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1 Seven esters of a-truxillic acid have been synthesized: bis-3-piperidylpropyl ester and its
quaternary bis-N-ethyl derivative, bis-N-diethylaminopropyl ester and its quaternary bis-N-methyl
derivative, and bis-4-piperidylbutyl ester and its quaternary bis-N-methyl and bis-N-ethyl
derivatives.

2 All esters inhibited the specific binding of muscarinic receptor antagonist [methyl->H J-N-
methylscopolamine ([*H]-NMS) to muscarinic receptors in membranes of CHO cell lines stably
expressing the human gene for the M;, M,, M; or M, subtype of muscarinic receptors. All esters
displayed the highest potency at the M, and the lowest potency at the M; receptor subtype.

3 In experiments performed on the M, muscarinic receptor subtype, the affinity between the
receptors and the esters was greatly increased when the concentration of ions was diminished. The
highest affinities were found for the tertiary bis-3-piperidylpropyl and bis-4-piperidylbutyl
aminoesters (equilibrium dissociation constants of 52 and 179 pM, respectively, in the low ionic
strength medium).

4 All investigated esters slowed down the dissociation of [PH]-NMS from the M, muscarinic
receptor subtype. [PH]-NMS dissociation from the M;, M5 and M, muscarinic receptor subtypes was
investigated in experiments with the bis-4-piperidylbutyl aminoester and also found to be
decelerated.

5 It is concluded that the esters of a-truxillic acid act as M,-selective allosteric modulators of
muscarinic receptors and that, by their potency, the tertiary bis-3-piperidylpropyl and bis-4-
piperidylbutyl aminoesters surpass the other known allosteric modulators of these receptors.

Muscarinic receptors; a-truxillic acid esters; allosteric modulation; piperidylpropyl esters of a-truxillic acid;

piperidylbutyl esters of a-truxillic acid; CHO cells

Abbreviations: CHO, Chinese hamster ovary; [PH]-NMS, [methyl->H ]-N-methylscopolamine

Introduction

It has been shown that several esters of a-truxillic acid are
potent neuromuscular blockers, and some of them were
introduced into clinical use as myorelaxants in the former
Soviet Union (Kharkevich & Skoldinov, 1986). These
neuromuscular blockers (i.e., nicotinic antagonists) also
display anti-muscarinic effects in pharmacological experi-
ments, which are particularly prominent on the heart and
occur at several fold lower doses than the neuromuscular
blockade (Kharkevich & Shorr, 1986). Cardio-selective anti-
muscarinic effects of several other neuromuscular blockers
had been discovered in earlier studies, and had been shown
to be allosteric in nature (Clark & Mitchelson, 1976;
Stockton et al., 1983; Dunlap & Brown, 1983; reviews Lee
& El-Fakahany, 1991; Holzgrabe & Mohr, 1998; Christo-
poulos et al., 1998).

In the present work, we synthesized three esters of o-
truxillic acid (=(le, 2o, 3f, 4p)-2,4-diphenyl-1,3-cyclobu-
tane-1,3-dicarboxylic acid, CA No 490-20-0) containing
two tertiary nitrogen atoms each, and four bis-N-
methylated or bis-N-ethylated quaternary derivatives of
these esters, with the intention to investigate their anti-
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muscarinic properties in radioligand binding experiments
on membranes containing defined muscarinic receptor
subtypes. The purpose of our experiments was to establish
the subtype specificity of the anticipated anti-muscarinic
action of the esters, to determine the competitive or
allosteric nature of such action, and to find (if possible) a
compound with a high affinity for the receptors, which
might serve as the starting material for the development of
a specific radioligand.

Methods

Preparation of o-truxillic acid and of aminoalcohols

o-Truxillic acid (Figure 1) was obtained by photodimeriza-
tion of E-cinnamonic acid (Arendaruk et al., 1967), using
one of three ways (exposure to sunshine for 3 months,
exposure to u.v. light in solid state for 175-200 h, or
exposure of a water suspension in a photoreactor for 70 h),
all with a yield of 35-40%. Its melting point was 281—
284°C and its structure and purity were checked by 'H and
3C nuclear magnetic resonance. Its dichloride was prepared
by heating it in excess of thionyl chloride with the addition
of pyridine.

4-Piperidylbutan-1-ol was prepared using the sequence of
reactions in which tetrahydrofuran plus acetylbromide yield 4-
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bromobutylacetate, which reacts with piperidine to form 4-
piperidylbutylacetate, which is deacetylated by boiling with
10% KOH to form 4-piperidylbutan-1-ol (Smorgonskii &
Goldfarb, 1940; Solovev et al., 1959).

3-Piperidylpropan-1-ol was prepared by heating piperidine
with sodium dissolved in allylalcohol (Hromatka, 1942).

3-Diethylaminopropan-1-ol was obtained from Aldrich-
Sigma.

Preparation of truxillic acid esters

o-Truxillic acid esters (described as compounds I, II and
III in Figure 1) were prepared from o-truxillic acid
dichloride and corresponding aminoalcohols, based on the
procedure described by Arendaruk et al. (1967; 1973). The
purity of the products was checked by thin layer
chromatography on silica gel (Merck) in chloroform:
methanol : ammonia (6:4:0.2) (LIII) or ethyl acetate :
ammonia (100:2) (II) and on aluminium oxide (Merck) in
toluene : ethanol (8:2) (I, III). The structure of II was
confirmed by 'H and "“C nuclear magnetic resonance.
Although not determined directly, the pK, values of
compounds I, II and III were expected to be 10.5 or
higher (CRC Handbook, 1983). Consequently, the three
amino esters were probably fully protonized during
incubations at pH of 7.4.

Quaternary derivatives of the esters (compounds IV—VII in
Figure 1) were prepared by heating the parent compounds with
excess methyl iodide or ethyl iodide in methanol or ethanol
and recrystallization. Their purities were checked by elemen-
tary analysis (VI, VII) and by comparing the IR spectra with a
standard donated by D. Kharkevich (IV). Their melting points
were 211-212°C (IV), 210-215°C (V), 227-228°C (VI) and
166—167°C (VII).
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Figure 1 Esters of a-truxillic acid.

Cell membranes

Interactions between the esters of o-truxillic acid and
muscarinic receptors were investigated on membranes of CHO
(Chinese hamster ovary) cell lines stably transfected with
human genes for the M,—M, muscarinic receptor subtypes
(Buckley et al., 1989). Cells were grown in Dulbecco’s modified
Eagle’s medium complemented with 10% foetal calf serum and
0.005% geneticin as described by Jakubik et al. (1995). After 7
days in culture, they were collected using mild trypsinization
and centrifugation, and suspended in medium A (see below) at
a concentration of 20 x 10° cells ml~".

Suspended cells were homogenized with an Ultra-Turrax
homogenizer (Janke and Kunkel, Staufen, Germany). The
homogenate was centrifuged for 3 min at 310 x g, the sediment
was recentrifuged at the same acceleration, and the membranes
contained in the combined supernatants were sedimented by
30 min centrifugation at 60,000 xg. The sediment was
resuspended in medium A or, for incubations at low ionic
strength, in medium B. In the latter case, the membranes were
washed by an additional centrifugation (60 min at 60,000 x g)
in medium B. Membranes were kept frozen at —40°C for up to
6 weeks.

Media used for homogenization and incubation

Most experiments with cell membranes were performed with
medium A, consisting of (mm) NaCl 136, KC1 5, MgSO, 1, Na-
phosphate 1; pH 7.4 and Na-HEPES 10; pH 7.4 in water.
Where indicated, low ionic strength medium B was applied,
consisting of Na-HEPES (10 mM, pH 7.4) in water.

Radioligand binding experiments

[ Methyl-> H ]-N-methylscopolamine ([*H]-NMS) was used as a
specific muscarinic radioligand with low subtype selectivity. In
saturation binding experiments performed under the condi-
tions described below, K, values for [PH]-NMS binding to the
M,, M,, M; and M, receptor subtypes in medium A were 180,
215, 110 and 120 pM, respectively.

Experiments with radioligand binding and dissociation were
performed at 25°C using methods described previously (Jakubik
et al., 1995; 1997). Membranes corresponding to 10° cells were
incubated in 0.8 ml of medium A or B supplemented with [*H]-
NMS and the investigated compounds. The incubations were
arrested by dilution and filtration through Whatman GF/B
glass fibre filters (presoaked in 0.3% polyethyleneimine) in a
Brandel cell harvester. The radioactivity retained on filters was
measured by scintillation counting in Bray’s solution. Atropine
sulphate (5 umol 17!) was included in the incubation medium to
determine the nonspecific binding of the radioligand.

Three types of experiments were performed: (a) Saturation
(Scatchard type) experiments, yielding values of B, (max-
imum binding capacity) and K, for [’H]-NMS binding.
Membranes were incubated for 120 min with 18-600 pM
[PH]-NMS; (b) Displacement (competition-type) experiments.
In these experiments, membranes were preincubated with a
fixed concentration of [PH]-NMS. After 1 h, a-truxillic acid
esters were added at increasing concentrations and the
incubations were continued for 12 h in experiments with
medium A and for 15 h in experiments with medium B. The
concentrations of [PHJ]-NMS used were 260, 278, 176 and
176 pM for the M,, M,, M; and M, receptor subtype,
respectively, and (c) Experiments with [*'H]-NMS dissociation.
Membranes were preincubated with [PH]-NMS for 60 or
120 min, after which time atropine (5 uM) was added either
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alone or together with a-truxillic acid esters. The concentra-
tions of [PH]-NMS and of the esters varied for different
subtypes and are indicated in Results. Incubations were
arrested by dilution and filtration at various time intervals
after the addition of atropine.

Data analysis

Values of K, (equilibrium dissociation constant of the
radioligand), B,,., (maximum number of binding sites for the
radioligand), K, (equilibrium dissociation constant for the
binding of an allosteric ligand to the allosteric binding site on a
receptor with unoccupied orthosteric binding site), o (co-
operativity factor, see below) and k,y were computed by
nonlinear regression as described in previous work (Jakubik &
Tucek, 1994b; Jakubik et al., 1997) with the use of Lotus or
GraphPad Prism programs. The cooperativity factor o (Ehlert,
1988) indicates the fold change of the K, of a receptor for its
orthosteric ligand ([*H]-NMS in our work) induced by the
binding of an allosteric ligand to the allosteric binding site.
Values of o and K, were computed by fitting Ehlert’s (1988)
equation No. 6 to data on the binding of [PH]-NMS to
receptors in the presence of varying concentrations of the
allosteric ligand, i.e.:
[NMS] 4 Knmis

[NMS] + Knms X (KA + [AD/(KA + [A}/a)

B/B, = (1)
where A stands for the allosteric ligand and B and B, describe
the binding of [’H]-NMS in the presence and the absence of the
allosteric ligand, respectively.

Materials

E-cinnamonic acid and silica gel and alumina TLC plates were
from Merck (Darmstadt, Germany). [FH]-NMS (83 Ci
mmol~!) was from Amersham Life Sci. Ltd. (Little Chalfont,
U.K.) CHO cell lines stably transfected with genes for
muscarinic receptors were kindly provided by Drs Tom
Bonner and Mark Brann.

Results

Inhibition of [PH]-NMS binding by o-truxillic acid
esters

All a-truxillic acid esters inhibited the binding of [’H]-NMS to
the M| — M, receptor subtypes, but the inhibition did not reach
100% even at the highest ester concentrations used. Figure 2
shows the inhibitory curves obtained with the bis-4-
piperidylbutyl ester (III) and its bis-N-methyl (VI) and bis-
N-ethyl (VII) derivatives. The inhibitory curves obtained with
the bis-3-piperidylpropylester (II) and its bis-N-ethyl deriva-
tive (V) and with the bis-diethylaminopropyl ester (I) and its
bis-N-methyl derivative (IV) were similar but are not being
shown. Values of K, and of the cooperativity factors o
computed from data on the inhibition of [PH]-NMS binding by
all tested esters have been listed in Table 1.

As indicated in Table 1, the inhibition of [’H]-NMS binding
by truxillic acid esters was investigated with the use of the
‘complete’” medium A on membranes of cells expressing the
M, — M, receptor subtypes. It is apparent from Table 1 that the
affinity of o-truxillic acid esters was highest for the M,
muscarinic receptor subtype, intermediate for the M, and M,
receptor subtypes, and lowest for the M; muscarinic receptor
subtype. No systematic differences were found in experiments
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Figure 2 Inhibition of the binding of [PH]-NMS to the M;—M,
subtypes of muscarinic receptors by a-truxillic acid bis-4-piperidylbu-
tyl ester (compound III, top panel), its quaternary bis-N-methyl
derivative (compound VI, middle panel) and bis-N-ethyl derivative
(compound VII, bottom panel). Abscissa: log of the concentration of
the ester. Ordinate: ["H]-NMS binding in the presence of the ester,
expressed as per cent of the binding in the absence of the ester. Data
are means=+s.e.mean of at least two experiments with incubations
performed in triplicates.

with medium A between the affinities for receptors displayed
by the tertiary aminoesters as compared to their quaternary
derivatives.

The effect of diminishing the concentration of ions in the
incubation medium on the inhibition of [’H]-NMS binding by
the esters has been investigated on membranes of cells
expressing the M, muscarinic receptor subtype. Figure 3
shows data obtained with the bis-4-piperidylbutyl ester (III)
and its N-methyl derivative (VI). The results obtained with
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Table 1 Negative logarithms (pKa) of equilibrium dissociation constants (M) for the binding of a-truxillic acid esters to the allosteric
sites on muscarinic receptors and cooperativity factors o for their interaction with the binding of [*H]-NMS

M, medium A

Truxillic acid esters pKa

bis-3-piperidylpropyl (II) 6.80+0.06
bis-N-ethyl derivative of II (V) 6.9240.06
bis-diethylaminopropyl (I) 6.94+0.08
bis-methyldiethylaminopropyl (IV) 6.40+0.07
bis-4-piperidylbutyl (III) 7.0840.05

bis-N-methylderivative of III (VI) 7.08+0.05
bis-N-ethylderivative of III (VIII) 7.0940.05

o PKa

30 7.6240.05
49  7.78+0.10
25 7.74+0.08
35 7.30+0.06
15 7.6940.05
29 7.5940.04
30 7.80+0.02

M, medium A

M>, medium B M3, medium A My, medium A

o PKa o PKa o pKa o
29  10.28+0.20 18  5.94+0.08 9 6.90+0.05 25
16 9.16+0.06 18 6.60+0.12 13 6.894+0.03 23
29 8.72+0.11 11  5.79+0.03 37 6.4+0.05 27
7 8.76 +£0.16 4 5704+£0.06 12 6.37+0.05 11

22 9.754+0.18 28  6.30+0.06 53 6.994+0.05 26
22 8.9440.06 35 5.80+0.04 54 6.75+0.03 38
25 n.t. 6.07+0.05 40 7.02+0.04 39

Values of pKa and o have been computed by nonlinear regression, fitting Equation 1 to data obtained in experiments arranged in the
same way as those shown in Figure 2 for compounds III, VI and VII. Each compound was tested in at least two experiments with
incubations performed in triplicates. ‘Complete’ incubation medium A was used with all receptor subtypes and, in addition, also the
low-ionic-strength medium B was applied in experiments with the M, receptor subtype. n.t., not tested.
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Figure 3 Effect of lowering the concentration of ions in the medium
on the inhibition of [PH]-NMS binding to the M, subtype of
muscarinic receptors by a«-truxillic acid bis-4-piperidylbutyl ester
(compound III, top panel) and its bis-N-methyl derivative (com-
pound VI, bottom panel). Experiments were performed using either
the ‘complete’ medium A, or the low-ionic-strength medium B.
Abscissa: log of the concentration of the ester. Ordinate: [*H]-NMS
binding in the presence of the ester, expressed as per cent of the
binding in the absence of the ester. Data are means+s.e.mean of at
least two experiments with incubations performed in triplicates.

these two and four other esters have been summarized in
separate columns in Table 1. The affinity between the M,
receptors and the esters was considerably higher in 10 mM Na-
HEPES (medium B) than in the ‘complete’ medium A. The
highest shifts in the affinities were observed for the tertiary bis-
3-piperidylpropyl ester (II; 457 fold) and bis-4-piperidylbutyl
ester (III; 115 fold). As a result, receptor affinities for these
tertiary aminoesters were 6— 13 fold higher than the affinities
for their quaternary derivatives in the low ionic-strength
medium. Surprisingly, no such difference was found between

the affinities for the bis-N-diethylaminopropyl ester (I) and its
quaternary derivative (IV).

o-Truxillic acid esters and [H]-NMS dissociation

Experiments were performed to investigate whether the esters
of o-truxillic acid have an effect on the rate of [PH]-NMS
dissociation from the receptors, observed after the addition of
a high concentration of atropine. As shown in Figure 4, all
esters slowed down the dissociation of [’H]-NMS from the M,
receptors. In the presence of individual esters applied at 10 uMm
concentration, the overall rate of dissociation was slowed
down 2-9 times. While the time course of the dissociation
revealed after the addition of atropine alone or of atropine plus
four of the esters was monophasic, data for the combination of
atropine with three compounds (II, V and VI) could better be
fitted to a biphasic exponential curve. Detailed investigation of
the kinetics of [PH]-NMS dissociation was hindered by a
shortage of supply of the esters, which had to be applied at
comparatively high concentrations.

To obtain information about the concentration-effect
relationship with regard to the deceleration of [PH]-NMS
dissociation, we performed single-time-point determinations of
the k.y values observed after the addition of atropine and
different concentrations of bis-4-piperidylbutyl truxillate
(compound IIT). As may be seen from Figure 5, the inhibitory
effect of increasing concentrations of the ester on the rate of
atropine-induced [*H]-NMS dissociation could be described by
a sigmoidal curve with a slope factor (n*') of 0.88+0.04. The
maximum deceleration achieved was close to 90% and the
concentration ensuring the half-maximum effect (ECsy) was
2.29x107° m.

To find out whether the dissociation of [PH]-NMS from the
M,, M; and M, muscarinic receptor subtypes is also
susceptible to deceleration by an o-truxillic acid ester,
additional single-time-point experiments were performed with
[*H]-NMS dissociation in the presence of atropine and the bis-
4-piperidylbutyl ester (IIT). The results have been summarized
in Table 2. It is evident that the bis-4-piperidylbutyl o-truxillate
(1I1) slowed down the dissociation of [*'H]-NMS from all four
muscarinic receptor subtypes studied.

Discussion

The effects of the investigated esters were remarkably similar in
that they all inhibited the binding of [*’H]-NMS to muscarinic
receptors with the highest affinity for the M, and with the
lowest affinity for the M; receptor subtype. The nature of the
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Figure 4 Effects of o-truxillic acid esters applied at a single
concentration of 10 um on the rates of atropine-induced dissociation
of [PH]-NMS from muscarinic receptors of the M, subtype.
Membranes were preincubated in medium A for 60 min with
250 pM [*H]-NMS, after which 5 uM atropine was added either
alone or simultaneously with 10 um ester. Abscissa: Time (min) after
the addition of atropine. Ordinate: [’H]-NMS binding, expressed as
per cent of the binding immediately before the addition of atropine.
Top panel: effects of the bis-3-piperidylpropyl ester (compound II)
and of its N-ethyl derivative (compound V). Middle panel: effects of
the bis-diethylaminopropyl ester (compound I) and its bis-N-methyl
derivative (compound IV). Bottom panel: effects of the bis-4-
piperidylbutyl ester (compound III), its bis-N-methyl derivative
(compound VI) and bis-N-ethyl derivative (compound VII). Data
are means +s.e.mean of two experiments with incubations performed
in duplicates. The k.g value computed for the rate of dissociation
observed after the addition of atropine was 0.239 min~' and the
dissociation was decelerated 2.8, 2.2, 8.9, 2.2, 5.4, 2.8 and 2.8 fold
when compounds V, II, IV, I, VII, VI and III, respectively, were
added together with atropine.

inhibition was allosteric. This conclusion is based on the
following observations: (a) The inhibition of [*H]-NMS
binding did not reach 100%. Since the allosteric inhibitors
diminish the binding of orthosteric ligands by decreasing the
affinity of receptors for the orthosteric ligand to a maximal
limit determined by the magnitude of the cooperativity factor
(rather than by physical displacement), apparent 100%
inhibition of the binding is only observed when the K, for
the binding of the orthosteric ligand becomes substantially
elevated, and the lack of 100% inhibition is a frequent feature
of allosteric interactions: (b) The esters slowed down the
dissociation of [’H]-NMS from the receptors. This is a feature
typical of the action of most allosteric ligands on muscarinic
receptors (e.g., Nedoma et al., 1986; Waelbroeck, 1994;
Lazareno & Birdsall, 1995). When associated with the
allosteric binding site, allosteric modulators probably interfere
sterically with the access of substances to and departure from
the orthosteric binding sites (Proska & Tucek, 1994; Jakubik &
Tucek, 1994a; 1995; Matsui et al., 1995), and (c) The affinities
for the esters became strongly enhanced in the low ionic
strength medium B, in harmony with observations made for
gallamine, another allosteric modulator of muscarinic recep-
tors (Pedder et al., 1991; Trankle et al., 1996).

The conclusion on the allosteric nature of the action of
truxillic acid esters on muscarinic receptors agrees with data on
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Figure 5 Effect of various concentrations of bis-4-piperidylbutyl «-
truxillate (compound III) on the rate of [PH]-NMS dissociation from
the M, receptors observed after the addition of 5 um atropine.
Abscissa: log concentration (M) of the ester. Ordinate: Kog
determined in the presence of atropine plus the ester, expressed as
per cent of the koy determined in the presence of atropine alone.
Incubations were performed in the ‘complete’ medium A and the kg
values were computed from single-time-point determinations of the
specifically bound radioactivity measured 3-25 min after the
addition of atropine and the ester. To prepare the stock solution of
the ester, ethanol had to be used. To avoid irregularities which might
arise because of the presence of different concentrations of ethanol in
tubes with different concentrations of the ester, the same concentra-
tion of ethanol (0.1% at final dilution) was included in all tubes,
independently of the concentration of truxillate. After the addition of
atropine alone, kog was 0.375 min~!. Data are means+s.e.mean of
three experiments (seven filtrations for each point).
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Table 2 Deceleration by the bis-4-piperidylbutyl ester of a-truxillic acid (compound III) of [*’H]-NMS dissociation (observed after the
addition of atropine) from the M;—M, subtypes of muscarinic receptors

Muscarinic receptor subtype

Duration of preincubation with [’H]-NMS (min)

Duration of incubation with 5 um atropine +compound III (min)

Concentration of compound III (um)

[P*H]-NMS binding at the end of incubation with atropine alone

(% of initial binding)
[’H]-NMS binding at the end of incubation with
atropine + compound IIT (% of initial binding)

Ml M2 M3 M4

120 120 120 120

17 5 31 40

50 10 200 50
17.4+1.3 8.7+1.4 15.5+0.5 20.6+0.5
49.2+0.5 41.7+22 33.6+0.9 52.4+4.1

The concentrations of compound III were taken so that they were 476—571 fold higher than the K, values for its binding to the
respective muscarinic receptor subtypes unoccupied with NMS. The duration of dissociation was chosen so as to obtain between 8 —
20% of residual binding in samples incubated with atropine alone. Data on the binding are means+s.e.mean of two experiments with

incubations performed in duplicates.

the action of other M,-selective myorelaxants on these
receptors (Lee & El-Fakahany, 1991; Tucek & Proska, 1995),
and also with a recent poster by Urbansky & Proska (1997),
demonstrating that the binding of [PH]-NMS to cardiac
muscarinic receptors became enhanced by an ester of truxillic
acid.

When determined in the ‘complete’ medium A, differences
between the affinities for the seven investigated truxillic acid
esters on one and the same muscarinic receptor subtype were
small. Substantial differences between the affinities for
individual esters became apparent during incubations in the
low ionic strength medium B. The affinities of the M, receptors
for the tertiary bis-3-piperidylpropyl (II) and bis-4-piperidyl-
butyl (II) aminoesters were clearly higher than those for the
quaternary derivatives of these esters. We cannot offer an
unequivocal explanation for the finding that the observed
affinity for the tertiary compounds was more enhanced in the
low ionic strength medium (when compared to the ‘complete’
medium) than that for the quaternary compounds. It seems
likely that, in the absence of Na™ ions, the affinity for the
tertiary compounds II and III is higher than that for their
quaternary derivatives because of a better fit of of the tertiary
compounds to the binding domain. There is little doubt that the
positive charge on the protonated tertiary nitrogen or on the
quaternary nitrogen of the allosteric modulators is important
for the interaction with a negative charge (two negative
charges? — see Jakubik & Tucek, (1995)) on the receptor. In
the presence of Na™ ions, the modulators have to compete with
the Na* ions for the negative charge(s) on the receptor. It is not
clear why the protonated amino compounds are less successful
in the competition with Na™ than their quaternary ammonium
counterparts. It is also not clear why we could not observe a
similar difference between the affinities for the tertiary bis-N-
diethylaminopropyl and the quaternary bis-N-methyldiethyla-
minopropyl esters (I and IV, respectively).

It is interesting to compare the affinities of muscarinic
receptors for the esters of o-truxillic acid with their affinities for
the other known allosteric modulators. Most data on the
affinities of muscarinic receptors for their allosteric modulators
originate from experiments in which the ionic composition of
the incubation medium was not far from that of physiological
saline solution, particularly as far as the concentration of Na™
ions is concerned. Such data can be compared with the present
data obtained with medium A. These are examples of the
affinities (expressed as K, values) of the M, muscarinic
receptors described in the literature: 769 nM for gallamine
(Stockton et al., 1983), 667 nM for alcuronium (Proska &
Tucek, 1994), 11 um for strychnine (Lazareno et al., 1998),
180 nM for the compound C7/3'-phth (Lanzafame et al., 1996),

and 160 nM for the compound W84 (Trinkle et al., 1998).
Compared to these values, the affinities of the M, muscarinic
receptors for a-truxillic esters discovered in experiments with
medium A (16 and 27 nM for the bis-3-piperidylpropyl and bis-
4-piperidylbutyl truxillate, respectively) are very high.

The affinity of muscarinic receptors for the allosteric
modulators is known to increase in low ionic strength media.
In the work of Pedder ez al. (1991), the K, of cardiac muscarinic
receptors for gallamine was found to correspond to 794 and
40 nM in a high and low ionic strength medium, respectively. In
comparison to the latter value, the affinities of the M, receptors
for a-truxillic acid esters which we discovered in experiments
with the low ionic strength medium are remarkably high (K, of
0.087 nMm for the bis-3-piperidylpropyl truxillate and of
0.147 nM for the bis-4-piperidylbutyl truxillate).

As already mentioned, most allosteric modulators of
muscarinic receptors decelerate the dissociation of classical
ligands from the orthosteric binding sites and some block it
completely. An exception to this rule of deceleration has been
observed in experiments with [*H]-quinuclidinyl benzilate and
low concentrations of gallamine (Ellis & Seidenberg, 1989).
The relation between the effects which an allosteric modulator
has on the rate of the dissociation of a classical ligand and on
the affinity of the receptor for this ligand is not straightfor-
ward. It has been found repeatedly that the effects of allosteric
modulators on the rates of the dissociation of orthosteric
ligands are independent of the cooperativity with which they
modulate the affinity for orthosteric ligands measured at
equilibrium (e.g., Kostenis et al., 1994; Trankle et al., 1997).
Data in Figure 5 indicate that bis-4-piperidylbutyl truxillate
(II1) does not completely inhibit [PH]-NMS dissociation
because the dissociation proceeded at 10% of control rate
even in the presence of 100 uM ester. At this concentration, the
receptor-["H]-NMS complex is expected to be fully saturated
with the modulator since the K, value for the binding of
compound III to the [?’H]-NMS-occupied receptor is much
(44-227 fold) lower. According to the equilibrium binding
experiments, the K, for the binding of compound III to the
[*H]-NMS-receptor complex is expected to be 0.44 um (K, x o,
see Table 1). According to the experiments with [PH]-NMS
dissociation, the K, for the binding of compound III to the
[*H]-NMS-receptor complex is expected to correspond to its
ECs, value determined for the deceleration of [PH]-NMS
dissociation (Lazareno & Birdsall, 1995), i.e. to 2.29 uM (see
Figure 5).

Because of their high affinity and subtype selectivity, -
truxillic acid esters are likely to become useful tools for studies
involving the allosteric modulation of muscarinic receptors,
particularly of their M, subtype, and perhaps may serve as the
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starting material for the development of drugs acting via the
allosteric binding sites on these receptors.
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