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A B S T R A C T

The thermodynamic binding profiles of agonist and antagonist complexes of the 4-hydroxypropano-

lamine partial agonist, prenalterol, on the chronotropic adrenergic response in guinea-pig right atria

were determined over a 15 8C temperature range. The tissue response was compared with data on the

ethanolamine agonist, isoprenaline, given by binding studies in a number of rat tissues. Utilising the

residue conservatism surrounding the known active conformers bound to either of two aspartate

residues (a-helices II, III) in both receptors (b1, b2) and species (guinea-pig, rat and human), no

significant deformation in the extended side chain could be found in prenalterol’s agonist binding

compared to isoprenaline. Antagonist binding gave a highly favourable entropy contribution at 30.0 8C of

�4.7 � 1.2 kcal/mol. The enthalpy change between bound agonist and antagonist complexes, a function of

the efficacy alone, was �6.4 � 1.1 kcal/mol, coincident with the calculated intrinsic preference of a primary/

secondary amine–aspartate interaction for a neutral hydrogen-bonded form over its ion pair state, giving

values of 6.3–6.6 kcal/mol with calculations of good quality, a figure expected to be close to that shown

within a hydrophobic environment. Delivery of a proton to a conserved aspartate anion (a-helix II) becomes

the critical determinant for agonist action with resultant proton transfer stabilisation dominating the

enthalpy change. A proposed monocation-driven ligand proton pumping mechanism within the ternary

complex is consistent with the data, delivery between two acid groups being created by the movement of the

cation and the counter-movement of the ligand protonated amine moving from Asp 138 (a-helix III) to Asp

104 (a-helix II).

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

An interpretation of partial agonism as the result of two bound
complexes related to agonist and antagonist action existing within
a G protein–receptor ternary complex was considered in paper I [1]
and the requisite concentration–response theory for a compound
obeying a hyperbolic relation derived using a simple adaptation of
the Black and Leff operational model of agonism [2]. A tissue
response, (the chronotropic in the guinea-pig right atrium) was
selected based on data indicating its dominant control by the b1-
adrenergic receptor under normal conditions of signal amplifica-
tion (refer also, paper I [1]). The advantage of such a description,
transposing the observed parameters of binding and efficacy into
two binding constants related to agonist and antagonist action, lies
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in temperature variation and the determination of the thermody-
namic profiles of the respective agonist and antagonist complexes.
Temperature studies [3–6] using isolated membranes for the
binding of ligands to G protein-coupled receptors complexes
utilising b-adrenergic receptor sub-types showed linear plots of
unit slope over a 25 8C range of temperature offering the prospect
of accurate enthalpic changes if sufficient precision were attained
with a given receptor. While such data contain binding studies on
more than one receptor sub-type, it was considered here, more
illuminating to select a non-specific partial agonist structurally
related to the natural hormone but to choose the tissue response
dominated by a single receptor sub-type. Under normal signalling
conditions, the chronotropic response in guinea-pig right atria was
shown to be dominated by the b1-adrenergic receptor with a less
than 5% contribution from the b2-receptor. Data ‘in vitro’ at 30.0 8C
on the binding and efficacy of the phenoxypropanolamine partial
agonist, prenalterol to this cardiac b1-adrenergic receptor were
given in the first paper [1]. The precision was shown to be sufficient
for evaluation of the thermodynamics of the respective complexes
over a 15 8C range of temperature [1].

http://dx.doi.org/10.1016/j.bcp.2010.07.044
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In this second paper, the binding and efficacy of prenalterol, are
extended to 25.0 8C and 40.0 8C and the thermodynamic profiles of
the agonist and antagonist complexes determined. The enthalpic
difference between the agonist and antagonist complexes which is
a function only of the efficacy, will be shown to have a simple
physical interpretation consistent with a basic criterion for agonist
action discussed below.

Considerable insight into structural features of ligands using
close extra-thermodynamic comparison can be obtained by
transforming data to a pure hydrocarbon phase reference using
appropriate partitioning methods which can provide additional
insight into the polar and distortional changes observable on
receptor binding [7]. Using this reference, the thermodynamic
profile of the agonist binding of prenalterol will be compared with
published data for the non-specific 3,4-di-hydroxyphenethanola-
mine agonist, isoprenaline, determined from b-adrenergic recep-
tors in a number of rat tissues. The b1-receptor residues in guinea-
pig, rat and human which surround the known bound ethanol-
amine conformer within 4.5 Å of its expected ‘upper’ (Asp138; a-
helix III) and ‘lower’ (Asp 104; a-helix II) positions within the
receptor are all conserved. Of the 19 residues in potential contact in
the upper position and eighteen residues in the lower, only two
residues in the upper position, Phe 362 (Leu-b2) and Arg 208 (Asn-
b2) receptors distinguish b1- from b2-receptors. While these latter
residues are not in immediate contact, their potential influence on
signal amplification will be considered in Section 4.3. Selectivity in
receptor binding is thus not expected with the ethanolamine
derivative between rat, guinea-pig and human while consistency
should also be observed in the binding of isoprenaline to b1- and
b2-receptor derivatives in these three species. It will be later
shown that the relevant agonist bound conformer of the
phenoxypropanolamine derivative, prenalterol, surprisingly,
shows no deformation in its binding to the b1-adrenergic receptor
but its thermodynamic profile is very closely related to the
ethanolamine derivative. Finally, as reported earlier, [8] in
comparison with data on membrane-binding studies, it is shown
that the enthalpy associated with the Black and Leff amplifying
parameter, t, is negligible, indicative of a membrane diffusion
process or ion channel opening.The publication of the first
mammalian G protein-coupled receptor structure in 2000 [9]
led to support for a proposed proton shuttle mechanism for the
ligand action in an adapted G protein-coupled b1-adrenergic
receptor ternary complex with the identification of a series of
potential proton relays in a GTP synthase mechanism of action
[10]. More recently, the adapted receptor structure has been
confirmed by the presence of very similar a-helical packing in a
modified b2-adrenergic receptor structure [11]. We present a
simple physical interpretation of the enthalpic changes observed
between agonist and antagonist complexes supporting the view
that minimal agonist response is dependent on ligand protonation
of the conserved aspartate residue at position 104 on a-helix II.
Table 1
Apparent binding constants (K 0B), efficacies (eB/eA), antagonist (Krsx) and agonist (Kijx(t
adrenoceptor.

Efficacy

eB/eA

EC50 measurements Fer

log10 K 0B log10 Krsx log10 Kijx(t+ 1) Langmuir slope log

0.37 7.18 6.98 6.75 0.69� 0.02(4) 7.2

0.40 7.02 6.80 6.62 1.06�0.08(4) 7.4

0.42 7.09 6.85 6.71 0.71� 0.21(3) 7.3

0.44 7.31 7.06 6.95 0.90�0.02(3) 7.4

0.50 7.09 6.80 6.78 0.90�0.03(3) 7.0

0.53 7.27 6.94 6.99 0.78� 0.02(3) 7.1

Mean� SEM

0.442� 0.024 7.160�0.046 6.905�0.043 6.800� 0.058 0.84�0.06(6) 7.2

a Slope of Langmuir relation for R(A/B).
This is consistent with the wider proposed mechanism of the
operation of the ligand as a proton shuttle operating on delivering
proton transfer through two proton relays under the driving force
of a monocation.

2. Materials and methods

Experimental protocols for determining binding constants and
efficacies of the partial agonist, prenalterol [3-(4-hydroxyphe-
noxy)-1-isopropylamino propan-2-ol, refer Fig. 2], based on the
b1-adrenoceptor dominating the chronotropic response in guinea-
pig right atria were given in Paper I [1]. The simple conversion to
agonist and antagonist binding complexes was exemplified with
data at 30.0 8C.

3. Results

The conformer binding constants are closely related to the Black
and Leff representation and are summarised in (1). The apparent
binding constant K 0B of the partial agonist B is the sum of the
conformer binding constants but where the agonist component
incorporates an amplification factor t from the signal enhance-
ment of the response. The agonist component may thus be defined
by Kijx(t + 1) where the agonist conformer i interacts with its
receptor counterpart jx but there is an additional term Kijx t from
the signal amplification. The antagonist component is defined by
the ligand and receptor conformers r and sx respectively or some
appropriate sum. The observed conformer binding constants are
very simply related to the apparent binding constant K 0B by the
relations

ð1� eBÞK 0 ¼ Krsx

eBK 0 ¼ Ki jxðt þ 1Þ
(1)

and the appropriate free energy relationships may be defined. As
commented earlier, the fact that such bound drug–receptor
conformers may have no separate unbound existence does not
invalidate their pharmacological definition and thermodynamic
functions can obviously be associated with such forms. The
theoretical unbound equivalent forms, however, represent the
ideal conformation for maximum interaction with the receptor in
the given binding mode. In these simple functions, it is seen in (1)
that the ratio of the two conformer constants is independent of the
apparent binding and is a function of the efficacy alone. Thus on the
log scale, differences in these conformer constants plotted as a
reciprocal function of the absolute temperature, or more simply
changes in the efficacy function alone yield the required enthalpy
changes in going from the bound antagonist to the agonist form
directly. This is a remarkably useful result in elucidating the
contributions to the composite energy requirements for receptor
activation.
+ 1)) binding components of prenalterol at 40.0 8C on the guinea-pig cardiac b1-

guson–Robertson Waud

log10 Krsx

10 K 0B log10 Krsx log10 Kijx(t+ 1) Langmuir slopea

9 7.09 6.86 1.20�0.04(3) 6.65�0.05

0 7.18 7.00 0.89� 0.03(3) 6.67�0.08

1 7.07 6.93 1.10�0.03(3) –

0 7.15 7.04 0.89� 0.04(4) 6.99�0.03

5 6.75 6.75 0.98� 0.04(4) 6.72�0.09

1 6.78 6.81 1.04�0.08(4) 6.80�0.09

60� 0.060 7.003�0.077 6.900� 0.045 1.02�0.05(6) 6.766�0.061(5)



Table 2
Apparent binding constants (K 0B), efficacies (eB/eA), antagonist (Krsx) and agonist (Kijx(t+ 1)) binding components of prenalterol at 25.0 8C on the guinea-pig cardiac b1-

adrenoceptor.

Efficacy

eB/eA

EC50 measurements Ferguson–Robertson Waud

log10 Krsx

log10 K 0B log10 Krsx log10 Kijx(t+ 1) Langmuir slope log10 K 0B log10 Krsx log10 Kijx(t+ 1) Langmuir slopea

0.41 7.45 7.22 7.06 0.87� 0.10(4) 7.55 7.32 7.16 0.86� 0.04(6) 6.98� 0.12

0.45 7.46 7.20 7.11 0.92� 0.20(3) 7.46 7.20 7.11 1.16� 0.09(5) 7.00�0.10

0.51 7.46 7.15 7.17 1.04� 0.10(3) 7.58 7.27 7.29 1.05�0.07(5) 7.13� 0.06

0.52 7.35 7.03 7.07 1.06� 0.05(4) 7.52 7.20 7.24 0.94� 0.07(3) 6.96� 0.12

0.60 7.44 7.04 7.22 1.10� 0.06(3) 7.35 6.95 7.13 0.99� 0.07(5) 6.62� 0.11

0.645 7.63 7.18 7.44 0.84� 0.06(3) 7.40 6.95 7.21 1.10�0.03(4) 6.78� 0.11

0.78 7.39 6.73 7.28 0.92� 0.09(4) 7.62 6.96 7.51 1.36� 0.18(4) –

Mean� SEM

0.556�0.044 7.454� 0.033 7.079� 0.065 7.193� 0.051 0.96� 0.04(7) 7.497�0.037 7.121� 0.052 7.236� 0.052 1.07�0.06(7) 6.912�0.074(6)

a Slope of Langmuir relation for R(A/B).
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The respective binding constants at 40.0 8C and 25.0 8C are
given in Tables 1 and 2. Over the narrow 15 8C temperature range,
the Langmuir behaviour is observed, the slopes of the dose–
response relations for both the agonist and antagonist responses of
prenalterol having slope relations not significantly different from
unity. This is also shown for the data at 30.0 8C in the first paper [1].
For individual experiments at 40.0 8C and 25.0 8C, there is a slight,
but not significant tendency for experiments with lower efficacy to
have apparent binding constants (K 0B) slightly greater when
determined by antagonist binding than by agonist binding.

[(Fig._1)TD$FIG]

Fig. 1. Enthalpies of binding of agonist and antagonist components of the binding of

prenalterol on the guinea-pig cardiac b1-adrenergic receptor. Plot of agonist and

antagonist conformer binding constants on the log10 scale plotted against 1/T where

T is the absolute temperature. The binding constants shown here are determined

from the agonist response (EC50 values). The enthalpy of the overall binding

constant without separation into components (8.5 � 1.3 kcal/mol) is also shown. The

enthalpic difference between the bound agonist and antagonist complexes fitted as a

function of the efficacy, e alone gave a value of 6.4 � 1.1 kcal/mol.
The observed binding constants whether determined from the
agonist or antagonist response of the partial agonist show no
significant differences over the three temperatures (40.0 8C
7.16 � 0.05 (6), (EC50); 7.26 � 0.06 (6), (F–R): 25.0 8C 7.45 � 0.03
(7) (EC50); 7.50 � 0.04 (7) (F–R)) indicating, as expected, a competi-
tive form of signal amplification of the response as exemplified in the
first paper. Accuracies in binding and efficacy on the log10 scale are
required to within �0.035 log10 units for determining the enthalpy of
binding between agonist and antagonist conformers to within 1.0–
1.5 kcal/mol over the 15 8C temperature range and are of this order.
Plotting of the EC50 binding data against the reciprocal of the absolute
temperature with the associated enthalpies of interaction are shown
in Fig. 1. The data have very slightly tighter error bars compared with
the data reported in our 1991 paper [8] but are, in effect, identical to
the reported values (�0.1 kcal/mol). The earlier thermodynamic
enthalpic functions are reproduced in Table 3. The binding constants
determined from the blocking action of the partial agonist have
tighter error bars but the differences between the conformer binding
enthalpies are, unsurprisingly, the same 6.6 � 1.6–2.7 kcal/mol.
Direct fitting of e/(1 � e) against 1/T on the log scale gives an
enthalpy of activation of 6.2 � 1.1 kcal/mol [8]. We take a compro-
mise figure of 6.4 kcal/mol for this activation of agonist action for
prenalterol and compare existing data on the thermodynamics of
binding of ethanolamine and phenoxypropanolamine agonists and
antagonists on the b1-adrenergic receptor.

4. Discussion

4.1. Extra-thermodynamic comparison of related derivatives of

prenalterol and the use of a reference hydrocarbon phase model

There is a wealth of evidence to suggest that the best insight
into comparing binding of ligands within membrane-bound
proteins is to employ a mobile reference hydrocarbon phase
model. At the membrane level, the relation between observed
binding and that predicted by a partitioning effect into a
hydrocarbon phase is one of exact unit slope where no change
in intrinsic binding takes place [12]. The question arises as to how
far extra-thermodynamic changes can be usefully interpreted by
such a model when comparing closely related species and their
Table 3
Comparison of enthalpic changes associated with agonist and antagonist conformer

binding of the 4-hydroxyphenoxypropanolamine partial agonist, prenalterol, to the

guinea-pig cardiac b1-adrenergic receptor. Determinations utilising agonist (EC50

values) and antagonist (Ferguson–Robertson) responses from 40.0 8C to 25.0 8C [8].

EC50 (kcal/mol) Ferguson–Robertson (kcal/mol)

DH observed �8.6�1.9 �8.0�0.2

DHrsx �5.0� 0.9 �4.2�0.6

DHijx �11.6�2.7 �10.8�1.5



Table 4
Incremental thermodynamics of partitioning for the –CH2– group [24].

Partitioning phases 310 K kcal/mol

dDG dDH �TdDS

1. Cyclohexane/gas �0.76 �1.12 +0.36

2. H2O/gas +0.18 �0.67 +0.85

Cyclohexane/H2O �0.94 �0.45 �0.49

[(Fig._2)TD$FIG]

Fig. 2. Comparison of the known agonist side-chain conformer of isoprenaline (a)

bound to the cardiac b1-adrenoceptor [17] compared with the expected bound

conformation of the prenalterol (b) based on the almost identical enthalpies of

binding. Less relevant hydrogen atoms are only indicated directionally.
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thermodynamic changes bearing in mind the overall accuracy
required in observing thermodynamic changes. An early explora-
tion showed that such incremental enthalpic and entropic changes
could be followed for simple alkyl substitution on the ligand where
the free energy changes indicated that there was flexible freedom
for localised groups even when adjacent to expected polar ligand-
receptor interactions in mammalian b-adrenergic receptors. The
data were exemplified by predicting the thermodynamic binding
changes of adrenaline from isoprenaline based on simple alkyl
differences observed in turkey erythrocyte b-adrenergic receptor
data [7]. The underlying reason for predicting these changes is
based on the incremental thermodynamics of partitioning of the –
CH2– group where the local interactions in hydrocarbon and water
are energy and entropically driven respectively and the data are
reproduced in Table 4 [13]. The overall partitioning change from
water to hydrocarbon becomes one of apparent simplicity, the
overall effect being one of almost equal favourable enthalpic and
entropic (�TDS) contributions of �0.45 kcal/mol and �0.49 kcal/
mol respectively at blood temperature, with an overall group free
energy change of �0.94 kcal/mol. The effective overall group
partitioning assumption on the basis of simple additivity appears
accurate to within 5% in accordance with conclusions attributable
to three body effects in solution in simple non-polar inert gas liquid
mixtures [14]. A group additivity assumption directly applied to
the potency of halogenated hydrocarbons as volatile anaesthetics
perturbing an ion channel was accurate to 5–10% [15,16]. Thus, if
there is regional tolerance in the binding of the alkylamino groups
in isoprenaline and adrenaline we should expect a free energy
increment at 30.0 8C of �1.84 kcal/mol with appropriate local
enthalpic and entropic contributions.

We use this simple group assumption to check the consistency
of earlier reported thermodynamic binding data on isoprenaline
and adrenaline on rat b-adrenergic receptors within the cerebral
Table 5
Comparison of equilibrium thermodynamic parameters of the agonist component of pr

values for isoproterenol (isoprenaline) (predictions based on the close analogue L-epineph

made with +300 mM GTP present.

DG0 (kcal/mol)

Cerebral cortex

l-Isoproterenol (exptl) �9.4�0.06

l-Isoproterenol (predicted) �9.4�0.06

Cerebellum

l-Isoproterenol (exptl) �9.5�0.05

l-Isoproterenol (predicted) �9.8�0.04

Heart

l-Isoproterenol (exptl)

l-Isoproterenol (predicted) �9.4�0.05

Lung

l-Isoproterenol (exptl) �10.7�0.03

l-Isoproterenol (predicted) �9.1�0.3a

Mean (6)

l-isoproterenol (tissue average)

�9.7�0.21

Prenalterol agonist component �9.9�0.10

Antagonist component �9.8�0.10

a Rejected on SEM.
cortex, cerebellum, heart and lung, where the cortex and heart are
dominated by b1-adrenergic receptors and the cerebellum and
cortex predominantly by the corresponding b2-receptors [2]. The
data are confined to those where 300 mM concentrations of GTP
were added. As commented in Section 1, early structural models of
the b1- and b2-adrenergic receptors based on bovine rhodopsin
(refer Section 6) show that the immediate residues surrounding
these two ligands, isoprenaline and prenalterol bound to the two
conserved aspartate residues on a-helices III and II in the
respective binding sites are identical both for rat, guinea-pig
and human. Table 5 shows the accurate consistency of these data at
the membrane binding level when comparing isoprenaline
(observed) with isoprenaline (predicted) from adrenaline. The
adrenaline lung datum was omitted on account of its large mean
error in the binding, being an order of magnitude greater than the
average. The mean enthalpic change on binding over the four
enalterol on rat b-adrenergic receptors at 30.0 8C with experimental and predicted

rine (adrenaline) see text and [7]). Determinations and predictions for isoproterenol

DH0 (kcal/mol) TDS0 (kcal/mol)

�12.5�0.48 +3.1�0.54

�12.6�0.48 +3.2�0.54

�11.3�1.30 +1.8�1.35

�11.9�0.83 +2.1�0.87

�11.7�0.41 +2.3�0.46

�10.2�0.55 �0.05�0.548

�7.8�0.98 �1.3�1.02

�11.7�0.36 +2.0�0.54

�11.5�2.4

DHijx + DH
t

+1.6�2.4

�5.1�1.2

DHrsx

�4.7�1.2



[(Fig._3)TD$FIG]

Fig. 3. Comparison of intermolecular distances in molecular overlap between the

predicted agonist conformers of the benzdioxepine analogue and isoprenaline [18].
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tissues gives �11.7 � 0.36 kcal/mol over six of the experimental and
predicted data points. These experimental and predicted estimates
provide a convenient test of potential errors as we have omitted the
direct experimental evidence for isoprenaline on the dominant
cardiac b1-adrenergic receptor where the enthalpy change is reported
to be –17.2 � 1.03 kcal/mol. We have no explanation for why this
result for the cardiac receptor should show such a significant
difference from the predicted value based on adrenaline in these
otherwise excellently consistent data based on binding alone,
particularly when simple correlations at the free energy level ‘in
vitro’ on the rat and higher species indicate tolerance of the methyl
and isopropyl non-polar groups within the b1-receptor site [5].
Structurally and experimentally, the ligands, themselves are not
expected to show tissue selectivity between b1- and b2-receptor
binding nor to exhibit binding differences in common species. The
data require further validation but we take the hypothesis that the
most consistent values for the thermodynamics of binding of
isoprenaline to the cardiac b1-receptor are likely to be those given
by the mean values in Table 5. This assumption must remain a
working hypothesis.

4.2. Binding thermodynamics of the agonist conformer of prenalterol

Thermodynamic data on the agonist binding of the phenox-
ypropanolamine derivative, prenalterol (refer also Table 5),
determined from chronotropic reponses are in very close
agreement with those predicted from the mean values of the
ethanolamine analogue, isoprenaline, using radioligand binding
studies. This is an unexpected result and we first review any
concentration difference expected from extra-thermodynamic
comparison using a hydrocarbon reference phase. The two
compounds are shown in Fig. 2. In the agonist conformer [17],
the 3-hydroxy group of isoprenaline is expected to have an
intramolecular hydrogen bond to the 4-oxygen atom while both
compounds have two delocalised aromatic oxygen atoms. For any
concentration difference in a hydrocarbon reference phase, this
difference on the free energy scale is expected, at most, to be of the
order of 0.5–0.9 kcal/mol. We take this value to be not significant
for comparison purposes. Our first conclusion is that, since the rat
thermodynamic data were determined from radioligand mem-
brane binding studies, there is clear evidence in prenalterol
activation that the enthalpy change associated with the signalling
amplification factor, t, is very small. This is indicative, as
previously commented, of a diffusion process from ion channel
opening rather than a specific activation energy.

The current background to the known binding conformations of
phenoxypropanolamine and phethanolamine ligand side chains is
reviewed. Much of the development of the understanding of the
behaviour of ligands in the b1-adrenergic receptor site has come
from close molecular comparison and synthetic effort. The agonist
conformation of the adrenaline side chain was determined by
appropriate cyclisation of the ethanolamine side chain and the
resultant identification of the agonist conformer [17]. Cyclisation
of the side chain of the appropriate phenoxypropanolamine
derivative to fold the amino group back to an ethanolamine
position proved inactive in both agonist and antagonist action
(Clarkson R, Dowell R, unpublished data). These data suggested
that a possible contraction of the phenoxypropanolamine side
chain closer to the given ethanolamine agonist conformation
might be the primary cause of agonist action. Some support for this
came from a series of 2-substituted phenoxypropanolamine
analogues of prenalterol lacking the p-hydroxyl substituent which
showed a constant observed binding constant (K 0B � 0:15 kcal=mol)
when referenced to the hydrophobic environment but the efficacy
varied between 0.13 and 0.51 [18]. The energetics of an in-plane
distortion around the 2-substituted phenoxymethylene moiety
consistent with a small contraction of little more than 0.5 Å gave a
correlation of unit slope when plotted against the hyperbolic
efficacy relation on the thermodynamic scale over a predicted
1.2 kcal/mol range. This was consistent with the highest observed
agonist activity of a phenoxypropanolamine derivative in the form
of a benzdioxepine substituent with the appropriate side chain
(see Fig. 3). On the free energy scale, the movement from
antagonist to almost full agonist over a 5–95% efficacy range
should be complete over a 2.0 kcal/mol free energy range and these
energetics for close comparison were of the right order. Yet we
have a large enthalpic change in going from an antagonist to
agonist complex within the phenoxypropanolamine agonist
complex which is, as yet, unaccountable.

The almost exact correspondence of the binding thermody-
namics of the extended agonist conformer of the phenoxypropa-
nolamine partial agonist, prenalterol, with those for the
phenethanolamine full agonist, isoprenaline, together with the
similar reference concentrations anticipated within the mobile
reference hydrocarbon phase of the protein, indicate that we
cannot argue about further distortion within the bound phenox-
ypropanolamine agonist conformer. The ligand–receptor interac-
tions from the para-hydroxyl group and from the basic side chain
of the ligand in agonist action appear very closely similar to those
of the ethanolamine derivative and must be very close to optimal
with an extended phenoxypropanolamine side chain bound
conformer. Any conformational change must, therefore, come
from a facile movement of a receptor residue. The obvious
movement in the context of agonist action which is later discussed,
is that of a dihedral rotation of the conserved aspartate residue (a-
helix II) from its expected ethanolamine interaction of �60.08, to
an extended 180.08 giving a minimal increased separation between
relevant oxygen atoms of 2.6 Å sited along a similar vertical axis



[(Fig._4)TD$FIG]

Fig. 4. (a) CHARMm minimised energy structures [36] (using a hydrophobic dielectric of 4.0 and hydrogen bond constraints with the protein backbone fixed) for the agonist

conformer of the ligand, isoprenaline (1-R [3,4-di-hydroxyphenyl] 2-isopropylamino ethan-1-ol), binding in two possible positions to the aspartate residues on a-helices III

and II respectively [10]. The G protein and cytoplasm lie to the base of the figures. (a) In the upper position, the basic ligand (brown) binds to Asp 138 (III). The agonist

conformer is dictated by the b-hydroxyl group’s interaction with Asn 369 (VII) and is closely maintained on minimisation. This residue, together with Asn 373 moves to a

more vertical orientation relative to the membrane. The potential ligand-binding residues are shown in green. (b) Comparison of the CHARMm energy-minimised agonist
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across the membrane-bound protein. Here the extended conform-
er of the phenoxypropanolamine compound can interact through
its basic amino group with the aspartate residue but without
significant energy loss in the form of deformational energy along
the molecular side chain.

An early examination of a contraction in the phenoxypropa-
nolamine side chain of a b1-adrenergic receptor partial agonist
attempted to see whether inhibition of vibrational contributions in
the side chain could contribute significantly to the energetics
observed for contractions involving 0.2 Å, 0.5 Å and 1.0 Å
respectively in an approximate 1-dimensional contraction of the
bound molecule retaining the expected agonist conformer [19].
With a limited basis set, the scale of these unfavourable
deformation energies gave 0.4 kcal/mol, 1.5 kcal/mol and
4.6 kcal/mol respectively. The vibrational energy differences on
contraction were, however, negligible. In assessing the potential
contributions, we utilised the observed enthalpy of binding for
isoprenaline on the cardiac b1-adrenergic receptor taking the
previously discussed value of 17.2 kcal/mol and attempted to
allocate a compensatory contraction as a component of the value.
This hypothesis is now rejected and we retain the mean tissue
enthalpic change of �11.7 � 0.36 kcal/mol for the binding of
isoprenaline to the rat cardiac b1-adrenergic receptor as discussed
above.

The very significant enthalpic difference of �6.4 � 1.1 kcal/mol
observed between agonist and antagonist complexes may now be
considered. One might, in general, have expected quite close
enthalpic differences between the two complexes for a 50% partial
agonist reaching a critical activation energy for achieving a response
or just failing to do so unless some critical stabilisation energy was
invoked before activation of the receptor became possible. A critical
feature of agonist action in the proton pumping mechanism is the
delivery of a proton from the basic protonated amino side chain of the
ligand to the receptor’s aspartate 104 anion to form the more stable
neutral hydrogen bonded acid–base with the resultant delivery of the
proton to the receptor. The criterion for stimulant action at its most
basic level would be, therefore, the delivery of a proton to this residue
in the receptor where an automatic stabilisation to the neutral
hydrogen bonded acid–base form would occur. This is strongly
supported by the intrinsic stabilisation energy between the neutral
and ion pair forms of the acid–base interaction [10]. In Table 1 of this
reference, three extensive calculations including higher level electron
and exchange correlation contributions and a density functional
comparison (HF 6-31 + +G** 6.6; +MP2 6.2; B3-LYP 6.3 kcal/mol)
showed strong support for this stabilisation energy which in a
hydrophobic environment is anticipated to be close to this value. Thus
arrival of the protonated amine in a correct orientation for proton
transfer to this aspartate 104 anion site automatically creates this
additional stabilisation energy on transfer of the proton and would
provide the most basic criterion for agonist action, namely that a
proton must be resident at Asp 104 for agonist action (with
subsequent delivery to the Ga-protein under the influence of a
monocation).

4.3. The ligand–receptor–G protein ternary complex and signal

amplification

The development of a monocation-driven proton pump within
the ligand–receptor–G protein-ternary complex where the ligand
conformer when bound at Asp 138 (pink) and, in its lower position, when interacting wi

closely maintained on energy minimisation with the b-hydroxyl group now interacting w

�60.08. (c) CHARMm energy-minimised interaction of the bound agonist conformer w

interacting with the proposed Gsa 350 terminal acid group now held by the receptor’s Ar

represents the interatomic distances between oxygen atoms of Asp 138 (III) and Gsa Asp

is proposed that the Arg 156 residue is released, moving to the intramolecular Asp 155. T

outlined in [10].
acts as a proton shuttle has developed quite simply from these
thermodynamic considerations on the binding of the partial
agonist, prenalterol and its companion ethanolamine derivative,
isoprenaline, taken in conjunction with the adapted b1-adrenergic
receptor structure and its proposed ternary complex, based on
mammalian bovine rhodopsin [10]. Prior to the publication of the
bovine rhodopsin structure, a steady state model of the ligand–
receptor–G protein complex functioning as a GTP synthase in the
b1-adrenergic receptor complex was explored [20]. While the
proposed acid–base–acid shuttle was not correct involving
supporting tyrosine residues rather than more readily ionised
acid groups, the exploration of the steady state equations using the
ternary complex format [21,22] had widespread generality. The
model could not distinguish between a GTP synthase or a GDP/GTP
exchange model on receptor stimulation. The steady state
conditions led to a number of potential solutions with forty
potential terms in the denominator, but two dominant features
leading to a hyperbolic form of the dose–response were cited. The
steady state controlling rate was (1) rate limiting due to activation
of proton signalling through an initiating acid–base–acid triad or
(2) rate controlled by G protein release but there was, also, an
activation barrier to proton signalling though the initial residue
triad. The terminology is slightly different to that employed here
but is closely correspondent. The approximate steady state
solutions for (1) and (2) are very similar but there is an additional
multiplicative rate constant, k31, in the latter, being the effective
rate of G protein release. The absence of an enthalpic energy
associated with the signal amplification factor, t indicates (1) that
there is a likely diffusion process activating the signal mechanism
and possibly, also, for G protein release or (2) the release of the G
protein is not rate limiting. But do we expect to see signal
amplification in a steady state solution for proton pumping where
there is a 1:1 synthesis of GTP from GDP due to proton-activated
phosphate release from a glutamate residue at the base of the G a

a2-helix (at Glu 203) with transfer to form GTP followed by a 1:1
formation of cAMP by activation of the adenylyl cyclase by the
energised Gas�GTP protein? An early study showed an absence of
signal amplification in the production of cAMP from isoprenaline
[23]. This conclusion should be valid for any common process of
signal amplification involving the Gas protein. Equilibrium binding
constants for isoprenaline based on cAMP accumulation gave mean
values �7.13 � 0.09 on the log10 scale from 2 laboratories [24–26].
Seven binding studies using guinea-pig and cat with both atria and
ventricle and rat and dog with ventricle alone, gave an average
binding constant on this scale of �6.83 � 0.13 (omitting two large
outliers) [27]. Table 2 radioligand binding studies for the three
experimental values of isoprenaline and three predicted results
(based on l-adrenaline) produced an average value of �7.0 � 0.15.
Binding constants observed from chronotropic responses, on the
other hand, show observed values of �8.90 � 0.11 [28,29], suggesting
an amplification factor of 50–100 and a similar result exists for the
inotropic response �8.87 � 0.18 on the log10 scale [30]. However, in
Table 2, the thermodynamic parameters for prenalterol were
determined from the chronotropic response but compared with
the values for isoprenaline determined from radioligand binding
studies.

The key to this apparent anomaly lies simply in the effective
value of t for a partial agonist. It may be seen from Eq. (1) that by
the definition of the partial agonist, the net product
th Asp 104 (purple) on helix II. The agonist conformer in the latter position is again

ith Asn 373. The dihedral controlling the lower aspartate 104 interaction is close to

ith the amine moiety bound to Asp 104 (II – rear) with the p-hydroxyl moiety

g 156 (III – foreground) and Tyr 377 (VII). The 33.7 Å distance to the rear of the figure

213 at the top of the Gsa a2-helix. On interaction of the ligand p-hydroxyl moiety it

he proposed shuttle mechanism of the ligand under the influence of a monocation is
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Kijx(t + 1) � Krsx when the efficacy is in the region of 0.5 and the
overall error in the true binding constant is, at most, within a factor
of 2 of its accurate value. Similarly, this effective value of t should
be defined by the explicit steady state equations for proton
pumping [20]. In conditions (12) and (13) of the paper (condition
A1) where there is an activation barrier to proton signalling
through the initiating residue triad, there is an explicit activation
rate, kact1 following the binding of the agonist conformer Kijx but
the terms are, otherwise, closely correspondent. The dominant
terms for the linear response may be written

½X��
½RTOT�

¼ kact1

ke

Ki jx½A�
1þ KA½A�

¼ tA
Ki jx

KA

KA½A�
1þ KA½A�

(2)

where ke is the effective rate of conversion of the activated
adenylyl cyclase or proportional to it.

For the hyperbolic response

½YX��
½RTOT�

¼ tA
Ki jx½A�

1þ tAKi jx½A� þ KA½A�
¼ tA

Ki jx

K 0A

K 0A½A�
1þ K 0A½A�

(3)

where K 0A ¼ KA þ tKi jx ¼ Krsx þ Ki jxðt þ 1Þ, the apparent binding
constant containing the amplification term tKijx. If tA is scaled by
tA + 1 for the hyperbolic response, the efficacy is as before.

The absence of an enthalpic change associated with the factor t
led to a search for potential data on related ion channels. Evidence
that the local opening of a monocation channel on a rabbit atrial
cell on stimulation by acetylcholine has been known for the last
twenty-five years [31,32]. The current was shown by patch pipette
methods where the pipette, containing isotonic potassium
chloride, holds the rabbit atrial cell in a surrounding bath. When
the acetylcholine is in the bath no increase in current is seen
(where release of a G protein might migrate to the region of the
patch). The current was thus shown to be G protein dependent but
no second messenger was involved. It was proposed that a
directmodulation of a potassium (Ach) channel was involved in
this membrane-delimited signalling, the activated G protein
interacting directly with the channel. The presence of sodium
ion has, also, been shown essential at Asp 104 on a-helix II for
agonist action [33–35]. The obvious hypothesis is that the incipient
monocation channel associated with receptors of the rhodopsin
class could reside within the receptor-G protein complex and be
based on acid groups on a-helices I, II, III and VII. An attractive
feature of the developed ternary complex model was that three
acidic residues Asp 212, Cys 209 and Glu 203 of the Gas a2-helix
could be aligned with conserved acidic residues of the receptor and
at similar inter-residue distances in the overall pathway to the
cytoplasm’s Glu 203, a pathway showing a verticality to the
expected membrane surface and closely parallel to the orientation
of a-helix IV. The precise mechanism based on neutral acid–base
interactions and their conversion to ion-pair forms under the
influence of the monocation and resultant movement of the
protonated base, has already been cited. Fig. 4 reproduces the
known agonist conformer of isoprenaline binding in its upper and
lower positions to the two aspartate groups on a-helices III and II
at Asp 138 and 104 respectively.

A final word on the Black and Leff amplification factor, t, is
appropriate. It may be seen that, at the receptor level two methods
of exploitation of compound selectivity of action are achievable.
Firstly a direct exploitation of residue binding differences but
secondly small perturbations to the proton transfer pathway may
also create selective action by perturbing the efficiency of the
proton transfer. Both mechanisms imply some variation in residue
or selective binding but the latter action may prove relatively
indirect.

The findings of this thermodynamic study on partial agonism
may be summarised.
1. An adaptation of the Black and Leff operational model of agonist
action in receptor theory where a single parameter, t, is
sufficient to define an amplifying contribution to any dose–
response relationship exhibiting a hyperbolic form has been
found useful in a treatment of partial agonism. By transposing
efficacy and gross binding into two effective conformer binding
components related to agonist and antagonist action, the
binding thermodynamics of the two components of the partial
agonist, prenalterol on the b1-adrenergic receptor were deter-
mined.

2. The thermodynamic binding profile for the agonist component
of the binding of the 4-hydroxyphenoxy-propanolamine, pre-
nalterol, to the dominant cardiac b1-adrenergic receptor
determined from chronotropic responses in guinea-pig right
atria, was almost identical to that shown by the 3,4-dihydrox-
yphenethanolamine derivative, isoprenaline binding but based
on radioligand binding studies in a number of tissue receptors in
the rat. Since the amino acids in guinea-pig, rat and human in
the immediate proposed binding regions of the two bound
agonist ligands are all conserved in both b1- and b2-receptors,
there is clear evidence that no deformational differences in
binding can be present within the agonist bound conformers of
the two compounds. The ligand–receptor interactions antici-
pated for the p-hydroxyl and side chain amino groups are
concluded to be effectively identical. This is only achievable in
the expected agonist receptor site by facile movement of a
receptor residue, the candidate being the conserved Asp 104 on
a-helix II, the dihedral rotation from �60.08 to 180.08 giving a
minimal increased separation between relevant oxygen atoms
of 2.6 Å sited along a similar axis across the membrane-bound
protein.

3. The enthalpic component of the amplifying factor, t, was
concluded to be negligible, the amplification being suggestive of
a diffusion process or ion channel opening.

4. The temperature dependence of the efficacy ratio e/(1 � e) on
the thermodynamic scale yielding the enthalpic difference
between the agonist and antagonist complexes directly, gave a
value of �6.4 � 1.1 kcal/mol, a value highly consistent with the
intrinsic stabilisation energy of a neutral hydrogen bonded acid–
base over its ion pair form. This calculated value of 6.2–6.6 kcal/
mol for the equivalent of a basic primary alkylamino-aspartate
interaction, is expected to be close to that in a hydrophobic
environment. The stabilisation energy between agonist and
antagonist complexes can, therefore, be consistent, with the
delivery of a ligand proton to the aspartate ion at residue 104
defining the minimal critical determinant of agonist action.

5. Signal amplification expected from the chronotropic response
associated with the cardiac receptor used for determining the
binding constant ‘in vitro’ was not found. The apparent absence
of amplification when compared with data on radioligand
binding studies arises from the nature of partial agonism, there
being, in the component conformer representation, equal
contributions of the antagonist and amplified agonist contribu-
tion when the efficacy is 0.5. Thus any error in the estimate of
total binding arising from agonist signal amplification can, at
most, be a factor of two only.

6. The high favourable entropy of binding of the antagonist
conformer with a �TDS contribution of some �4.7 � 1.2 kcal/
mol at blood temperature is consistent with data on other
phenoxypropanolamine antagonists on the b1-adrenergic receptor.
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