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Computer-Aided Mapping of the /3-Adrenoceptor. 1. Explanation for Effect of 
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Anomalously low affinities for the /3-1-adrenoceptor are seen for members of a series of para-
substituted iV-isopropylphenoxypropanolamines in which the substituent is able to conjugate with 
the aromatic ring. The energy of conjugation was calculated using the AMI semiempirical molecular 
orbital method and appears to correlate with the loss of binding energy, and hence affinity for the 
receptor. This suggests that binding is associated with movement of the substituent out of the 
plane of the aromatic ring due to steric interference with the receptor. A previously unrecognized 
binding site for aromatic groups off the para position is also identified. 

Introduction 
/3-1-Adrenoceptors are membrane-bound glycoproteins 

coupled to the enzyme adenylate cyclase via a guanine 
nucleotide regulatory protein. Drugs which block the 
/3-adrenoceptor have been shown to be useful therapeutic 
agents in a wide range of cardiovascular conditions 
including ischaemic heart disease and hypertension, 
whereas agonists are important drugs for the treatment 
of asthma and other disease states.1 Lands et al.2 have 
subdivided this receptor into /3-1 and /3-2 subtypes and 
more recently, the sequencing of the human (3-1- and £-2-
adrenoceptors has proved this subdivision beyond doubt.3,4 

The /3-1/(3-2 profile of many agonists and antagonists has 
now been established and a /3-3 receptor has been proposed 
to explain the thermogenic properties of a new class of 
/3-adrenoceptor agonists.5 

We have investigated the structure of the /8-1-adreno-
ceptor in its low affinity (antagonist) state. Detailed 
knowledge of the three-dimensional structure of a receptor 
offers a direct route for the medicinal chemist intent on 
designing drugs with optimum qualities. This is of 
particular relevance to the present generation of /3-1-
blockers, which are hampered by side effects or low affinity 
or both.1 Since such detailed knowledge is not yet available 
for the /3-adrenoceptors, indirect methods must be used 
to obtain this information. One way is through confor­
mational analyses of compounds active at the desired 
receptor. Although there is a wide range of compounds 
which block the /3-1-adrenoceptor, the conformational 
flexibility of these compounds limits the extent to which 
solid-state,6"11 solution,12-15 or theoretical6'10'11'13'16'17 struc­
tures can be related to the biologically active conforma-

(1) Louis, W. J.; McNeil, J. J.; Jarrott, B.; Drummer, O. H. Beta-
Adrenoceptor-blocking drugs: Current status, and the significance of 
partial agonist activity. Am. J. Cardiol. 1983, 52,104A-107A. 

(2) Lands, A. M.; Arnold, A.; McAuliff, J. P.; Luduena, F. P.; Brown, 
T. C. Differentiation of Receptor Systems Activated by Sympathomimetic 
Amines. Nature (London) 1967, 214, 597-598. 

(3) Frielle, T.; Collins, S.; Daniel, K. W.; Caron, M. G.; Lefkowitz, R. 
J.; Kobilka, B. K. Cloning of the cDNA for the human ^-adrenergic 
receptor. Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 7920-7924. 

(4) Kobilka, B. K.; Dixon, R. A. F.; Frielle, T.; Dohlmann, H. G.; 
Bolanowski, M. A.; Sigal, I. S.; Yang-Feng, T. L.; Francke, U.; Caron. M. 
G.; Lefkowitz, R. J. cDNA for the human (S2-adrenergic receptor: A protein 
with multiple membrane-spanning domains and encoded by a gene whose 
chromosomal location is shared with that of the receptor for platelet-
derived growth factor. Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 46-50. 

(5) Connacher, A. A.; Jung, R. T.; Mitchell, P. E. G. Weight loss in 
obese subjects on a restricted diet given BRL 26830A, a new typical f) 
adrenoceptor agonist. Br. Med. J. 1988, 296, 1217-1220. 

tion(s). Low activity of conformationally restricted 
analogues18-22 has also left doubt as to how relevant derived 
conformations are to the receptor. 

Linschoten et al.23 have constructed a model of the active 
site and estimated approximate energies of specific binding 
points of the /3-1-adrenoceptor in the low-affinity state. 
They used a computational method derived from the 
distance-geometry approach pioneered by Crippen,24 in 
which the problems associated with high flexibility in active 

(6) Rakhit, S.; Bouzoubaa, M.; Lelerc, G.; Leger, J. M.; Carpy, A. X-Ray 
analysis and computer assisted molecular modelling in beta-adrenergic 
blocking agents. Eur. J. Med. Chem.—Chim. Ther. 1986,21, 411-416. 

(7) Cotrait, P. M.; Pastor, G.; Giral, L. Structure of a 0-blocker 
(Hydroxy-2-isopropyI amino-3-propoxy)-2-Benzonitrile. Acta Crystal-
logr. Sect. C. 1986, C42, 1868-1870. 

(8) Barrans, P. Y., Cotrait, M.; Dangouman, J. Crystalline confor­
mations of 0- Adrenoceptor Blocking Agents: Propranolol and Alprenolol. 
Acta Crystallogr. Sect. B 1973, B29, 1264-1272. 

(9) Le Roux, C; Caira, M. R.; Koorts, J.; Venter, D. P. Structures of 
three isomeric ring-brominated PEA /S-blockers: [Ci3H2IBrNo3I

+-Cl-, 
[C13H21BrNO3J

+-[CH3SO3]-and [C13H21BrNOa]+[C2HO4]-. J. Crystal­
logr. Spectrosc. Res. 1990, 20, 69-77. 

(10) Leger, J. M.; Gadret, M.; Carpy, A. /3-Adrenergic Drugs: Analysis 
of Crystallographic and Theoretical Results. MoI. Pharmacol. 1980,17, 
339-343. 
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Spectroscopic Analysis of the Conformation of the Hydrohalide Salts of 
0-Adrenoceptor-Blocking Aryloxypropanolamines. Evidence for a Seven-
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J. Med. Chem. 1979, 22, 441-449. 
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formational Structure of Propranolol: A /3-Adrenergic Blocking Drug 
Studied by NMR and PCILO Methods. Int. J. Quant. Chem: Quant. 
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adrenergic properties of cyclic analogues of methoxamine: 2-Amino-1-
arylcyclohexanols and 2-amino-l,2,3,4-tetrahydro-l-naphthalenols. Eur. 
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(19) Balsamo, A.; Barilli, P. L.; Gagliardi, M.; Lapucci, A.; Macchia, 
B.; Macchia, F. Synthesis and adrenergic /3-blocking activity of diaste-
reoisomeric 3-(p-nitrophenyl)-6-methyl-3-piperidinols. Eur. J. Med. 
Chem.—Chim. Ther. 1982, 17, 285-298. 
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Table I. Structures, Activities, and Some Other Physical Data for the Para-Substituted Aryloxy-3-(isopropylamino)propan-2-ols, 
4-RPhOCH2CH(OH)CH2NHCH(CHa)2, Used in This Study 

no. 

1 
2 
3 
4 
5 

6 

R 

NHCOCH3 
CO2CH2CH3 
CO2CHCH2 
0(CH2)2OCH3 

-0 
NH-* 

name 
orref 

practolol 
35 
35 
H87/07 
33,34 

33,34 

I 
PA2" 

6.0 
6.5 
6.3 
6.4 
7.6 

8.9 

II 
pA2(corr)6 

5.3 
5.2 
5.0 
5.7 
5.9 

7.2 

III 
AG«W 

-31 
-31 
-30 
-34 
-35 

-43 

IV 
energy'' 

loss 

10 
10 
11 
7 
6 

-2 

V 
AHf(O0)8 

-220 
-442 
-297 
-414 

160 

VI 
AHt(W)" 

-206 
-429 
-285 
-410 

165 

not calculated' 

VII 
AHf(90°) -
AHKO0)* 

14 
13 
12 
4 
5 

VIII 
hydrophobicity* 

-0.6 
0.8 
0.5 
0.3 
0.2 

no data' 

7 

8 
9 

10 
11 

-^0(CH2)20(CH2)5^4-PhF 

(CH2J2OCH2C3Hs 
(CH2)2C02CH3 
CH2CONH2 
CH2CH3 

Ro-31-1118 

betaxolol 
35 
atenolol 
25 

8.2 

7.4 
7.0 
6.8 
7.2 

7.5 

6.7 
5.7 
6.1 
6.0 

-45 

-40 
-34 
-36 
-36 

-4 

1 
7 
5 
5 

-515 

-192 
-475 
-254 
-120 

-512 

-195 
-478 
-262 
-122 

3 

-3 
-3 
-8 
-2 

2.7 

1.3 
0.5 

-1.5 
1.2 

" Activity at the /S-1-receptor. Activities of named molecules were obtained as described in Experimental Section. Others were obtained 
as described in the original reference. The number of experiments was >2 for each compound, and tabulated pA2 values are mean values. 
The range for each value is <±0.2. 6 Standardized and corrected as explained in Experimental Section.c Calculated in kJ mol"1 from eqs 1 
and 4. d Difference between AG°0be and AG°c«icd> the latter value of which, calculated23 for the iV-isopropylphenoxypropanolamine chain, is 
-41 ± 6 kJ mol"1.e Calculated for planar molecules (i.e. side chain R is coplanar with the phenyl ring) in kJ mol"1 using AMI,30 with the 
propanolamine side chain replaced by a methyl group. ' Calculated for nonplanar molecules (i.e. side chain R is at 90° to the phenyl ring) in 
kJ mol"1 using AMI,30 with the propanolamine side chain replaced by a methyl group. *For compounds 1-7 this represents the energy of 
conjugation in kJ mol"1. * Estimated for the para substituent using Rekker and de Kort's system.38 * Parameters for sulfur not available in 
AMI3 0 (MOPAC version 5.0). > No data on the hydrophobicity of the thiophene fragment using the Rekker and de Kort system.38 

compounds are minimized through exploitation of a large 
number of molecules. Explanations of the effects of all 
but para substitution, for which there was only one 
representative molecule (practolol, 1 in Table I) in the 
database, were given. It was of note, however, that even 
though practolol had significant specificity for the /3-1-
adrenergic receptor, its activity was anomalously low. 

In the interest of developing better /M-specific drugs, 
we have concentrated on para-substituted /3-blockers. Para-
substitution is often accompanied by /3-1-specificity as a 
result of a relative decrease in /3-2-receptor affinity, and 
it has been suggested25,26 that steric effects in the 0-2-
receptor, rather than lipophilic effects, are responsible for 
this. There has been no previous attempt to relate 
variations in biological activity of different para-substi­
tuted ^-blockers to the physicochemical nature of the /3-1-
adrenoceptor. To do so is the aim of this paper. 

(20) Balsamo, A.; Macchia, C. B.; Macchia, F.; Del Tacca, M.; Mazzanti, 
L. Conformational Effects on the Activity of Drugs. 4. Cyclic Analogs 
ofl-(p-Nitrophenyl)-2-isopropylaminoethanol. Synthesis and Evaluation 
of the Adrenergic |3-Receptor Blocking Activity of 2-(p-Nitrophenyl)-4-
isopropylmorpholine. J. Med. Chem. 1973, 16, 224-227. 

(21) Del Tacca, M.; Bertelli, A.; Mazzanti, L.; Stacchini, B.; Balsamo, 
A.; Crotti, P.; Macchia, B.; Macchia, F. Conformational Effects on the 
Activity of Drugs. 5. Pharmacological Properties of 2-(p-Nitrophenyl)-
4-isopropylmorpholine, a Cyclic Analogue of INPEA. J. Med. Chem. 
1975, 18, 836-838. 

(22) Lap, B. V.; Williams, L. R.; Lim, C. H.; Jones, A. J. 4-Aminochro-
man-3-ols-Cyclic Analogues of l-Amino-3-aryloxypropan-2-ols, the Potent 
/3-Adrenergic Blocking Agents. Aust. J. Chem. 1974, 32, 619-636. 

(23) Linschoten, M. R.; Bultsma, T.; IJzerman, A. P.; Timmerman, H. 
Mapping the Turkey Erythrocyte /S-receptor: A Distance Geometry 
Approach. J. Med. Chem. 1986, 29, 278-286. 

(24) Crippen, G. Distance Geometry Approach to Rationalizing Binding 
Data. J. Med. Chem. 1979, 22, 988-997. 

(25) Erez, M.; Shtacher, G.; Weinstock, M. Cardioselectivity as a 
Function of Molecular Structure in /3-Adrenoceptor Blocking Agents of 
the l-(para-substituted aryloxy)-3-(isopropylamino)propan-2-ol Type. J. 
Med. Chem. 1978, 21, 982-984. 

Results and Discussion 

We measured the biological activity of a number of para-
substituted ^-blockers (molecules 1,4,7,8, and 10, Table 
I) and extracted the structures and biological activities of 
a number of others (molecules 2, 3, 5, 6, 9, and 11, Table 
I) from the literature in which the electronic, lipophilic, 
and steric natures of the para substituents differed widely 
(Table I), but which all contained the iV-isopropylphe-
noxypropanolamine structure. The method used to stan­
dardize the pA2 values and in turn calculate the binding 
energies of these compounds is described in detail in the 
experimental methods. 

All molecules were assumed to bind to the /8-1-adreno-
ceptor in the same mode. The common interaction points 
of the molecules with the receptor being the /3-hydroxyl, 
the amino nitrogen, and the phenyl ring. 

The hydrogen-bond-donor/-acceptor properties of the 
molecules chosen for this study vary widely. Previous 
studies on practolol indicate that the amide is involved in 
a hydrogen-bond interaction with the receptor.27'28 How­
ever, this hydrogen-bond interaction does not appear to 
be essential for cardioselectivity.2529 This is illustrated 
in molecule 11 in Table I. The ethyl para substituent of 

(26) Donne-Op den Kelder, G. M.; Bultsma, T.; Timmerman, H.; 
Rademaker, B. Mapping of the ^-Adrenoceptor on Chang Liver Cells. 
Differences between High and Low-Affinity Receptor States. J. Med. 
Chem. 1988, 31, 1069-1079. 

(27) Davies, R. H. A Steady-State Model of Drug-Receptor Interactions 
in vivo Applied to Antagonists of the /3-Adrenergic Receptor. Int. J. 
Quant. Chem.: Quant. Biol. Symp. 1977, 4, 413-442. 

(28) Davies, R. H.; Smith, L. H. Partial Agonism of Cardiac /3-
Adrenoceptor Blocking Agents and Competitive Conformer-Receptor 
Occupancy. Int. J. Quant. Chem.: Quant. Biol. Symp. 1980, 7,331-345. 

(29) Leclerc, G. SAR among /3-receptor antagonists: ffi and 02 
subclassification. Steric requirements of ̂ -adrenoceptors. ID Highlights 
in Receptor Chemistry; Melchiorre, C, Giannella, M., Eds.; Elsevier Sci. 
Publishers B.V.: Amsterdam, 1984; pp 109-133. 
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Figure 1. Schematic illustration of how a receptor wall could 
interfere with substituents which are conjugated with the phenyl 
ring (right) and not interfere with unconjugated substituents 
(left). 

molecule 11 is unable to donate or accept a hydrogen bond 
yet it is more active at the /8-1-adrenoceptor than practolol 
(the same argument holds for molecules 8 and 9, which 
both contain methylene groups in the position corre­
sponding to the amide in practolol). 

From Linschoten et al.'s model of the /8-1-adrenoceptor 
active site,23 the binding energy of the N-isopropylphe-
noxypropanolamine substructure can be calculated. Since 
all of the compounds 1-11 contain this substructure, the 
effect of the para-substituent upon the binding energy 
can be examined. We observed that a common feature of 
molecules 1-7 was a group which could be conjugated with 
the phenyl ring. We then hypothesized that steric 
interaction with the /8-1-adrenoceptor wall forces the para 
substituent out-of-plane with the aromatic ring, and that 
the energy required could account for the poor binding of 
these compounds (Figure 1). 

The binding energy or ACcaicd for the iV-isopropylphe-
noxypropanolamine substructure is -41 kJ mol"1 with a 
95% confidence interval of 6 kJ mol"1. It can be seen in 
column III of Table I that for five of the molecules 1-7 this 
value falls short by 6-11 kJ mol-1, as witnessed by the 
positive values under column IV, "energy loss". However, 
only the energy losses associated with molecules 1-4 lie 
outside the 95% confidence interval as expressed by 
Linschoten et al.23 for the reference compound iV-isopro-
pylphenoxypropanolamine. 

The AMI Hamiltonian30 was used to estimate the 
stability of the planar molecule compared with the 
molecule where the para substituent was at 90° to the 
phenyl ring, and therefore unconjugated (see Experimental 
Section). If the wall of the /8-1-adrenoceptor forces the 
para substituent of 1-7 out-of-plane with the phenyl ring, 
then one would expect the energy of conjugation to 
correlate with the value of "energy loss" (Table I, column 
IV). The semiempirical molecular orbital method AMI 
was used in this study for the following reasons: (1) the 
method is well-tested and there are many examples in the 
literature where it has been used in the calculation of 
rotational barriers31-33 and (2) reduction in the compu­
tation time when compared with ab initio methods. One 
shortcoming of the AMI method is the reported tendency 

(30) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. 
AMI: A New Genera] Purpose Quantum Mechanical Molecular Model. 
J. Am. Chem. Soc. 1985, 107, 3902-3909. 

(31) Ohta, M.; Koga, H. Three-Dimensional Structure-Activity Re­
lationships and Receptor Mapping of Ni-Substituents of Quinoline 
Antibacterials. J. Med. Chem. 1991, 34, 131-139. 

(32) Ford, G. P.; Herman, P. S. Conformational Preferences and 
Energetics of N-O Heterolyses in the Aryl Nitrenium Ion Precursors: ab 
initio and Semiempirical Molecular Orbital Calculations. J. Chem. Soc. 
Perkin Trans. 2 1991, 607-616. 

(33) George, P.; Bock, C. W. A test of the AMI model for calculating 
energies and structural properties of benzene, toluene, naphthalene, 
1-methyl and 2-methylnaphthalene. Tetrahedron 1989, 45, 605-616. 

to underestimate the size of rotational barriers.34,35 How­
ever, calculations using the ab initio STO-3G and 6-31G 
basis sets have previously been reported to overestimate 
the size of rotational barriers.34,36 

The results are shown in Table I. By subtracting the 
difference in energy between the conjugated (column V) 
and nonconjugated forms (column VI) for molecules 1-5 
an approximate value of the conjugation energy is obtained. 
There appears to be a correlation between the energy lost 
upon binding to the receptor (column IV) and the energy 
of conjugation (column VII). This supports our suggestion 
that, on binding, the para substituent is forced out-of-
plane with the phenyl ring and this explains the lower 
binding energy for these molecules. Molecules 6 and 7 
appear to be exceptions and an explanation for their 
biological activities is given later in the discussion. 

For molecules 8-11, in Table I, conjugation between the 
para substituent and the phenyl ring would not occur. 
Instead, the most energetically stable side-chain confor­
mation would be approximately 90° relative to the phenyl 
ring and this is reflected in the heats of formation shown 
in Table I. The rotational barrier for molecules 8,9, and 
11 is quite small, indicating that the para substituents 
would be able to rotate freely until bound to the receptor. 
There would then be no significant energy loss associated 
with orientation at 90° to the phenyl ring. In keeping 
with this argument, the discrepancy between the observed 
and calculated free energy of binding (i.e. energy loss Table 
I, column IV) for 8-11 is on average not as great as the 
values of molecules 1-5. Moreover, a consequence of our 
receptor wall theory (Figure 3), would be a loss of a degree 
of freedom between the aromatic ring and the para 
substituent for 8-11, which could be corrected by sub­
tracting 3 kJ mol"1 from "energy loss".37 This would reduce 
the discrepancy between the observed and calculated free 
energy for all this group of compounds except 8, which 
would bind 2 kJ mol"1 better than the reference compound 
(AMsopropylphenoxypropanolamine) after this adjust­
ment. 

In contrast to the above argument involving steric 
hindrance, there is no simple correlation (r = 0.381 for 10 
data points; p »0.1) between the hydrophobicity (log P, 
octanol/water) of the para substituent for molecules 1-5 
and 7-11 and the activity at the /3-1-adrenoceptor (given 
by pA2(corr) in column II, Table I). However, when one 
compares close analogues 2 and 3, the difference in pA2 
values is 0.2 and the corresponding difference in hydro­
phobicity is 0.3. For molecules 4 and 7 the difference in 
pA2 is 1.8, while the hydrophobicity difference is 2.4. Thus 
it appears that, at least in these two examples, as the 
hydrophobicity increases the activity at the /3-1-adreno­
ceptor also increases. Hydrophobicity was estimated using 
the hydrophobic fragmental / values of Rekker and de 

(34) Fabian, W. M. F. AMI Calculations of Rotation around Essential 
Single Bonds and Preferred Conformations in Conjugated Molecules. J. 
Comput. Chem. 1988, 9, 369-377. 

(35) Gundertofte,K.;Palm, J.;Pettersson,I.; Stamvik, A. A Comparison 
of Conformational Energies Calculated by Molecular Mechanics (MM2(85), 
Sybyl 5.1, Sybyl 5.21, and Chem X) and Semiempirical (AMI and PM3) 
Methods. J. Comput. Chem. 1991, 12, 200-208. 

(36) Tsuzuki, S.; Tanabe, K. Refinement of Molecular Mechanics 
Parameters for Ethers Based on the Conformational Energies of Me-O-X 
(X=Me, Et, Pr' and Bu!) Obtained by ab initio Molecular Orbital 
Calculations. J. Chem. Soc. Perkin Trans. 2 1991, 181-185. 

(37) Andrews, P. R.; Craik, D. J.; Martin, J. L. Functional Group 
Contributions to Drug-Receptor Interactions. J. Med. Chem. 1984, 27, 
1648-1657. 
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Kort.38 It may well be that the poor correlation between 
hydrophobicity and biological activity is due to the 
calculation method used to determine log P, and exper­
imental log P values may show a different trend. This, 
however, was considered unlikely as the octanol/water 
system has been reported to be a rather poor model for 
drug interactions with biological membranes.39-42 Model 
membranes such as dimyristoylphosphatidylcholine 
(DMPC)/physiological saline have been suggested as a 
more realistic system for estimation of hydrophobi­
city.40-43 It is also possible that the reason for the poor 
correlation with log P is that it is only one of several factors 
determining binding energy and hence is more obvious 
when comparing close analogues (vide supra). 

It has been proposed that the /3-blocker's phenyl ring 
interacts with an aromatic residue, possibly tryptophan, 
in the receptor active site.44-46 Therefore we examined 
whether there was a relationship between activity and the 
ability of the phenyl ring to interact with the active-site 
residue. Molecules 1-5 and 7, where the para substituent 
was in conjugation with the phenyl ring, had an overall 
ring charge which was more positive than those of 
molecules 8-11, in which such conjugation was absent. 
Apart from this general observation, there was no direct 
correlation between ring charge and activity (r = 0.176 for 
10 data points; p » 0.1). There was no relationship for 
parameters such as dipole moment or the gap between 
HOMO and LUMO. 

Preliminary studies on the molecular electrostatic 
potential (MEP) maps of these molecules show features 
which have been described in an earlier study on (3-blocking 
agents.47 Common to all molecules there exists a region 
of negative potential covering both the ortho and meta 
positions of the phenyl ring (referred to as center M2 in 
ref 47) as well as extending out approximately 1-2 A from 
the para position (M3, ref 47). A positive potential region 
exists beyond the region of negative potential out from 
the para position (corresponding to the center P4 in ref 
47). The MEP features described are observed regardless 
of the para substituent being in a planar conformation 
(torsion angle = 0°) or at 90° relative to the phenyl ring 
and do not appear to offer an explanation for the variation 
in binding energies. 

(38) Rekker, R. F.; de Kort, H. M. The hydrophobic fragmented 
constant; an extension to a 1000 data point set. Eur, J. Med. 
Chem.—Chim. Ther. 1979, 14, 479-488. 

(39) Herbette, L. G.; Chester, D. W.; Rhodes, D. G. Structural analysis 
of drug molecules in biological membranes. Biophys. J. 1986,49,91-94. 

(40) Betageri, G. V.; Rogers, J. A. The liposome as a distribution model 
in QSAR studies. Int. J. Pharm. 1988, 46, 95-102. 

(41) Mason, R. P.; Rhodes, D. G.; Herbette, L. G. Reevaluating 
Equilibrium and Kinetic Binding Parameters for Lipophilic Drugs Based 
on a Structural Model for Drug Interaction with Biological Membranes. 
J. Med. Chem. 1991, 34, 869-877. 

(42) Betageri, G. V.; Rogers, J. A. Thermodynamics of partitioning of 
^-blockers in the n-octanol-buffer and liposome systems. Int. J. Pharm. 
1987, 36, 165-173. 

(43) Herbette, L., Katz, A. M.; Sturtevant, J. M. Comparisons of the 
Interaction of Propranolol and Timolol with Model and Biological 
Membrane Systems. MoI. Pharmacol. 1983, 24, 259-269. 

(44) Cherksey, B. D.; Murphy, R. B.; Zadunaisky, J. A. Fluorescence 
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4278-4283. 
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of the B- Adrenergic Receptor with the Fluorescent Antagonist Carazolol. 
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(46) Tota, M. R.; Candelore, M. R.; Dixon, R. A. F.; Strader, C. D. 
Biophysical and genetic analysis of the ligand-binding site of the 
/S-adrenoceptor. Trends Pharmacol. Sci. 1991, 12, 4-6. 

(47) El Tayar, N.; Carrupt, P.-A.; Van de Waterbeemd, H.; Testa, B. 
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Molecules 6 and 7 have greater biological activity than 
would be expected according to our model since both would 
be conjugated with the phenyl ring. The addition of a 
thiophene ring to the imidazole ring in molecule 5 results 
in 6, with a relative release of 8 kJ mol-1 of binding energy. 
Similarly, the addition of a (4-fluorophenyl)methyl group 
to molecule 4 results in 7, with a relative release of 11 kJ 
mol-1 of binding energy. One possible explanation of this 
improved binding would be the presence of a second 
binding site for these aromatic groups on the para 
substituent, and that this compensates for the energy 
required to break conjugation between the aromatic ring 
and the substituent. This would require that the fluo-
rophenyl ring of molecule 7 could be superimposed upon 
the thiophene ring. (If they cannot be superimposed it 
would be unlikely that they could bind to the same second 
aromatic binding site in the receptor.) To test this 
hypothesis, we searched the conformational space available 
to 7 using distance and energy constraints in the SEARCH 
routine of SYBYL.48 Only conformers which were within 
80 kJ mol-1 of the energy for the conformer with the side 
chain in the extended form with the phenyl ring at 90° to 
the para substituent (E = 29.7 kJ mol-1) were selected (see 
Experimental Section). Of the 19 conformers which 
resulted, the first two were selected for molecular me­
chanics minimization using MAXIMIN2.48 Refined en­
ergies of 41.8 and 55.2 kJ mol-1 were obtained. The lower 
energy conformer (JE = 41.8 kJ mol-1) had an energy value 
12.1 kJ mol-1 above that of the extended conformation 
and was considered to be realistically accessible. The rigid 
superimposition of molecule 7 on 6, using the normals of 
the appropriate aromatic rings of 6 as a template (root 
mean square over six atoms = 0.085), is shown in Figure 
2. We suggest that an aromatic binding site could stabilize 
such a conformation in 7 and result in a reduced disso­
ciation constant relative to 4. It must be stressed that the 
above conformational search has not necessarily found 
the lowest energy conformation for which 7 can fit onto 
6, but has given support to the idea that such conformations 
are energetically feasible. Indeed, if 7 binds as in Figure 
2, it suggests that the fluorophenyl ring must bind with 
an energy of approximately 23 kJ mol-1 in order to stabilize 
this conformer and yet still bind 11 kJ mol-1 better than 
4. In support of this, the average expected37 binding energy 
for a fluorophenyl ring is 23 kJ mol-1. 

To unite the above theories into a common model, we 
rigidly superimposed all 30 relevant structures (two 
conformers each of molecules 1-4 and 6, where the para 
substituent and phenyl ring are at 0° and 180° and which 
therefore constitute the "inactive" set, and two conformers 
each of 1-4 and 6-11, where the para substituent and 
phenyl ring are at 90° and 270° and which therefore 
constitute the "active" set), as shown in Figure 3. AU 
molecules were aligned using the phenyl ring, apart from 
7, which was superimposed on 6 as shown in Figure 2. For 
the sake of clarity the oxypropanolamine moiety has been 
replaced with a hydrogen atom. Using the MVOLUME 
routine in SYBYL,48 we obtained the van der Waals volume 
which was common to all "inactive" conformers and 
substracted from this the total van der Waals volume of 
the complete "active" set. The resulting volume, which is 

(48) Tripos Associates, St. Louis, MO 63144. 
(49) Sufrin, J.; Dunn, D.; Marshall, G. R. Steric Mapping of the 

L-Methionine Binding Site of ATP:L-Methionine S-Adenosyltransferase. 
Mol. Pharmacol. 1981, 19, 307-313. 
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F i g u r e 2. Relaxed stereoview of the superimposition of the two aromatic rings in 7 on the phenyl and thiophene rings of molecule 
6. The conformer of molecule 7 shown (E = 41.8 k j mol"1) is 12.1 kJ mol"1 higher in energy than that in which the alkyl side chain 
is extended. The propanolamine substructure has been replaced with a methyl group. 

F igu re 3. Relaxed stereoview of the van der Waals volume (yellow) which is common to all planar, low-affinity molecules 1-4 and 
6, where the phenyl ring and substituent are at 0° and 180° to each other. This volume is not shared by any of the "active" set of 
molecules 1-4 and 6-11 in which this angle is either 90° or 270° and could represent the wall of the 0-1-adrenoceptor. The phenyl 
ring of each substituent was used for superimposition, except for molecule 7, which was superimposed as shown in Figure 2. For the 
sake of clarity, the oxypropanolamine side chain has been replaced with a hydrogen atom. 

Table II . Coordinates of Proposed Site Points" at the 
/3-1-adrenoceptor 

site point no. description 

13 (4.92,3.38, -0.50) 1 
14(0.61,5.91,-0.44) I 
15 (5.89,4.98, -0.92) | 
16 (1.55,7.51, -0.86) ) 
17(4.13,7.00,-3.21)1 
18(4.41,7.39,1.64) / 

wall of the /S-1-receptor: 
"filled" site points 

aromatic binding sites6 

• Site points 1-12 were characterized by Linschoten et al.,23 and 
the x, y, and z coordinates shown (angstroms) are referenced to these, 
with the assumption that the phenyl ring common to all molecules 
in Table I binds to site point 7. * Due to the symmetrical nature of 
the molecules studied, either or both of these sites could exist. 

shown in yellow in F igure 3, could r e p r e s e n t t he wall of 
t he /?- l -adrenoceptor . 4 9 

In T a b l e II are shown t h e locat ions in space of t h e 
recep tor wall a n d second a roma t i c b ind ing si te sugges ted 
in our s tudy . T h e coordinates are referenced t o Linschoten 
et a l . ' s 2 3 m a p of t he /3-1-adrenoceptor, a s suming t h a t t h e 

pheny l r ing c o m m o n to all t he se molecules b inds to t h e 
si te des igna ted as p o i n t 7. 

T h i s s t u d y h a s concen t r a t ed only on c o m p o u n d s t h a t 
have s u b s t i t u e n t s in t he p a r a or 4 posi t ion of t h e p h e n y l 
r ing. I t h a s been shown t h a t t h e in t roduc t ion of small 
s u b s t i t u e n t s a t t h e 2-posi t ion of t he p h e n y l r ing in para -
s u b s t i t u t e d c o m p o u n d s like prac to lo l increases potency. 2 7 

T h e barr ier t o ro ta t ion of t h e p a r a subs t i tuen t for molecules 
w i t h e i ther a 2-methyl or a 2-ni t ro g roup h a s been 
ca lcu la ted using A M I to be 14 k J mol"1. T h i s is t h e s ame 
as t h e ro ta t iona l bar r ier t h a t h a s been calcula ted for 
practolol in th i s s tudy . I t therefore a p p e a r s t h a t t he small 
2 - subs t i tuen ts have l i t t le influence on t h e pre fe r red 
conformat ion of t h e p a r a s u b s t i t u e n t (a t least in t he case 
of prac to lo l ) . T h e increased po t ency of c o m p o u n d s 
containing bo th 2-subs t i tuents a n d p a r a subs t i tuen t s could 
be expla ined by a favorable in te rac t ion be tween the 
recep tor a n d the 2 - subs t i tuen t . T h e size of t he 2-sub-
s t i t u e n t seems to be a n i m p o r t a n t factor, wi th larger 
subs t i tuen t s showing a reduc t ion in potency.2 7 T h i s would 
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suggest a cavity in the receptor with size constraints, in 
which smaller groups (e.g. 2-NO2, 2-F, 2-CH3) can be 
accomodated. Compounds previously synthesized within 
our group containing both substituents in the 2 and 4 
positions of the phenyl ring also exhibit this behavior. 

Conclusion 

The correlation between the calculated energies of 
conjugation for a number of para-substituted ^-blockers 
and the observed /S-1-adrenoceptor affinity suggests that 
in the act of binding of the receptor, the para substituent 
is forced out-of-plane with the phenyl ring by steric 
hindrance with the receptor wall. This fits the observation 
that a number of compounds in which the para substituent 
is not conjugated with the phenyl ring only exhibit a 
marginally lower binding energy than the reference 
compound iV-isopropylphenoxypropanolamine and that 
this can be improved by correcting for loss of a degree of 
freedom. Hydrophobicity is known to have an affect on 
the potency of drugs, but in this study, no simple 
correlation existed between the hydrophobicity and re­
ceptor affinity. 

We also suggest that there is an aromatic binding site 
near the thiophene ring of molecule 6, also accessible to 
the fluorophenyl ring of 7. These hypotheses were 
supported by the observation of a common volume 
occupied by the "inactive" structures, which was not 
occupied by any of the "active" structures and which could 
represent part of the |8-l-adrenoceptor wall.50 The location 
within the three-dimensional structure of the /3-1-adreno-
ceptor of the receptor wall proposed in this study has yet 
to be elucidated. 

Experimental Section 

Biological Activity. pA2 values for compounds 2,3, S, 6,9, 
and 11 were obtained from the literature.25,60"52 Determination 
of pA2 values for /S-1-adrenoceptors for compounds 1 and 4, 7, 
8, and 10 were obtained from in vitro measurements of the ability 
to inhibit the dose-response curve to cumulative doses of 
isoprenaline in a guinea pig atrial preparation. Atria were 
equilibrated for 60 min with Krebs-Henseleit physiological salt 
solution at 37 0C gassed with carbogen (5% CO2 in O2), the 
composition of which was (mM) NaCl (118), KCl (4.7), MgSO4 
(1.2), CaCl2 (2.5), KH2PO4, (1.2), NaHCO3 (25), glucose (11.1), 
and EDTA (0.0025). 

Cumulative concentration-response curves were obtained in 
each preparation as described by Van Rossum et al.53 and fitted 
by computer analysis according to Zaborowsky et al.54 For 
measurement of antagonist activity the appropriate agent was 
added to the organ bath at least 45 min after the first control 
concentration-response curve and allowed to equilibrate for 20 

(50) Baldwin, J. J.; Denny, G. H.; Hirschmann, R.; Freedman, M. B.; 
Ponticello, G. B. ft-Selective Adrenoceptor Antagonists: Examples of 
the 2-[4-[3-(substituted-amino)-2-hydroxypropoxy]phenyl]imidazole Class. 
J. Med. Chem. 1983, 26, 950-957. 

(51) Baldwin, J. J.; Christy, M. E.; Denny, G. H.; Habecker, C. N.; 
Freedman, M. B.; LyIe, P. A.; Ponticello, G. S.; Varge, S. L.; Gross, D. M.; 
Sweet, D. S. ft-Selective Adrenoceptor Antagonists: Examples of the 
2-[4-[3-(substituted amino)-2-hydroxypropoxy]phenyl]imidazole Class. 
2. J. Med. Chem. 1986, 29, 1065-1080. 

(52) Erhardt, P. W.; Woo, C. M.; Anderson, W. G.; Gorczynski, R. J. 
Ultra-Short-Acting /S-Adrenergic Receptor Blocking Agents. 2. (Aryl-
oxy)propanolamines Containing Esters on the Aryl Function. J. Med. 
Chem. 982, 25, 1408-1412. 

(53) Van Rossum, J. M., Hurkmans, J. A. Th. M.; Wolters, C. J. J. 
Cumulative dose response curves. Arch. Int. Pharmacodyn. Ther. 1963, 
143 299-330 

(54) Zaborowsky, B. R., McMahan, W. C; Griffin, W. A.; Norris, F. R.; 
Ruffolo, R. R., Jr. Computerized graphic methods for determining 
dissociation constants of agonists, partial agonist, and competitive 
antagonists in isolated smooth muscle preparations. J. Pharmacol. 
Methods 1980, 4, 165-178. 
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min before the next concentration-response curve was estab­
lished. The shift in this curve to the right was calculated as a 
p A2 value.55 Control curves repeated in the absence of antagonists 
showed no significant shift. 

Standardization of pA2 values. The pA2's of all molecules 
were normalized relative to the pA2 for practolol reported by 
Bilezikian et al.56 The difference between the pA2 of practolol 
obtained by a given group with that reported by Bilezikian et 
al.,56 whose data formed the basis of Linschoten's et aL's23 receptor 
mapping work, was subtracted from the pA2 of any other 
molecules reported by that group after adjusting the pA2's for 
the proportion of S-isomer. It is this enantiomer which over­
whelmingly accounts for the biological activity in phenoxypro-
pranolamine-based 0-blockers.57 For instance, Bilezikian et al.56 

reported a log Kd for racemic practolol on the turkey erythrocyte 
0- 1-receptor of-5.01. To obtain the log KA of the binding species, 
Linschoten et al.23 adjusted this figure to -5.31 after consideration 
of the proportion (50%) of S-enantiomer. Baldwin et al.50,51 

however, reported a pA2 of 6.98 for practolol on guinea pig atria, 
which becomes 7.28 after adjustment for the S-enantiomer and 
5.31 after standardization. Thus to derive the corrected pA2 
values (pA2(corr), column II in Table I) for molecules 5 and 6, 
which came from Baldwin et al.'s50'51 study, we adjusted the 
published pA2 values (pA2, column I in Table I) for the amount 
of S-enantiomer by adding 0.3, and then subtracted 1.97 (=7.28 
- 5.3). 

Correction for the proportion of cation, which is throught to 
be the active species,68 using the method of Uzerman et a l .^^as 
not made, since at physiological pH these drugs are almost entirely 
ionized and correlations are negligible. pA2 values for racemic 
practolol of 6.0, 6.6, and 6.5 were obtained by us, by Ehrardt et 
al.62 and by Erez et al.,26 respectively. These led to corrections 
of-1.0, -1.6, and -1.5, respectively, to the pA2's of any molecules 
reported by the above workers after each had been adjusted for 
the amount of S-enantiomer (by adding 0.3 if a racemic mixture 
was tested). 

Calculation of Free Energy of Binding. After normaliza­
tion of the pA2 values (see above paragraph), the observed Gibbs 
free energy of binding (AG0, kJ mol"1) was obtained from the 
reported pA2's or log Kd's using the equations 

pA2 = -logKd(ref60) (1) 

AG0= -RT hi K^ (2) 

= RT In K6, (3) 

= 5.96 log KA (4) 

and physiological conditions (37 0C). 
Materials. The following compounds were obtained: (±)-

practolol (ICI), (±)-H87/07 (Astra), (±)-Ro-31-1118 (Roch), 
(±)-betaxolol (Synthelabo), and (±)-atenolol (Sigma). 

Computer Modeling. AU minimizations were based on in 
vacuo conditions and all modeling was performed on a Silicon 
Graphics Personal IRIS using the molecular modeling software 
package SYBYL48 (version 5.32). AU molecular mechanics 

(55) Mackay, D. How should values of pA2 and affinity constants for 
pharmacological competitive antagonists be estimated? J. Pharm. 
Pharmacol. 1978, 30, 312-313. 

(56) Bilezikian, J. P.; Dornfeld, A. M.; Gammon, D. E. Structure-
binding-activity analysis of beta-adrenergic amines II. Binding to the 
beta receptor and inhibition of adenylate cyclase. Biochem. Pharmacol. 
1978, 27, 1455-1461. 

(57) Clarkson, R. /3-Adrenoceptor antagonists as antihypertensive 
agents. ACS Symp. Ser. 1976,27 (Antihypertensive Agents, Symposium, 
1975), 1-26. 

(58) Uzerman, A. P.; Bultsma, T.; Timmerman, H. Quantitative 
Evaluation of the ft-Adrenoceptor Intrinsic Activity of N-tert-Butyl-
phenylethanolamines. J. Med. Chem. 1986, 29, 549-554. 

(59) Uzerman, A. P.; Bultsma, T.; Timmerman, H.; Zaagsma, J. The 
relation between ionization and affinity of /3-adrenoceptor ligands. 
Naunyn-Schmiedeberg's Arch. Pharmacol. 1984, 327, 293-298. 

(60) Furchgott, R. F. The classification of adrenoceptors (adrenergic 
receptors). An evaluation from the standpoint of receptor theory. In 
Handbuch der Experimentellen Pharmakologie; Blaschko, H., Muscholl, 
E., Eds.; Springer-Verlag: Heidelberg, 1072; Vol. 33, 283-335. 
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calculations used MAXIMIN2 with the Tripos force field61 and 
took into account electrostatics. The charges on molecules were 
calculated using the GAST-HUCK algorithm, which incorporates 
Gasteiger-Marsili62 and Huckel63 calculations. Molecules were 
deemed to be minimized when there was a minimum energy 
change of less than 0.21 kJ mol-1 for one iteration. The conjugate 
gradient method was used for minimization. All AMI calculations 
involved the singlet state. Molecules were deemed minimized 
when the gradient fell to less than 0.04 kJ mol-1 or when SELCON 
fell to less than 4.2 X10"7 kJ mol"1. These are the values imposed 
when the keyword "PRECISE" is specified. Molecules were built 
up using the SYBYL molecular fragment library.48 To save 
computing time, the propanolamine side chain was assumed to 
have negligible effect on either the degree of conjugation between 
the aromatic ring with the para substituent or the preferred 
conformations of the para substituent and was replaced with a 
methyl group, thereby rendering all compounds methoxyphenyl 
(anisole) derivatives. For the calculation of energy of conjugation, 
molecules 1-5 were minimized in their planar conformations, 
with the side chains in the energetically preferred trans (molecules 
1-3) or extended (molecule 4) conformations, using initially the 

(61) Clark, M., Cramer R. D., Ill; Van Opdenbosch, N. Validation of 
the Tripos 5.2 Force Field. J. Comput. Chem. 1989,10, 982-1012. 

(62) Gasteiger, J.; Marsili, M. Iterative Partial Equalization of Orbital 
Electronegativity—A Rapid Access to Atomic charges. Tetrahedron 1980, 
36 3219—3228 

'(63) Purcel, W. P.; Singer, J. A. A Brief Review and Table of 
Semiempirical Parameters Used in the Huckel Molecular Orbital Method. 
J. Chem. Eng. Data 1967, 12, 235-246. 

molecular mechanics algorithm MAXIMIN2.48 The molecules 
were then fully minimized, using AMI (MOPAC version 5.0), to 
a level 100 times more refined than that of the default by 
specifying the keyword "PRECISE". Herbert's test was satisfied 
in BFGS, and the SCF field was achieved for all molecules. To 
obtain the heats of formation corresponding to the unconjugated 
conformers the torsion angle between the phenyl ring and the 
substituent was altered to 90°, and all geometrical parameters 
except this torsion angle were minimized. For the conformational 
search of molecule 7, the distance constraints imposed required 
the terminal dummy atoms of the normals (each of which was 
2 A long) of the phenyl and fluorophenyl ring to be within ±0.1 
A of those of the phenyl and thiophene ring, respectively, of 
molecule 6. All seven rotatable torsion angles of molecule 7 were 
explored in 30° steps from 0 to 360°, except for n, which was 
constrained to 80-100° and 260-280° and searched in 10° steps, 
and T2, which was searched from 0 to 360° in 10° steps (both n 
and T2 are defined in Table I). 

The SYBYL routine MVOLUME was used to calculate and 
display the van der Waals volume contoured in all planes and 
calculated on a grid of 0.15 A. 

Hydrophobicity Calculations. The log P values for the para 
substituents given in Table I (column VIII) were calculated using 
the hydrophobic fragments! system of Rekker and de Kort.38 
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