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Abstract 

The ligand binding properties of muscarinic receptors can be modulated by allosterically acting compounds. Here, a set of novel 
bispyridinium-type compounds was investigated which were designed to study structure-activity relationships and to provide more insight 
into the molecular events underlying the allosteric delay of the dissociation of [3H]N-methylscopolamine from muscarinic M 2 receptors 
in porcine cardiac membranes. The parent compound, a non-substituted bispyridinium oxime, displayed a weak allosteric potency and 
was unable to prevent radioligand dissociation at maximum concentrations. Introduction of either a phthalimidomethyl-moiety or a 
dichlorobenzyl-moiety at one end of the parent compound led to a considerable increase of the allosteric activity with regard to both the 
potency and the maximum effect. In these unilaterally ring-substituted bispyridiniums, homologous contralateral non-aromatic modifica- 
tions were accompanied by divergent potency shifts depending on whether the unilateral ring was phthalimidomethyl or dichlorobenzyl. 
The findings point to a multiple binding mode of bispyridinium compounds at M~_ receptors in the [3H]N-methylscopolamine-occupied 
state, i.e., different orientations of the compounds at the allosteric binding area or even an interaction with distinct allosteric recognition 
sites. 
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1. Introduct ion 

Ligand binding to muscarinic receptors may be affected 
allosterically, especially in case of the Mz-subtype (e.g., 
Tu~ek and Pro~ka, 1995; Lazareno and Birdsall, 1995). 
Allosteric modulators are commonly found to inhibit the 
association of ligands and to retard ligand dissociation. 
Whereas the former effect is also seen with conventional 
competitors of ligand binding, an alteration of the decay 
characteristics of  a ligand-receptor complex can only be 
elicited via a site apart from the ligand binding site. Thus, 
an altered ligand dissociation is unambiguously indicative 
of  an allosteric action. 

Various drugs from different pharmacological groups 
have been shown to be capable of  retarding the dissocia- 
tion of  radiolabelled antagonists from muscarinic recep- 
tors. Most of  the compounds available so far are rather 
heterogeneous with respect to their chemical structure and 

+ Corresponding author. Tel.: (49-228) 73-9103; Fax: (49-228) 73-9215. 

have another predominant pharmacological action, such as 
the often applied research tools gallamine and alcuronium 
(e.g., Pro~ka and Tu~ek, 1995). A common structural 
feature are quaternary or tertiary nitrogens protonated at 
the pH of the assay conditions (Lee and El-Fakahany, 
1991). The structural heterogeneity among the compounds 
raises concern about the specificity of the allosteric effect 
and impedes identification of essential structural compo- 
nents. With regard to specificity, Ellis and Seidenberg 
(1992) demonstrated that the allosteric effects of  gallamine 
and tacrine on the dissociation of [3H]N-methylscopola- 
mine from M~ receptors can be antagonized by obidoxime, 
which led to the concept of a common allosteric site. 
Furthermore, evidence was provided for a competitive 
interaction between the modulators gallamine on the one 
hand and d-tubocurarine (Waelbroeck, 1994), alcuronium 
or the structurally closely related strychnine (Pro~ka and 
Tu~ek, 1995) on the other hand. 

With regard to the identification of essential structural 
components, systematic investigation of  structure-activity 
relationships with closely related compounds should be a 
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useful strategy. Structure-activity relationships may also 
provide insight into the molecular interaction between 
allosteric ligands and the receptor protein. So far, system- 
atic structure-activity relationships have been investigated 

in bispyridinium-type modulators (Botero Cid et al., 1994; 
Gasteiger et al., 1995) and hexamethonium (alkane-bis- 
ammonium)-type compounds (Kostenis et al., 1994). Both 
series contain molecules which belong to the potent al- 
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Fig. 1. Structural formulae of the test compounds; ECs0 values and Hill coefficients n n of the concentration-effect curves for the allosteric retardation of 
the dissociation of [3H]N-methylscopolamine from porcine muscarinic M 2 receptors. Data for compounds 4a-d have been reported in Botero Cidet al. 
(1994). For 3e and 4d, the names WDUO and DUO3, respectively, have previously been used (Bejeuhr et al.. 1992; Buschendorf et al., 1990). 
ECs0 = concentration reducing the rate of radioligand dissociation to 50% of the control value, n number of concentration-effect curves evaluated. 
Asterisks indicate the extent of statistical significance ( ~ P < 0.05; * * P < 0.01; ..... P < 0.001; ns, not significant). Due to the large number of possible 
comparisons, statistical tests were performed only for comparisons of interest. 
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losteric modulators (Tr~inkle et al., 1994). Furthermore, the 
weakly active modulator obidoxime which has been used 
as a tool to check for competitive interactions at the 
putative allosteric site (Ellis and Seidenberg, 1992) also 
represents a bispyridinium-type compound. 

Comparison of the structure-activity relationships previ- 
ously found in bispyridinium- and hexamethonium-type 
model substances suggested the compounds to adopt dif- 
fering orientations at the putative allosteric binding area in 
the [3H]N-methylscopolamine-occupied state of the recep- 
tor protein (Kostenis et al., 1994), despite considerable 
similarity between the model compounds with respect to 
the molecular shape and the charge distribution (Bejeuhr et 
al., 1992). However, the two series of compounds differed 
in both the bisquaternary middle chain and the attached 
substituents. 

In order to define more precisely which structural ele- 
ments are essential for the interaction with the [3H]N- 
methylscopolamine-receptor complex, we aimed to com- 
pare the structure-activity relationships in two homologous 
series of bispyridinium derivatives containing as the unilat- 
eral substituent at one end of the middle chain either a 
phthalimidomethyl (PhthM) or a dichlorobenzyl (DCB) 
moiety (indicated as residue R in Fig. I). For this purpose, 
the PhthM compounds were synthesized in order to allow 
for a comparison with the DCB compounds, the effects of 
which have been reported before (Botero Cidet  al., 1994). 
The bispyridinium oxime TMB4 (structural formula in Fig. 
1) was included which can be regarded as the parent 
compound of all presented derivatives. It was hypothesized 
that if the orientation of the compounds within the al- 
losteric site is mainly influenced by the bispyridinium 
middle chain but not by the type of unilateral ring sub- 
stituent, homologous structural modifications on the oppo- 
site side (residue X in Fig. 1) should yield parallel potency 
shifts in the two series of compounds. 

2. Materials and methods 

2.1. Preparation o/'porcine cardiac homogenates 

The procedure has been described previously in detail 
(Jepsen et al., 1988; Botero Cid et al., 1994). All prepara- 
tion steps were carried out at an ambient temperature of 
4°C. Pieces of the ventricular wall of procine hearts ob- 
tained from the local slaughter-house were minced and 
rinsed with 0.32 M sucrose solution in order to be cleaned 
of blood. The tissue was homogenized in 0.32 M sucrose 
solution by means of a Waring Blendor (New Hartford, 
CT, USA) and a Potter Elvejhem homogenizer. The ho- 
mogenate was centrifuged at 300 × g for 10 min and the 
resulting supernatant was centrifuged at 80000 × g for 40 
min. The pellet was resuspended in 50 mM Tris buffer, pH 
7.4. 1-ml aliquots of the resuspension were filled in plastic 
vials (Eppendorf, Hamburg, Germany) and shock-frozen 

with liquid nitrogen. The homogenate was stored at - 20°C 
until use in the radioligand binding experiments. Protein 
content was determined according to Lowry et al. (1951) 
with human serum albumin as the standard. 

2.2. Radioligand binding assays 

In order to evaluate the effect of the test compounds on 
the rate of dissociation of [3H]N-methylscopolamine, two 
procedures were applied as previously described in more 
detail (Botero Cid et al., 1994). In the 'two-point-kinetic 
experiments', the membranes were incubated together with 
0.2 nM [3H]N-methylscopolamine for 30 min in a medium 
composed of 3 mM MgHPO 4, 50 mM Tris, pH 7.3 at 
37°C. Measurements were made in quadruplicate. Binding 
of [3H]N-methylscopolamine was measured before and 4 
min after revealing the dissociation of [3H]N-methyl- 
scopolamine by addition of 1 /,tM atropine. The test 
compounds or an aliquot of the solvent were applied 
together with atropine. The level of the non-specific bind- 
ing of [3H]N-methylscopolamine was determined in the 
presence of 1 #M atropine and amounted to less than 10% 
of the total. Dissociation was terminated by filtration 
through glass fibre filters (Schleicher and Schtill, Dassel, 
Germany) under suction of a vacuum pump. The radioac- 
tivity on the filters was quantified by liquid scintillation 
counting. 

In the 'complete-kinetic experiments', the same proce- 
dure was applied but the incubation volume was increased 
to about 20 ml in order to allow for the removal of various 
1-ml aliquots over a total time period of 2 h. 

To check for an effect of the test compounds on the 
equilibrium binding of [3H]N-methylscopolamine, mem- 
branes were incubated under the above-mentioned condi- 
tions with the radioligand for 2 h in the absence and in the 
presence of the ECs0 concentrations for the allosteric 
effect. Under control conditions, the equilibrium binding 
of [3tt]N-metbylscopolamine was characterized by a K d = 
0.6_+ 0.1 nM and a Bma x = 122 _+ 20 fmo l /mg  protein 
(means _+ S.D., n = 3). 

2.3. Statistics / data analysis 

A monoexponential decay equation was fitted to the 
resul ts  of  the c o m p l e t e - k i n e t i c  expe r imen t s .  
Concentration-effect curves for the allosteric effect were 
calculated according to a four parameter logistic equation 
(Inplot Software; GraphPad, San Diego, CA, USA). 

Statistical data evaluation was performed with the 
Mann-Whitney non-parametric test (Instat Software; 
GraphPad). A P value of < 0.05 was taken as the crite- 
rion for statistical significance. 

2.4. Materials 

[3H]N-methylscopolamine (specific activity 81.5 
Ci /mmol)  was obtained from NEN-Dupont (Homburg, 



388 E. Kostenis et al. / European Journal of Pharmacology 314 (1996) 385-392 

Germany). N-methylscopolamine-bromide and atropine- 
sulfate were purchased from Sigma (Deisenhofen, Ger- 
many). The synthesis of the dichlorobenzyl (DCB)-sub- 
stituted bispyridinium compounds (designated here as '4') 
is described in Botero Cid et al. (1994), the synthesis of 
WDUO ( '3e')  is reported in Bejeuhr et al. (1992). 

2.5. Synthesis of the novel phthalimidomethyl containing 
bispyridinium compounds 

The synthesis pathway leading to compounds 3a-d 
(Fig. 1) is analogous to previously published procedures. 
An oxime ether is formed by conversion of pyridine-4- 
carboxaldoxime and phthalimidomethyl (PhthM) bromide 
in the presence of sodium methanolate (Bejeuhr et al., 
1992). In order to obtain 3a, the oxime ether is monoalky- 
lated with dibromopropane and subsequently connected 
with a second pyridine-4-carboxaldoxime. 3b-d are formed 
by conversion of the oxime ether with the respective 
N-alkylated pyridinium parts the synthesis of which has 
already been described (Botero Cid et al., 1994). The 
analytical and spectroscopic (IR, NMR) data were in ac- 
cordance with the chemical structures. These data as well 
as details of the synthesis are available upon request. 
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Fig. 3. Concentration-effect curves for the allosteric reduction by the 
indicated compounds of the apparent rate constant k i of the dissocia- 
tion of [3H]N-methylscopolamine ([3H]NMS, 0.2 nM), expressed as a 
percentage of the control value in the absence of a test compound. The 
curves are based on data from two-point-kinetic experiments measuring 
the starting level of [3H]N-methylscopolamine binding and its residual 
binding 4 min after start of the dissociation (for details, see text). 
Indicated are means + S.D. of n = 4-8 separate experiments, each per- 
formed as quadruplicate determinations; scatter bars are not shown where 
they do not exceed the symbols. The ECs0 values (concentrations retard- 
ing the rate of radioligand dissociation to half of the control) and the 
slope factors n H of the curves are compiled in Fig. 1. 

3. Results 

The procedure to evaluate the allosteric effect of the test 
compounds on the dissociation of [3H]N-methylscopola- 
mine from porcine cardiac membranes is illustrated in Fig. 
2 by means of representative experimental data for com- 
pound 3c. The dissociation curves were monophasic both 
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Fig. 2. Dissociation of [3H]N-methylscopolamine ([3H]NMS, 0.2 nM) 
from porcine cardiac membranes under the control condition (asterisks) 
and in the presence of the indicated concentrations of compound 3c 
(complete kinetic experiments). Radioligand dissociation was revealed by 
addition of 1 /xM atropine; the test compounds were added together with 
atropine. Curve-fitting was done by nonlinear regression analysis and ted 
to the half-life time 4/2 and the apparent rate constant of dissociation 
k_l, respectively (inset). The dotted line indicates the level of [3H]N- 
methylscopolamine residual binding 4 min after the start of the dissocia- 
tion. 

under the control condition and in the presence of com- 
pound 3c and could, thus, be characterized by the half life 
time tt/2 and the apparent rate constant of dissociation 
k_ t, respectively. Compound 3c retarded concentration-de- 
pendently the dissociation of [3H]N-methylscopolamine, 
which indicated an interaction of the modulator with the 
radioligand-receptor complex. As the time course of disso- 
ciation was monophasic, measurement of [3H]N-methyl- 
scopolamine binding at the starting level and residual 
binding at an appropriate time interval was sufficient to 
evaluate the concentration-dependent decline of k ~. This 
fact was utilized to quantify the allosteric potency by 
means of the two-point-kinetic type of experiments, the 
principles of which are discussed in detail elsewhere 
(Kostenis and Mohr, 1996). The time interval (4 min) after 
which dissociation was terminated in the two-point-kinetic 
experiments is indicated by a dotted line in Fig. 2. During 
this interval, approximately 75% of the bound [3H]NMS 
dissociated from the receptors in the absence of a test 
compound. Applying a monoexponential decay equation 
B, = B 0 e -k ' t allowed to derive the apparent rate con- 
stant of dissociation k ~ from the residual binding data 
(B t, 4 min value of residual binding; B 0, starting level of 
binding; t, 4 min). The resulting curve for the effect of 
compound 3c on the apparent rate constant of dissociation 
k ~ is included in Fig. 3. The allosteric effects of the other 
test compounds on the dissociation of [3H]N-methyl- 
scopolamine were likewise measured. Since monophasicity 
of dissociation is a prerequisite for the procedure, it was 
checked for each test compound by means of 'complete 
kinetic experiments' (cf., Fig. 2) at selected concentrations 
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Fig. 4. Concentration-effect curve for the allosteric effect of TMB4 oil the 
apparent rate constant k i of the dissociation of [3H]N-methylscopola- 
mine ([3H]NMS, 0.2 nM), expressed as percent of the control value. Data 
obtained by two-point-kinetic experiments. Indicated are means + S.D. of 
n = 2-5 experiments. Error bars are not shown where they do not exceed 
the symbols. 
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dissociation was reduced to 50% of the control value at a 
concentration of ECs0 = 1865 /xM. At maximum concen- 
trations, TMB4 was only capable of slowing the rate of 
[3H]N-methylscopolamine dissociation to slightly less than 
50% of the control value. 

In order to check for an effect of the compounds on 
[3H]N-methylscopolamine equilibrium binding, they were 
applied in the ECs0 concentrations for the allosteric effect 
on radioligand dissociation (Fig. 5). The compounds con- 
taining at least one PhthM moiety (3a-e)  depressed 
[3H]N-methylscopolamine equilibrium binding to a lesser 
extent than did the DCB-containing derivatives 4a-d.  It 
should be noted that the effect of the hybrid compound 3d 
- containing both a PhthM and a DCB moiety - was of 
similar magnitude as in the PhthM series of compounds. 

4 .  D i s c u s s i o n  

reducing k_~ to about 50% and about 10% of the control 
value that dissociation remained monophasic (data not 
shown). 

The concentration-effect curves displayed in Fig. 3 
reveal that the compounds at the highest applied concentra- 
tions have in common the ability to nearly prevent the 
dissociation of [3H]N-methylscopolamine. The concentra- 
tion-effect curves were characterized by the ECs0 value 
(concentration reducing dissociation rate to 50% of the 
control value) and the slope factor nil; these values are 
compiled in Fig. 1. In contrast to the uni- and bilaterally 
substituted derivatives, the parent compound TMB4 re- 
vealed only a weak allosteric activity to retard the dissocia- 
tion of [3H]N-methylscopolamine (Fig. 4). The rate of 
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Fig. 5. Specific equilibrium binding of [3H]N-methylscopolamine 
([3H]NMS, 0.2 nM) in the presence of the indicated compounds at their 
EC~0 concentrations to retard radioligand dissociation. Indicated are 
means_+ S.D. of n = 3-5 experiments; the data for 4a-d were taken from 
Botero Cid et al. (1994). 

In case of various G-protein-coupled receptors, ligand 
binding has been shown to be sensitive towards allosteric 
modulation, e.g., adrenergic c~ 2 receptors (Nunnari et al., 
1987), adenosine A 1 receptors (Bruns and Fergus, 1990), 
dopamine D 2 receptors (Baures et al., 1994; Hoare and 
Strange, 1995); so far this phenomenon has been most 
extensively studied with muscarinic receptors, especially 
the M2-subtype. Both, the association and the dissociation 
of a ligand may be altered by the allosteric modulator. The 
interplay between these actions is reflected by the effect of 
the modulator on the equilibrium binding of the ligand. 

The events underlying an allosteric modulation on the 
molecular level are still unresolved. In general, the al- 
losteric modulator may alter the ligand binding character- 
istics of the receptor by affecting the overall conformation 
of the receptor protein including the ligand binding site or 
by interacting directly with the ligand 'binding pocket'. 
Moreover, it is not clear whether the effect of an allosteric 
modulator on ligand association, which occurs at the free, 
non-liganded receptor, is mediated via another site than the 
effect on ligand dissociation, which takes place at a recep- 
tor occupied by the ligand, Several lines of evidence 
suggest, however, that different sites are involved: Struc- 
tural requirements of the two effects have been found 
divergent with regard to both the structure of the modula- 
tors (e.g., differing stereoselectivities: Gerry et al., 1987; 
Waelbroeck, 1994; Gao and Liu, 1995) and the structure of 
the receptor protein (Leppik et al., 1994; JakuNk and 
Tu~ek, 1995). In the present study, we focused on the 
allosteric site of muscarinic M e receptors relevant for the 
delay of ligand dissociation. 

The actions of allosteric modulators on ligand dissocia- 
tion are known to depend on the type of radioligand under 
investigation (e.g., Lee and EI-Fakahany, 1991; TuEek and 
Pro~<ka, 1995). Here, [~H]N-methylscopolamine was cho- 
sen, because it is the commonly applied radioligand in this 
field of research. 



390 E. Kostenis et al. / European Journal of Pharmacology 314 (1996) 385-392 

All test compounds were found capable of retarding 
[3H]N-methylscopolamine dissociation. The time course of 
dissociation remained monophasic in the presence of the 
test compounds. This finding is likely to indicate that the 
binding kinetics of the modulator at the receptor are 
considerably faster than the kinetics of the radioligand 
(Lazareno and Birdsall, 1995). This conclusion appears 
reasonable taking into account that a low binding affinity 
often results from fast dissociation kinetics and that the 
effect of the test compounds and, thus, probably their 
binding occulted at about 1000-fold higher concentrations 
compared with the binding of [3H]N-methylscopolamine. 

The ECs0 value, i.e., the concentration reducing the 
probability of desintegration of the [3H]N-methyl- 
scopolamine-receptor complex by 50%, is used here as a 
measure of the potency to allosterically stabilize the radi- 
oligand-receptor complexes. Except in case of TMB4, the 
ECs0 is equivalent to the inflection point of the concentra- 
tion effect curves and might represent a measure for the 
binding affinity of the modulator to the site mediating the 
retardation of radioligand dissociation. 

The allosteric potency of the parent compound, i.e., the 
bisoxime TMB4, is low (Fig. 4; ECs0 = 1865 /xM; inflec- 
tion point of the curve at 333 /zM). Furthermore, TMB4 
slowed [3H]N-methylscopolamine dissociation at maxi- 
mum to slightly less than 50% of the control value; this 
may be termed a submaximum allosteric efficacy. Unilat- 
eral introduction of a PhthM or a DCB substituent leads to 
a considerable increase of both the allosteric potency and 
the allosteric efficacy (cf., Fig. 1). This finding indicates 
that the lateral substituent dominates over the bispyri- 
dinium middle chain with regard to the allosteric activity. 

The PhthM-containing compound 3a (ECs0 = 4.9 /xM) 
surpasses in potency the DCB-containing derivative 4a 
(ECs0 = 11.5 /xM) by a factor of two. If the orientation of 
the PhthM and the DCB compounds within the allosteric 
binding area of the receptor protein were identical, the 
higher potency would point to a better fit of PhthM at the 
putative allosteric site. 

In case of an identical orientation of the PhthM- and the 
DCB compounds at the allosteric site, analogous modifica- 
tions at the opposite end of the respective structures should 
induce similar potency shifts in each group of compounds. 
However, some of the experimental results are not in line 
with this prediction (cf., Fig. 1): for instance, contralateral 
substitution of the oxime proton by methyl decreases the 
allosteric potency slightly but significantly in the PhthM- 
containing derivatives (3b vs. 3a) whereas the potency is 
increased in the DCB compounds (4b vs. 4a). A set of 
alterations of the methyloxime moiety significantly alters 
the allosteric potency in the PhthM compounds (3b vs. 3c 
vs. 3d), but does not affect the potency in the DCB series 
(4b vs. 4c vs. 4d). These observations lead to the conclu- 
sion that the PhthM-substituted bispyridinium compounds 
may not have the same orientation within the allosteric 
binding area compared with the DCB-substituted agents. It 

appears as if the PhthM ring may guide a bispyridinium 
compound into another location than does the DCB ring. 

The dominating role of the PhthM ring for the binding 
affinity may explain that the contralateral modifications in 
the set 3a-d  were accompanied by a rather limited, though 
significant, potency shift: Compared with the PhthM-con- 
taining side of the molecules the opposite end apparently 
contributes only to a minor extent to the overall binding 
affinity of the molecule. Nevertheless, this end is obvi- 
ously also involved in attaching to the receptor protein and 
may, thus, serve as a probe for the respective part of the 
binding site. 

Considering the subset of bispyridinium compounds 
with bilateral ring substitution, a different pattern of po- 
tency shifts is encountered. Introduction of DCB into the 
PhthM oxime 3a and the DCB oxime 4a, respectively, 
augments the potency in both cases (3d vs. 3a, 4d vs. 4a). 
Furthermore, the steepness of the concentration-effect curve 
(cf., the Hill coefficients n H in Fig. 1) is increased to the 
same extent. A similarly high steepness has been observed 
with tacrine for the delay of radioligand dissociation from 
M 1 receptors (Potter et al., 1989; Mohr and Tr~inkle, 1994) 
and from M 2 receptors (Ellis and Seidenberg, 1992); so 
far, however, an explanation for this phenomenon is not 
possible. The results obtained with the bilaterally ring 
substituted compounds may be compatible with, but do not 
prove, an identical orientation within the allosteric binding 
area. 

In any case, taken together our findings lead us to the 
idea that bispyridinium compounds may attach in more 
than one orientation to the site(s) mediating the allosteric 
delay of [3H]N-methylscopolamine dissociation. This con- 
clusion is in line with the concept of a multiple binding 
mode, i.e., seemingly minor structural modifications result 
in an altered orientation of a ligand at the binding site(s) of 
a receptor or an enzyme (for examples, see Kubinyi, 1993, 
1995; Folkers and Michael, 1994). It may be imagined that 
the compounds utilize different points of attachment within 
a common binding area for allosteric modulators on the 
M? receptor protein. However, the structure-activity rela- 
tionships might as well imply the presence of topographi- 
cally distinct sites of action. Thus, the findings are not 
readily compatible with the model of a common site for 
allosteric modulators to delay radioligand dissociation from 
M 2 receptors. 

The concept of a multiple binding mode may offer an 
explanation for the submaximum allosteric efficacy found 
with TMB4. Its binding affinity appears to be low, and 
high concentrations have to be applied to obtain an al- 
losteric effect. Since TMB4 does not contain a ring sub- 
stituent, the molecule may not be preferentially attracted 
into a distinct orientation at the allosteric binding area. As 
the aminoacid sequence of the muscarinic M? receptor 
protein contains several negatively charged residues which 
could serve as points of attachment for positively charged 
ligands (Kubo et al., 1986; Wess, 1993), it is conceivable 
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that TMB4 may bind to the receptor protein in various 
orientations. If not all of the possible orientations result in 
an allosteric delay of radioligand dissociation and if TMB4 
bound in one orientation interferes with binding in other 
orientations, a maximum occupancy of the muscarinic M 2 
receptors by TMB4 will lead to an allosteric effect below 
maximum. To the best of our knowledge, the allosteric 
modulators with partial intrinsic activity known so far 
share a low allosteric potency (Ellis and Seidenberg, 1992; 
Tr~inkle and Mohr, 1994). However, at present this idea is 
merely speculative and we are well aware that there are 
other possible explanations for the phenomenon of a sub- 
maximum allosteric efficacy. 

The experiments to check for an effect of the com- 
pounds on the equilibrium binding of [3H]N-methyl- 
scopolamine (Fig. 5) had a screening type character, but 
nevertheless allow some tentative conclusions. The al- 
losteric delay of [3H]N-methylscopolamine dissociation 
would per se increase the binding affinity of the radioli- 
gand. Since the compounds actually reduced [3H]N-meth- 
ylscopolamine equilibrium binding (cf., Fig. 5), their in- 
hibitive effect on radioligand association has to exceed the 
retarding action on radioligand dissociation. The PhthM- 
containing compounds reduced equilibrium binding less 
than did the DCB-containing derivatives at concentrations 
being equieffective with regard to the effect on ligand 
dissociation. Thus, the inhibition of radioligand association 
is, relative to the allosteric effect on dissociation, more 
pronounced in the DCB-containing derivatives than in the 
PhthM compounds. This implies that the structure-activity 
relationships for the effects on radioligand association and 
dissociation do not correspond. Apparently, the binding 
site mediating the effect on ligand association has diver- 
gent properties compared with the allosteric site mediating 
the effect on radioligand dissociation. The former site may 
consist of the radioligand binding site, or of another site 
accessible for the modulator when the receptor protein is 
not occupied by the radioligand, or of the above-mentioned 
allosteric site in a state differing from the state involved in 
the delay of radioligand dissociation. 

In any case, also with respect to the interference with 
radioligand association the lateral ring moieties appear to 
predominate over the bispyridinium middle chain: the hy- 
brid compound 3d containing both PhthM and DCB be- 
haves like a PhthM compound, suggesting that PhthM is 
also superior to DCB in determining the mode of interac- 
tion with the site mediating the inhibition of radioligand 
association. 

In conclusion, the structure-activity data provide evi- 
dence that bispyridinium-type allosteric modulators - 
though structurally closely related - may interact in more 
than one orientation with the muscarinic M~ receptor in 
the [3H]N-methylscopolamine-occupied state. Future in- 
vestigations will have to clarify whether topographically 
distinct sites or a common binding area for allosteric 
modulators are involved in this phenomenon. 
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