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SUMMARY

Quantitative structure-activity relationships between pharmaco-
logical activities and physical properties of a series of 2,2-
diphenyipropionate compounds were used to define the topog-
raphy of the antagonist binding site of muscarinic receptors.
XICAMM, a computer molecular modeling program, was used to
calculate geometrical and topological values of the compounds.
The compounds were tested for their antimuscarinic activities
by: (a) inhibition of [N-methyl-*H]scopolamine binding to the
muscarinic receptors of NdTG1 neuroblastoma cells, (b) inhibition
of carbachol-induced a-amylase release from rat pancreas acini,
and (c) blocking of acetyicholine-induced contraction of guinea
pig ileum. To evaluate as clearly as possibie only the effect of
the bond distance on the potency of the synthesized antimus-
carinics, the compounds contained as many constant features
as possible. Neither the hydrophobic nor the ester moieties of
the compounds were changed, and the rings containing the

protonated nitrogen were saturated and restricted. The antimus-
carinic activities obtained from the three assays were significantly
correlated with each other, with the exception of two com-
pounds, 9 and 13. The latter two compounds demonstrated
specificity for the m3 muscarinic receptor subtype expressed in
the pancreas. Furthermore, it was demonstrated that the anti-
muscarinic activities were significantly related to the bond dis-
tances between the carbonyl oxygen (constant electronegative
locus) and the protonated nitrogen (center of cationic charge) of
the 2,2-diphenylpropionate compounds. Parabolic relationships
between the pharmacological activities and bond distances were
empirically established. The shortest calculated bond distance of
these compounds was approximately 4.4 A, whereas the longest
was about 5.9 A. The maximum antimuscarinic pot was
observed with a calculated bond distance of about 5.2 A in all
three assays.

The interaction of agonists and antagonists with muscarinic
acetylcholine receptors (1) may be explored by a variety of
means, for example, energy minimization models using molec-
ular mechanics (2), X-ray crystallography (3), and NMR spec-
troscopy of compounds interacting with solute molecules (4).
However, a definitive conformation of the receptor-bound cho-
linergic ligand has not been established. Several key functional
groups are required in a molecule to achieve potent anticholin-
ergic properties (2, 5). A protonated nitrogen atom (the center
of the cationic region) should be present at one end of an
antagonist molecule, an ester group (the center of the electro-
negative region) is near the middle of the compound, and a
bulky hydrophobic and lipophilic portion is found at the op-
posite end (6).

Conformationally restricted analogs of benactyzine have
been used to characterize the spatial conformation that these
molecules assume when binding to the muscarinic receptor (7).
Amino esters of a-substituted phenylacetic acid have been
synthesized to describe the rather strict size limits of the
hydrophobic region of the muscarinic receptor (8). One of the
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more straightforward means of comparing the structure of
antagonists with their potency is to determine the distance
between significant pairs of atoms in each antagonist. For
example, an “ensemble approach” has been described for the
distance geometry analysis for the nicotinic receptor (9). How-
ever, correlation of the structure of an antagonist with its
potency may be complicated because the antagonist could dis-
play different affinities for receptor subtypes. Muscarinic re-
ceptors have been classified into five subtypes based on three
criteria: (a) selective antagonists, (b) differential effector cou-
pling of cholinergic responses, and (c) gene sequencing (10-12).

In this study, we used distance geometry analysis to describe
the preferred linear distance between the carbonyl oxygen
(constant electronegative center) and the protonated nitrogen
(the locus of the cationic charge) of a series of muscarinic
antagonists for optimal interaction with the muscarinic recep-
tor(s). Fifteen antimuscarinic compounds containing the same
hydrophobic ester moiety, 2,2-diphenylpropionate, were ana-
lyzed (Fig. 1). The effect of changing the bond distance between
the protonated nitrogen (located within relatively rigid and
saturated rings) and the carbonyl oxygen of the ester was
assessed by determining whether the binding of the antagonists
to the muscarinic receptor(s) was diminished or increased.

ABBREVIATION: NMS, [N-methyl-*H]scopolamine.
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Materials and Methods

Pharmacology

Assay of muscarinic receptors in N4TG1 neuroblastoma
cells. NATG1 neuroblastoma cells were cultured and then prepared in
Hanks’ medium containing 25 mM potassium phosphate (pH 7.4), as
described previously (13). Briefly, to assay the inhibition of "H]NMS
binding, triplicate samples of about 1 X 10° cells in 0.25 ml of medium
were incubated with each of the compounds to be tested (Fig. 1) and 2
nM [*H]NMS (72 Ci/mmol; NEN-Dupont, Boston, MA.), for 45 min
at 25°, in a 96-well plate with agitation. Atropine (10 uM) was added
to account for nonspecific binding at all drug doses. To terminate the
assay, the cells were collected onto glass fiber filters with a cell harvester
and washed with cold phosphate-buffered saline, and the radioactivity
was determined afterwards. Pirenzepine was obtained from Research
Biochemicals, Inc. (Natick, MA) and AF-DX 116 was a kind gift from
Boehringer Ingelheim Pharmaceuticals, Inc. (Ridgefield, CT).

Cholinergic secretagogue assay of dispersed pancreas acini.
Pancreas acini were prepared from male Wistar rats as previously
described (14). Briefly, three successive treatments of the pancreas
with collagenase (0.8 mg/ml; Sigma Chemical Co., St. Louis, MO),
followed by suspension in 16 ml of Dulbecco’s medium (GIBCO, Grand
Island, NY) containing 0.2% albumin, 0.01% trypsin inhibitor, and
0.09% theophylline (Sigma), yielded acini with greater than 99% via-
bility as determined by trypan blue exclusion. To test the antimuscar-
inic activity of the compounds, varied doses of the compounds were
incubated with the cells in the presence of 10 uM carbachol in 0.5 ml.
The a-amylase secreted by the acini was measured with the Phadebas
kit (Pharmacia Fine Chemicals, Piscataway, NJ).

Guinea pig ileum contraction assay. Sections of ileum from male
albino guinea pigs were suspended in Krebs-Ringer buffer at 37° and
aerated with 95% O, and 5% CO.. The contractions induced by acetyl-
choline were recorded with an isometric transducer (Harvard Appara-
tus, Natick, MA) at 1 g of tension (14).

Data analysis. ICy, values, the concentration of the antagonists
that inhibited 50% of the [*H]NMS binding to the N4TG1 neuro-
blastoma cells or produced a 50% decrease of a-amylase secretion in
the pancreas acini, were calculated using LIGAND (15), which is a
computer program for the analysis of inhibition curves. For the binding
assay, K; values were derived from the IC, values by correcting for
receptor occupancy (16) by [PH]NMS; the K, = 0.77 nM. The Kj values
were calculated using Schild plot analysis (17). Because pharmacolog-
ical data are typically distributed normally on a logarithmic scale rather
than an arithmetic scale (18), K;, ICs, and Kp values were converted
to log values, pK;, pICs, and pA,, respectively, and the means were
tabulated. A computer program performed least squares best-fit curve
analysis yielding equation and correlation coefficients (T. S. Cox,
Easley, SC). Statistical analysis using the correlation coefficient and ¢
test were supplied by Hewlett Packard (Corvallis, OR).

Molecular modeling. Molecular modeling of the pharmacophores
was performed on an IBM XT containing an EGA monitor and a math
coprocessor, using a modeling program XICAMM (XIRIS Corp., New
Monmouth, NJ). The XICAMM molecular modeling algorithms are
based on the classical mechanical approach of Wipke and Dyott (19).
There are five potential energy (strain) functions used by the program
(20), including (a) a bond-stretching term, (b) a bond angle term, (c) a
nonbonded repulsion term or van der Waals’ term, and (d) a torsional
term. These terms were calculated using a modified Hook’s Law. The
last term (e) is a hybridization term that forces carbonyl carbons to
remain flat and increases the angle between side chains on strained
rings. These functions were then minimized using an adaptive steepest
descent algorithm designed by XIRIS Corp. to obtain a strain-mini-
mized three-dimensional model of the molecule. Program version 2.0
was used, which, unlike version 1.0, has parameterization for modeling
the protonated form of the amines. Thus, the calculations treat the
protonated nitrogen as the center of gravity of the positive charge while
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distributing the charge with its neighborhood atoms, which form the
cationic head group.

Chemical Synthesis

General procedures. The 2,2-diphenylpropionates were prepared
by reacting 2,2-diphenylpropionyl chloride with the corresponding
amino alcohol. Several different methods were utilized to prepare the
compounds, depending on the structure of the amino alcohol used. For
the biological experiments, the free bases were dissolved in 0.01 M
hydrochloric acid, and these solutions were diluted as required. Com-
pounds 4, 7, and 9 were obtained on contract from Research Triangle
Institute (Research Triangle Park, NC) (F. Ivy Carroll).

Method 1. Synthesis of 10. A solution of 0.01 mM 2,2-diphenyl-
propionyl chloride in 10 ml of dichloromethane was mixed with a
solution of 0.02 mM amino alcohol in 10 ml of dichloromethane and
cooled. The mixture remained at 25° for 48 hr.

To purify the product, the reaction mixture was stripped of solvent
and the residue was dissolved in 1 N hydrochloric acid and extracted
three times with ether. The aqueous acidic solution was basified with
a 50% sodium hydroxide solution with cooling. The base liberated by
this treatment was extracted by ether. The ether solution was washed
three times with distilled water to remove the unreacted amino alcohol.
The solvent was dried and evaporated, and the residue was distilled in
a short-path distillation apparatus at high vacuum. The yields varied
between 50 and 75%. The compounds were characterized by elemental
analysis (Spang Micro Analytical Laboratory, Eagle Harbor, MI) and
were correct within 0.4%. NMR and IR spectrometry of the synthesized
products showed results without any unusual features and were fully
consistent with their expected structures.

Method 2. Synthesis of 2, 3, and 8. To 0.05 mol of 2,2-diphen-
ylpropionyl chloride was added 0.075 mol of amino alcohol in 20 ml of
pyridine containing 0.5 g of 4-pyrrolidinopyridine. The solution re-
mained at 25° for 3 days. Subsequently, the pyridine was removed by
evaporation under high vacuum. Further sample cleanup followed the
purification procedure described above. Contaminating traces of pyri-
dine, when present, were removed by heating the product on a steam
bath at high vacuum for 30 min.

Method 3. Synthesisof 1, 5, 6, 11, and 12. This method followed
Method 2 in all respects except that the reaction mixture was heated
at 100° in an oil bath for 24 hr.

Method 4. Synthesis of 13. This compound was prepared as
previously described (21).

Method 5. Synthesis of 14. To a solution of 12 ml of ethyl
isonipecotate in 240 ml of acetonitrile, 32 ml of formaldehyde solution
(37% in water) was added, followed by 8 g of sodium cyanoborohydride.
After stirring for 1 hr at ambient temperature, the reaction mixture
was neutralized with glacial acetic acid and stirred for a further 45 min
while the pH was maintained neutral with the occasional addition of
acetic acid. The solvent was removed in vacuo, and the excess acetic
acid was neutralized by the addition of a small amount of water
saturated with potassium carbonate. The solution was extracted with
dichloromethane, which was also washed with the potassium carbonate,
then dried, and evaporated. The residue, ethyl N-methylisonipecotate,
was purified by distillation.

A solution of 8.2 g of ethyl N-methylisonipecotate in dry ether was
added dropwise, with cooling, to a suspension of 5 g of lithium alumi-
num hydride in 300 ml of ether. After refluxing for 2 hr and then
standing overnight at ambient temperature, the excess hydride was
decomposed by the addition of 10 ml of water. The solution was filtered,
the ether filtrate was dried over magnesium sulfate, the solvent was
evaporated, and the residue, N-methyl-4-piperidylmethanol, was puri-
fied by distillation. This product was then esterified to 2,2-diphenyl-
propionyl chloride, as described in Method 2, to yield the desired ester,
14.

? We are grateful to Dr. Robert H. Engle, Department of Medicinal Chemistry,
Walter Reed Army Institute of Research, Washington, DC 20307-5100 for for-
warding this compound.
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Fig. 1. Structures of the 2,2-diphenyipropionate compounds.

Method 6. Synthesis of 156. To a solution of 11 ml of ethyl
isonipecotate in 50 ml of acetone, 24 ml of ethyl iodide were added,
and the reaction mixture was allowed to stand at ambient temperature
for 24 hr. After evaporation of the solvent and excess ethyl iodide, the
residue was suspended in 200 ml of dry ether and 7.5 g of lithium
aluminum hydride were added in small portions with cooling during 30
min. The solution was refluxed for 4 hr and allowed to remain at
ambient temperature for 24 hr, and then the excess hydride was
decomposed by the addition of 10 ml of water. The resulting solution
was filtered and the precipitate was washed with ether. The combined
ether solutions were dried over magnesium sulfate, filtered, and evap-
orated, and the residue, N-ethyl-4-piperidylmethanol, was then purified
by distillation. This product was then esterified to 2,2-diphenylpro-

pionyl chloride, as described in Method 2, to yield the desired ester,
15.

Results

Computer modeling. After the 2,2-diphenylpropionate por-
tion of each compound (Fig. 1) was modeled by the XICAMM
computer program, the amino alcohol portion was added. Then
the compound was modeled by the program without restric-
tions, so that all parts of the combined molecule were free to
reach their low energy state. The modeling was performed with
the nitrogen of each compound in the protonated (quaternary)
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form, where the positive charge is spread out to the neighboring
atoms. Bond distances were calculated for each compound
between the carbonyl oxygen (the center of gravity of the
negative charge) and the protonated nitrogen (the center of
gravity of the positive charge) in the preferred configuration
modeled by the program (Table 1). Whereas the bond distances
of synthesized compounds 1-15 were theoretically calculated
by the modeling program on energy-minimized structures, the
derived bond distance of 13 has been verified by X-ray crys-
tallography (see Discussion).?

Inhibition of [P H]NMS binding to muscarinic receptors
of NATG1 neuroblastoma cells. The antimuscarinic poten-
cies of compounds 1-15 (Fig. 1) were determined by their
inhibition of the binding of the muscarinic antagonist [*H]
NMS to N4TG1 neuroblastoma cells. The ICs, values obtained
from the fit of the data were corrected for receptor occupancy
(16), yielding pK; values (Table 1). The compounds inhibited
[PBH]NMS binding in a concentration-dependent manner (not
shown), and these compounds demonstrated competitive inhi-
bition of the muscarinic receptor, with slopes not significantly
different from 1.

To determine which subtype of muscarinic receptor is present
in the NATG1 neuroblastoma cells, two selective antagonists
were used, pirenzepine and AF-DX 116. Pirenzepine showed
low affinity and competitive inhibition, yielding a pK; of 5.95
M (not shown). AF-DX 116 showed higher affinity; a pK; of
6.55 M was obtained.

Inhibition of carbachol-induced a-amylase release
from pancreas acini. Carbachol binds to muscarinic recep-
tors in dispersed rat pancreas acini and, after a cascade of
events, modulates the release of a-amylase (23). This stimula-
tion is a cholinergic response inhibitable by atropine. The
compounds inhibited the release of a-amylase in a dose-de-
pendent and competitive manner, because the slopes were not
significantly different from 1; the pICs, values are reported in
Table 1.

Inhibition of acetylcholine-induced guinea pig ileum
contraction. In the third biological assay, the inhibition of

TABLE 1
Biological assay and modeled bond distance values
Values are mean + standard error of three to six replicates.

[HINMS binding,  o-Amytase release, Nleum Bond

Compound o, PICso contraction, pA,  distance”

“ “ ¥ A
1 6.30+003 563+005 672+004 443
2 6.85+006 557+004 7.38+0.01 445
3 785+004 6.05+005 7.62+0.01 4.65
4 8.19 + 0.04 6.81 +0.06 7.30+0.03 4.68
5 8.24 + 0.02 7.36 £0.05 8.33+0.02 4.82
6 8.42 + 0.02 7.08 +0.04 8.35+0.02 483
7 8.21 £ 0.02 711007 7.89+0.09 4.88
8 782+003 6.53+£0.03 7.21+0.01 4,90
9 835+006 836+006 8.00+0.04 495
10 796+006 7.52+0.07 8.01+0.03 5.10
1 870+£0.04 7.02+005 892+0.03 5.11
12 9.00+004 7.86+0.06 851+0.02 511
13 832+004 831007 821+006 542
14 762+002 693+002 739+0.02 5.86
15 6.84+006 582+005 7.30+0.02 590
Atropine 8.62+0.08 7.36+0.07 8.70+0.08

* Bond distance in angstroms between the protonated nitrogen and the carbonyl
oxygen of the modeled compound.

2J. M. Karle, I. L. Karle, and P. K. Chiang, unpublished observations.
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acetylcholine-induced contraction of guinea pig ileum by the
compounds was measured. Schild plots of the dose-dependent
inhibition curves yielded pA, values recorded in Table 1. The
slopes of the Schild plots approached unity, indicating compet-
itive inhibition (17).

Relationship between the bond distance and pharma-
cological inhibition data. Table 1 shows a summary of the
PK,, pICso, and pA. values obtained from the muscarinic inhi-
bition assays and the bond distances calculated between the
centers of charge, the protonated nitrogen (N*) and the car-
bonyl oxygen (C=0), of the compounds by the modeling pro-
gram. Many, although not all, quantitative correlations between
biological activities and structure yield gaussian-like distribu-
tions. Parabolic relationships were empirically established be-
tween the bond distances and the antimuscarinic potencies of
the 2,2-diphenylpropionate compounds in the three antimus-
carinic assays: (a) the pK; values determined from the inhibition
of [PH]NMS binding to the muscarinic receptors of the N4ATG1
neuroblastoma cells (Fig. 2); (b) the pICs values determined
from the inhibition of a-amylase release (Fig. 3); and (c) the
PA. values determined from the inhibition of ileum contraction
(Fig. 4). The empirical equations defining these three parabolas
and their regression coefficients (r) and the significance were,
respectively: y = —76.7 + 32.8X — 3.15X (r = 0.90, p < 0.001);
y = —86.8 + 359X — 3.42X? (r = 0.84, p < 0.001); and y =
-51.6 + 22.9X — 2.19X? (r = 0.78, p < 0.001). Based on the
equations defining the three parabolas drawn in Figs. 2, 3, and
4, the calculated bond distance for the maximum antimuscar-
inic potency was 5.20 A for the [PH]NMS binding assay, 5.25
A for the a-amylase release, and 5.24 A for the ileum contrac-
tion. In all three assays, compound 1 was the least potent and
had the shortest bond distance, whereas compound 15 had the

N4TG1 NEUROBLASTOMA CELLS

9.0 T+ 312

6.0 +—+H———+————
4.0 5.0 6.0

Bond Distance (Z\)

Fig. 2. Parabolic relationship established between the bond distance
between the carbonyl oxygen and protonated nitrogen and the pK; values
obtained from the [°H]NMS binding inhibition assay in N4TG1 neuro-
blastoma cells.
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RAT PANCREAS ACINI

85 1

5.5 L B B B e e e
4.0 5.0 6.0

Bond Distance (/‘i)

Fig. 3. Parabolic relationship established between the bond distance
between the carbonyl oxygen and protonated nitrogen and the piCso
values obtained from the inhibition of a-amylase release in the pancreas
acini cells.

GUINEA PIG ILEUM

9.5 +

the nonselective antagonist atropine (Table 2). By determining
their relative affinities, a consistent criterion for comparison
of receptor selectivity of the compounds may be obtained,
because the absolute affinity of each compound could vary
depending on the assay (22). With the exception of compounds
9 and 13, the ratio of the potency of the 13 other compounds
in the three pharmacological assays differed by less than 9-
fold. Therefore, these compounds showed minimal specificity
for the muscarinic receptor subtypes found in the N4TG1 cells,
the pancreas acini, or the ileum. On the other hand, whereas
compounds 9 and 13 displayed little difference in potency in
either the inhibition of [PHJNMS binding or ileum contraction,
they were 18- to 50-fold more potent in the inhibition of a-
amylase release from pancreas acini. Thus, compound 9 and
compound 13 (azaprophen) were more specific for the pancreas
muscarinic receptor subtype.

Discussion

Each compound was evaluated using three different phar-
macological assays for antimuscarinic activities. First, the [*H]-
NMS binding assay in the NATG1 neuroblastoma cells meas-
ured the inhibition of antagonist binding to muscarinic recep-
tors. Nicotinic receptors were undetectable in these cells (24).
In the N4TG1 neuroblastoma cells, the m1-selective antagonist
pirenzepine showed low affinity (25), a pK; of 5.95 M, with slope
= 1.0. The m2-selective antagonist AF-DX 116 showed higher
affinity, pK; = 6.55 M. However, the slope (Hill coefficient) for
the latter was 0.78, indicating that there may be a heteroge-
neous population of muscarinic receptors in these cells. A
related cell line, N18T'G1, has the m2 subtype (26). The cere-
bellum also contains the m2 subtype, and a slope different from
unity was observed for AF-DX 116 binding in cerebellum
homogenates (27). Taken together, these observations suggest
that the muscarinic receptors expressed in N4TG1 neuro-
blastoma cells were most likely the m2 subtype (12, 22, 27).

TABLE 2

Ratio of potency in biological assays

Ratios of the potencies of the compounds, relative to atropine, in the biological
assays from Table 1 are shown. The ratio is defined (22) as:

[assay 1/assay 2] = antilog [(Xar — Xcomp) 8SS8Y 1 — (Yar — Yeome) @ssay 2]
Atr and comp are atropine and the compound to be compared, respectively, and
X and Y are pK;, piCso, Or pA; values for assay 1 and assay 2, the two biological
assays being compared. Numbers in parentheses are the reciprocal of the ratios.
The ratios of the inhibition data in the different tissues were used to indicate
receptor selectivity.

6.5

1 3 L + | + }

I M T v T v !

4.0 5.0 6.0

Bond Distance (Z\)

Fig. 4. Parabolic relationship established between the bond distance
between the carbonyl oxygen and protonated nitrogen and the pA,
values obtained from the inhibition of guinea pig ileum contraction assay.

longest bond distance and was one of the least potent antago-
nists (Table 1; Figs. 2—4).

Relationship between the three pharmacological as-
says: receptor specificity. The receptor selectivities of the
compounds were calculated by using their potencies relative to

[HINMS binding/ NMSbindng/  c-Amylase release,
Compound vamyiese [:lnconuacnm o oot
1 0.3(3.9) 0.5(2.2) 1.8
2 1.1 0.4 (2.8) 0.3(2.9)
3 3.5 (2.3) 2.0 0.6(1.7)
4 1.3 9.3 7.0
5 0.4 (2.4) 1.0 24
6 1.2 14 1.2
7 0.6 (1.8) 2.6 3.7
8 11 49 4.6
9 0.05 (19.) 2.7 50.
10 0.2 (6.7) 1.1 7.1
1 26 0.7 (1.5) 0.3(3.7)
12 0.8(1.3) 0.7 (1.5) 5.0
13 0.06 (18.) 15 27.
14 0.3(3.7) 2.0 7.6
15 0.6 (1.8) 0.4 (2.4) 0.7 (1.5)
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The second assay used pancreas acini cells, which are stimu-
lated by cholinergic agonists to secrete a-amylase. Antagonists
inhibit the binding of the agonist carbachol to the m3 musca-
rinic subtype expressed in the pancreas (12, 28-30). In the third
assay, guinea pig ileum contains mainly the m2 subtype of
muscarinic receptor (12, 31). However, smooth muscle and most
other tissues have been observed to express more than one
receptor subtype of mRNA (12). In the three assays, the pK;,
pICso, and pA; values represent the affinities of the antagonists
for the muscarinic receptors.

With the exception of compounds 9 and 13, the compounds
showed similar potency profiles in all three assays relative to
atropine (22), which is an antagonist that does not discriminate
between muscarinic subtypes (Tables 1 and 2). A less than 9-
fold difference in potency between the assays might be ex-
plained in part by variability in biological assays and different
buffer solutions. Binding assays were performed at 25° with
N4TG1 neuroblastoma cells, whereas the a-amylase assay was
on dispersed pancreas acini at 37° and the ileum contraction
assay on ileum sections at 37°. Although some of the differences
might also be attributed to low selectivity of the compounds
for the receptor subtypes expressed in the different tissues,
differences of 5-10-fold may not be considered remarkable
between assays (14, 22, 32). There is a very good agreement
between the potencies determined from the N4TG1 neuro-
blastoma binding assay and the ileum contraction assay, which
further implies the similarity of the muscarinic m2 receptors
expressed in these tissues (Table 2). Mapping of the mRNA
from the N4TG1 neuroblastoma cells would further character-
ize their receptor subtype. A similar relationship among the
three assays was observed with another series of antimuscarinic
compounds (33). In marked contrast, however, were compounds
9 and 13, which were approximately 18-50-fold more potent
in the pancreas a-amylase assay than in either the NATG1 cells
or ileum assay. Therefore, because compounds 9 and 13 were
markedly more potent in inhibiting a-amylase release, both
displayed greater selectivity for the m3 muscarinic subtype
found in the pancreas acini than the m2 subtype of N4ATG1
cells or ileum.

The shortest distance between the protonated nitrogen and
carbonyl oxygen in the compounds synthesized was approxi-
mately 4.4 A, whereas the longest was about 5.9 A (Table 1).
The hydrophobic and ester moieties of the compounds were
constant, consisting of the fixed 2,2-diphenylpropionate por-
tion. The nitrogen should remain protonated in the assay
conditions of pH 7.4. The modified area surrounding the nitro-
gen was changed in such a way as to introduce as little varia-
bility of chemical structures as possible. Also, the rings con-
taining the nitrogen were saturated. In the present series of
empirically generated parabolic correlations (Figs. 2, 3, and 4),
maximum antimuscarinic potency was achieved with a bond
distance of about 5.2 A in all three assays. Based on X-ray
crystallography,® 18 was found to have a bond distance between
the protonated nitrogen and carbonyl oxygen of 5.41 A, which
is in excellent agreement with its modeled distance of 5.42 A.

The primary sequence of the m2 muscarinic receptor has
been determined recently (11). A hypothetical model for the
ligand-binding site of the muscarinic receptor interacting with
11 is shown in Fig. 5. A carboxyl residue (34), possibly an
aspartic acid, has been postulated to be involved in the ionic
bonding between the anionic binding site of the receptor and
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Fig. 5. Representation of a hypothetical model of the ligand binding site
of the muscarinic receptor and antagonist 11. The model illustrates the
approximately 5.2 A bond distance between the protonated nitrogen,
shown interacting with the muscarinic receptor’s anionic site that may
contain an aspartic acid (ASP) residue (34), and the carbonyl oxygen,
where the ester site of the antagonist could participate in hydrogen
bonding with the receptor.

the cationic head group (where the protonated nitrogen is the
center of the positive charge) of the antimuscarinic compounds.
Notwithstanding the pharmacological differences of the mus-
carinic receptor subtypes (1), about 65% of the amino acid
residues believed to belong to the binding and effector-coupling
sites are identical (12, 30). Furthermore, amino acid sequence
analysis of the muscarinic receptors also reveals that one of the
transmembrane regions in the lipid bilayer of the cell forms a
cavity for the hydrophobic residues of the 2,2-diphenyl portion
of the tested compounds. In addition, the ester moiety of the
antimuscarinic compounds could form a hydrogen bond with
the receptor (35).

From a series of relatively planar muscarinic agonists ana-
lyzed by Takemura (36), an oxygen site and protonated nitrogen
site distance of approximately 5 A was reported. This distance
is similar to the values for antagonists calculated in this report.
However, the results reported here are at variance with the
statement that the distance between the protonated nitrogen
and oxygen atoms could not be an important geometric feature
of an antagonist as it is for an agonist (37).

The present investigation provides information on the size
constraints of the ligand binding site established by the distance
between the ester moiety and the quaternary nitrogen of the
15 antagonists and the corresponding binding sites of the
muscarinic receptor. Two of the compounds, 9 and 13, dem-
onstrated specificity for the m3 muscarinic receptor subtype
found in pancreas acini cells rather than the m2 subtype found
in N4TG1 cells or guinea pig ileum. The results also demon-
strate that potent antimuscarinics can be synthesized and
predicted on the basis of distance geometry.
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