA

3.903 4.477 4.903 5.176 5.398 5.602 5.903 6.301

%Emax 99 97 93 88 82 75 63 43
EC50 684 661 616 566 514 456 361 237

Kl/Kh 189 54.7 23.1 13.6 9.1 6.4 3.9 2.4
Kl 113,100 29,200 108,20 5841 3530 2214 1161 467
Kl/EC50 165 44.2 17.6 10.3 6.9 4.9 3.2 2.0

Simulations were performed for the Ternary Complex Model as described in the Methods section and in the legend to Figure 6. Values for
Kl and Kh were determined from simulated ligand binding data, and values for EC50 and Emax were determined from simulated response
data. Kl and EC50 are given in nM.
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Agonists have been tested in competition ligand binding

assays versus two radioligands, the agonist [3H]-8-OH DPAT

and the antagonist [3H]-NAD-199, in order to provide

estimates of the dissociation constants of the higher and lower

affinity agonist binding sites (Kh, Kl). In competition versus

[3H]-8-OH DPAT all of the ligands gave data that were fitted

best by a one-binding site model. [3H]-8-OH DPAT has been

shown to label the 5-HT1A receptor coupled to G proteins

(Newman-Tancredi et al., 1992). In competition experiments

versus [3H]-NAD-199 all of the ligands gave data that could be

resolved into two sets of sites. [3H]-NAD-199 is a recently

introduced radioligand (Jerning et al., 1998; Malmberg and

Strange, 2000) that has been shown to label the 5-HT1A

receptor coupled to G protein and uncoupled from G proteins.

The lower affinity sites observed in competition versus [3H]-

NAD-199 correspond to agonist binding to the free receptor

uncoupled from G protein and should provide estimates of Kl.

There is mostly good agreement between the affinities of the

ligands for the higher affinity site determined in competition

versus [3H]-NAD-199 and the affinity derived in competition

versus [3H]-8-OH DPAT, both of which should provide

estimates of ligand affinities for the higher affinity sites (Kh).

In some cases, the two affinity estimates differ slightly, with a

higher affinity being seen in competition versus [3H]-NAD-199.

Two possible sources of this difference may be proposed.

There may be difficulties in analysing a competition curve into

two sites when the compound has a low affinity and the

competition is not complete, for example, R- and S-6-OH

DPAT. Also, there may be complexities in competition

experiments versus [3H]-8-OH DPAT, which is a racemic

mixture of two enantiomers that bind with different affinities

to the receptor, whereas [3H]-NAD-199 is a single enantio-

meric species. In subsequent analyses using Kh, the mean of the

two estimates (pKh versus [3H]-NAD-199, pKi versus [3H]-8-OH

DPAT) was used.

One of the aims of the present study was to determine the

structural features in the agonists used that are responsible for

agonist binding to the 5-HT1A receptor and subsequent

responses. In considering agonist binding, there are two sets

of data for dissociation constants (Kh and Kl). Kh depends on

agonist binding to the free receptor and the conformational

change involved in coupling to the G protein. Values of Kh,

therefore, cannot be used for structure–activity studies as

changes in agonist structure could affect both agonist binding

and the conformational change. The lower affinity agonist

binding sites (Kl) correspond to the uncoupled receptor and so

Kl may be used to consider the relation between structure and

binding affinity. Even for Kl, however, some components of

relative efficacy may be included depending on the extent of

agonist-dependent conformational changes upon binding to

uncoupled receptor (Colquhoun, 1998; Strange, 1999).

In the series of compounds tested, the nonhydroxylated

species, R- and S-DPAT, both exhibit similar binding affinities

(Kl) of about 1mm. These compounds exhibit a similar binding

affinity for the D2 dopamine receptor (Coley et al., 2000;

Payne et al., 2002), and this may reflect the binding energy of

electrostatic interactions between the cationic amino group

and the receptor and hydrophobic interactions between the

dipropyl groups and the aromatic moiety of the ligand with the

receptor. The sum of these interactions may be similar in

magnitude for the D2 and 5-HT1A receptors. The addition of

hydroxyl groups to these compounds then has variable effects

on Kl for the 5-HT1A receptor. Both R- and S-enantiomers of

8-OH DPAT show the highest binding affinity (in terms of Kl)

for the 5-HT1A receptor, and there is a slight preference (Bfour

fold) in favour of the S-enantiomer. Hence, addition of the 8-

OH group is very favourable in this series of compounds for

the 5-HT1A serotonin receptor. Addition of 5-OH, 6-OH and
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Figure 7 Relation between Emax and Kl/Kh. Data for Emax derived
from the simulations of Figure 6 (see Table 5 for parameters) are
plotted versus Kl/Kh (a), and as 1/Emax versus (Kl/Kh)

�1 (b).
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derived from the simulations of Figure 6 (see Table 5 for parameters)
are plotted versus Kl/Kh.
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7-OH groups was unfavourable for binding to the lower

affinity site in each case, although in some cases the effects

were small, for example, 7-OH DPAT. Thus, for the 5-HT1A

serotonin receptor there is a strong productive interaction

between the 8-OH group on the ligand and groups on the

receptor. Possible candidate residues for interaction with the 8-

OH groups would be Ser 198, Thr 199. Surprisingly, however,

the 8-OH group exerts this effect for both the R- and S-

enantiomers of this compound. This is discussed in more detail

below.

A similar pattern is seen for the ability of these ligands to

stimulate [35S]-GTPgS binding. R-DPAT and the R- and S-

enantiomers of 8-OH DPAT are full agonists in this assay

system, and the compounds with other substitution patterns

exhibit lower maximal effects. The rank orders of potencies

(EC50) and binding affinities (Kl) for this series of ligands are

similar although not identical, but there is a correlation

between the two sets of parameters (r2¼ 0.941, Po0.01). It is

of interest that the unhydroxylated R-DPAT is a potent full

agonist at the 5-HT1A receptor as similar observations have

been made for this compound for the D2 dopamine receptor

(Payne et al., 2002). This shows that interaction between a

hydroxyl group on the agonist and residues on the receptor

(TMV) is not essential for full activation. Under these

circumstances, the principal interactions between agonist and

receptor may be between the cationic amino group of the

agonist and the aspartate in TMIII and between the aromatic

ring of the agonist and aromatic residues in TMVI of the

receptor. This is consistent with physical and mutational

analyses of activation of rhodopsin and the b2 adrenoreceptor

(Farrens et al., 1996; Ballesteros et al., 2001a) showing that the

principal conformational changes occurred between TMIII

and TMVI in these proteins. The enantiomers of 8-OH DPAT

are both potent full agonists. It is clear that there is an

interaction of the 8-OH group with the receptor as there is a

substantial difference in the affinity and potency data for the 8-

OH and unhydroxylated compounds. Nevertheless, the two

enantiomers of 8-OH DPAT have similar properties in terms

of receptor activation. This could reflect the two enantiomers

adopting different conformations so that the principal inter-

acting groups are in similar positions. The enantiomers of

5-OH and 7-OH DPAT, however, exhibit substantial stereo-

selectivity for both ligand binding and receptor activation for

the D2 dopamine receptor (Payne et al., 2002). For the D2

dopamine receptor, therefore, such 2-(dipropylamino)tetralins

do not seem to adopt different conformations. For the 5-HT1A

receptor, Mellin et al. (1991) have suggested, using pharma-

cophore analysis, that the two enantiomers of this compound

do not adopt different conformations, but rather they bind in

different orientations. In these two orientations the amino

group and aromatic ring are in similar relative orientations,

but the 8-OH groups are in quite different positions within

the receptor binding site. This suggests that the 5-HT1A

receptor can be activated in two ways with different

interactions between ligand and receptor. Similarly, it has

been shown that the D2 dopamine receptor may be activated

by 2-(dipropylamino)tetralins in different orientations,

depending on their hydroxyl substitution pattern (Payne

et al., 2002).

Another aim of this study was to examine whether ligand

binding data for higher and lower affinity sites (Kl/Kh ratio)

may be used to predict the relative efficacies of agonists. The

principal measure of relative efficacy that has been used is the

maximal effect in [35S]-GTPgS binding assays (Emax), but we

have also determined the ratio of the lower affinity dissocia-

tion constant to the potency for stimulation of [35S]-GTPgS
binding (Kl/EC50) as a second measure of this (Table 4). The

Kl/EC50 ratio is a measure of the amplification of signal from

ligand binding to response and so should reflect agonist

efficacy (Black & Leff, 1983; Gardner et al., 1997). In the

present study, this ratio shows a trend to lower values for the

S-enantiomers in this series of compounds. This suggests that

the S-enantiomers are less efficacious agonists than the

corresponding R-enantiomers. This difference has been ob-

scured in the data for maximal effect (Emax) as some of the

compounds are nearly full agonists for stimulation of [35S]-

GTPgS binding. Even with the enantiomers of 8-OH DPAT,

however, analysis of data using the Kl/EC50 ratio shows that

the R-enantiomer is a more efficacious agonist. The enantio-

mers of 8-OH DPAT have been examined in several other

studies (Bjork et al., 1989; Cornfield et al., 1991; Liu et al.,

1993; Lejeune et al., 1997) and these have shown, in agreement

with the present data, that the R- and S-enantiomers have

similar potencies and relative efficacies, although in several

studies the R-enantiomer exhibits a slightly higher relative

efficacy.

The Kl/Kh ratio has been proposed to be a measure of the

stabilisation of the ternary complex of agonist/receptor/G

protein over the uncoupled receptor (De Lean et al., 1980). Kl/

Kh should, therefore, be a predictor of agonist efficacy. There

have been a number of attempts for different G-protein-

coupled receptors to examine such relations, and correlations

have been reported for some receptors (see for example De

Lean et al., 1980; Evans et al., 1985; Fitzgerald et al., 1999) and

not for others (Sibley & Creese, 1983; Fisher et al., 1984;

Gardner et al., 1997, Gardner & Strange, 1998). Some of these

correlations have used Kl/Kh and some log Kl/Kh, and it is

unclear which is the more appropriate parameter. In order to

understand these relations better, we have simulated such

correlations for a G-protein-coupled receptor using the

Ternary Complex Model. Simulations were performed for a

range of agonists with different abilities to stabilise the R and

RG states of the receptor and values for Kl and Kh determined

from simulated ligand binding data. Maximal effects (Emax)

and EC50 values for stimulation of G protein activation were

determined from simulated concentration/response curves and

expressed relative to the maximal response in the system. The

relation between Emax and Kl/Kh is hyperbolic (Figure 7a) and

reaches a plateau at high Kl/Kh. This relation makes it difficult

to predict Emax from Kl/Kh values, but if the data are plotted in

a double reciprocal format then a good correlation is seen

between the two parameters (Figure 7b). The relation is not a

linear one, but with experimental data it may provide a useful

analytical tool (see below). In some published studies, data are

restricted to values of Emax below B95% and log Kl/Kh values

are used to explore the relation between the two quantities.

Indeed if the present simulated data are analysed without the

two highest values of Emax, reasonable correlations between

Emax and log Kl/Kh can be obtained (data not shown). Kl/Kh

and Kl/EC50 derived from the simulated data are highly

correlated (Figure 8). It should be noted that the relation

between Kl/Kh and Kl/EC50 is effectively one between 1/Kh and

1/EC50, but we prefer to use Kl/Kh and Kl/EC50 as Kl/EC50 is a

useful descriptor of relative efficacy. These observations show
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that Kl/Kh may predict relative efficacy if the appropriate

relation is used.

When the experimental data of the present study are

considered, there are correlations between the Kl/Kh ratio

and the relative Emax (r2¼ 0.494, Po0.05), between the log Kl/

Kh ratio and the relative Emax (r2¼ 0.684, Po0.05), between

(Kl/Kh)
�1 and 1/Emax (r2¼ 0.727, Po0.05) and between the Kl/

Kh ratio and the Kl/EC50 ratio (r2¼ 0.719, Po0.05). It seems

therefore that, for this set of compounds of related structures,

agonist binding parameters may be used to predict agonist

efficacy. In a previous study on the 5-HT1A receptor with a

different set of agonists, we were unable to see any such

correlations (McLoughlin & Strange, 2000), but this may

reflect the much more diverse structures of the compounds

tested. In that study there was a trend to higher maximal

agonist effects for compounds with high Kl/Kh ratios and vice

versa, but the relation was incomplete.

Other laboratories have examined the relation between

ligand binding parameters and agonist efficacy for the 5-HT1A

receptor. Watson et al. (2000) have reported correlations

between agonist affinity parameters and the maximal agonist

effect, whereas Cilia et al. (2001) were unable to observe such a

correlation. Assie et al. (1999) reported a correlation for a

range of ligands, but they also noted some exceptions. It

seems, therefore, that the Kl/Kh ratio may be a helpful

predictor of the maximal agonist effect for some compounds

but that there are additional factors that determine agonist

efficacy. One of the factors may be the ability of the agonist to

activate the G protein having stabilised the ternary complex of

agonist/receptor/G protein.

We thank the BBSRC for financial support and AstraZeneca for a
generous gift of [3H]-NAD-199.
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