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Abstract—Benzilic ester derivatives with a basic moiety like N-methyl-4-piperidyl benzilates are potential drugs for the treatment of
urinary incontinence, duodenal and gastric ulcers and Parkinson�s disease. The effect of structural variations of chiral N-methyl-4-
piperidyl benzilates was investigated using radioligand binding studies on muscarinic receptors (M1–M3). The results of the binding
studies demonstrate that the absolute configuration and the aromatic substituent of benzilates have an influence on muscarinic affin-
ity and selectivity. In this regard, (S)-configuration of benzilates and hydrophilic aromatic substituents seems to enhance muscarinic
affinity. A model of the receptor ligand complex for N-methyl-4-piperidyl benzilates was obtained by molecular modelling. Both the
affinity of enantiomeric benzilic esters and the subtype selectivity for muscarinic receptors are comprehensively explained by this
model.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Muscarinic receptors are members of the seven trans-
membrane G protein coupled receptor (GPCR). They
are well known as mediators for pharmacological
responses in a wide range of clinical important indica-
tions. The different muscarinic receptor subtypes (M1–
M5) have been extensively investigated.1–3 In order to
control the diverse response of muscarinic receptor sub-
types, there has been a strong effort to develop selective
ligands. Atropine, a natural compound and a classical
muscarinic receptor antagonist, fails to discriminate
among muscarinic receptor subtypes. Low subtype
selectivity of compounds restricts their pharmaceutical
application because of anticholinergic side effects. Selec-
0968-0896/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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tive antagonists are known like pirenzepine a synthetic
drug with a high affinity for the M1 receptor and use
for gastric ulcers.4 Substances, which feature M3 selec-
tivity, are applied for urinary incontinence.5–8

Although there is extensive knowledge about muscarinic
receptor subtypes, the structural design of selective com-
pounds is problematic as receptor subtypes possess more
than 70% identity. Particularly, the transmembrane do-
main is known to be a highly conserved region within
the muscarinic subtypes. Most small sized muscarinic
antagonists bind into the same transmembrane binding
pocket, that is, ligands interact with similar or even iden-
tical amino acids for different subtypes. Larger sized li-
gands are assumed to interact with extracellular loops
rather than with transmembrane helices.9 This could
provide a higher selectivity because larger deviations
of sequence homology are found in the extracellular re-
gion. However, high flexibility of the extracellular region
makes it difficult to determine the structural require-
ments for a selective compound.

Racemic N-methyl-4-piperidyl benzilates have been
thoroughly investigated with respect to their
anticholinergic effect.10,11 As the stereochemistry of
benzilates is thought to have an influence upon receptor
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Figure 1. Structure of M3 selective 4-DAMP.
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affinity and selectivity, the objective of this thesis was to
determine the diverse affinities of enantiomeric substi-
tuted N-methyl-4-piperidyl benzilates in radioligand
binding studies to M1, M2 and M3. The enantiomers
can be obtained either by enantioselective synthesis or
separation via distomeric salt formation, preferential
crystallization and chromatographic methods.12

The essential pharmacophoric structures of N-methyl-4-
piperidyl benzilates and related antimuscarinics contain
two large hydrophobic groups in a-position to an ester
function which is connected to a tertiary or quaternary
nitrogen over two or three carbon atoms. Additionally,
a particular conformation seems to have an effect on the
magnitude of the affinity, whereas conformation B
(Fig. 6) is preferred by the muscarinic receptor.13 Fur-
thermore, the M3 selectivity of 4-DAMP has to be as-
cribed to a certain conformation because obviously
4-DAMP does not possess particular structural elements
which impart selectivity (Fig. 1).14

In an attempt to disclose the structural elements of ben-
zilic compounds which impart a magnitude of affinity
and/or selectivity, both aromatic substitution with vary-
ing electronical properties and the absolute configura-
tion of the central asymmetrical carbon atom were
modified (Table 1). The diverse affinities of the substitu-
ents with opposite properties (e.g., tert-butyl and triflu-
oromethoxy) may presumably contribute new aspects of
the binding site topography.

The binding site of muscarinic agonists and antagonists
has been the subject of a multitude of publications, in
which the importance of certain amino acids of the
receptor protein was determined by intensive mutagene-
sis studies. Asp105, Tyr106, Tyr381, Asn382, Tyr404,
Cys407 and Tyr408 are particularly important residues
for the antagonist N-methylscopolamine (NMS). The
phenyl ring of NMS is expected to be close to
Asn110.15 Mutation of Asn382 decreased the affinity
by 1000- to 3000-fold, whereas 100-fold reduction oc-
curred by mutation of Asp105, Tyr106 and Trp157.
Asn110, Tyr404 show smaller effects (10- to 20-fold
reduction).16 The agonist acetylcholine binds in a similar
manner as NMS. Formation of a salt bridge from the
carboxylic function of Asp105 to the ammonium group
is essential for the acetylcholine binding. This salt bridge
has also been discussed for antagonistic effects.17

2. Results and discussion

2.1. Radioligand binding studies

The binding properties of eight enantiomeric benzilates
(Table 1) were investigated for three human muscarinic
receptor subtypes (M1, M2 and M3) expressed in stably
transfected CHO cells (Table 2). [3H]-N-methylscopol-
amine was used as radioligand. With the exception of
(S)-N-methyl-4-piperidyl 4-trifluormethoxybenzilate (6),
all compounds showed equal or highest affinity for the
M1-receptor. The affinity for theM3-receptor was higher
than that for theM2-receptor (M1 > M3 > M2). The (S)-
enantiomer of 4-dimethylaminobenzilate (4) is eminent
with 50-fold M1/M2 and 33-fold M1/M3. Consequently,
(S)-N-methyl-4-piperidyl 4-dimethylaminobenzilate (4) is
a M1 selective compound and comparable to pirenzepine
which is applied for the treatment of gastric ulcers. Inter-
estingly, the (S)-configuration of all enantiomeric com-
pounds showed higher affinity for all muscarinic
subtypes, whereas the proportion M1 > M3 is shifted to
M1 � M3. Although M1 affinity is always dominant,
(R)-configuration seems to enhance the M3 affinity
(M1 � M3 shifted to M1 P M3). Thus M1 selectivity
of (S)-configured 4-dimethylaminobenzilate (M1/M3:
33-fold) is completely abolished by conversion of the
asymmetric carbon atom to (R)-configuration (M1/M3:
4-fold). Identical potency at M1 and M3 is found for 4-
tert-butylbenzilate (1). Hence, (R)-configured benzilates
may be considered as pharmaceutical leads concerning
M3 selective compounds, that is, a drug against
incontinence.

The eudismic ratio, which is the potency of eutomer (S)
relative to that of the distomer (R), depends on the type
of aromatic substituents of the benzilic structure
(Fig. 2). Interestingly, the difference in affinity for the
corresponding (R)- and (S)-enantiomers is low for
hydrophobic substituents (tert-butyl), while polar
substituted benzilates (dimethylamino-, trifluormeth-
oxy- and methylsulfonyl-) cause a much higher affinity
difference. This implies an additional polar interaction



Table 2. Binding constants pKi of enantiomeric benzilates, standard errors and binding ratios of M1/M2, M1/M3 and M3/M2

Substitution R Binding constant pKi Binding ratio

pKi (M1) pKi (M2) pKi (M3) M1/M2 = Ki

(M2)/Ki (M1)

M1/M3 = Ki

(M3)/Ki (M1)

M3/M2 = Ki

(M2)/Ki (M3)

(R) 4-tert-C4H9– (1) 7.52 ± 0.05 6.69 ± 0.09 7.52 ± 0.06 6.8 1 6.8

(S) 4-tert-C4H9– (2) 8.29 ± 0.04 7.48 ± 0.07 7.84 ± 0.05 6.5 2.8 2.3

(R) 4-(CH3)2N– (3) 7.34 ± 0.08 6.73 ± 0.03 7.08 ± 0.09 4.1 1.8 2.2

(S) 4-(CH3)2N– (4) 8.98 ± 0.10 7.28 ± 0.07 7.46 ± 0.02 50.1 33.1 1.5

(R) 4-F3CO– (5) 7.39 ± 0.10 6.84 ± 0.08 7.08 ± 0.09 3.5 2.0 1.7

(S) 4-F3CO– (6) 8.91 ± 0.06 8.61 ± 0.04 8.40 ± 0.06 2.0 3.2 0.6

(R) 4-CH3SO2– (7) 6.58 ± 0.16 5.8 ± 0.04 6.39 ± 0.02 6.0 1.5 3.9

(S) 4-CH3SO2– (8) 8.37 ± 0.08 7.15 ± 0.17 7.77 ± 0.04 16.6 4.0 4.2

Reference

Pirenzepinea (M1 selective) 8.1 6.3 6.7 63 25 2.5

4-DAMPb (M3 selective) 8.8 8.1 9.1 5.0 0.5 10
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with the substituted ring of (S)-configured benzilates in
the protein binding pocket. These additional interac-
tions are presumably responsible for the observed higher
affinities of (S)-enantiomers for all subtypes compared
to (R)-enantiomers (e.g., methylsulfonyl S/R: 22- to
62-fold at M1, M2 and M3), while the binding difference
for hydrophobic analogues almost vanished because of
missing extra attractive interactions (tert-butyl R/S: 2-
to 6-fold at M1, M2 and M3). With respect to the bind-
ing site topography of the receptor protein, it is further
implied that a concentration of polar amino acids is
located in a certain transmembrane region to interact
with the substituted phenyl ring of (S)-configured
benzilates.
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Figure 2. Eudismic ratio of enantiomeric benzilates on muscarinic

receptor subtypes M1/M2/M3.
Furthermore, the alcoholic component of the benzilic
ester has an influence upon muscarinic selectivity. While
N-methyl-4-piperidyl benzilates exhibit higher affinity
towards M1 and M3 (M1 > M3), (R)-quinuclidinyl
benzilates are characterized by higher affinity at M1
and M2.18 Consequently, N-methyl-4-piperidol as the
alcoholic component intensifies M3 affinity, whereas
(R)-quinuclidinol enhances affinity for M2 (Fig. 3).
2.2. Molecular modelling

Based on the X-ray structure of bovine rhodopsin mus-
carinic receptors M1, M2 and M3 have been modelled.
Subsequently, the resulting receptor models were used
for docking studies. Radioligand binding studies re-
vealed that substituted N-methyl-4-piperidyl benzilates
competitively displace the radioligand [3H]NMS.
Accordingly, the binding sites of both ligands should
be located in an overlapping transmembrane region.
Therefore, a docking region of 15 Å surrounding the
amino acid Asp105, which is essential for binding, was
specified for the docking experiments of enantiomeric
benzilates. The ligands were introduced in a protonated
form (protonated nitrogen in the piperidyl ring).

The calculated docking arrangements of all ligands and
receptor subtypes show a fundamental analogy of recep-
tor ligand interactions. The involved amino acids of the
suggested transmembrane binding pocket are listed in
Table 3. Non-conserved amino acids within the receptor
subtypes (M1–M3), which interact directly with the
ligand and presumably play an important role for
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different affinities for subtypes, are tagged in Table 3.
The location of these binding amino acids is also depict-
ed in the snake-like presentation in Figure 4. The rele-
vant amino acids, which are found in the binding
pocket of our model, basically correspond to the one de-
scribed by Hulme et al. for NMS.15–17

The following binding interactions are identical for all
benzilic esters at receptor subtypes M1, M2 and M3
(Fig. 5, A):

• Formation of a salt bridge between the protonated
nitrogen of the piperidyl ring and Asp105.

• Side chains of Tyr404 and Tyr408 stabilize the
arrangement of the piperidyl ring through hydropho-
bic interactions, in particular between Tyr404 and
N-methyl group of the piperidyl ring.

• Additionally, intermolecular interactions of Asp105
and Tyr404 result in an appropriate positioning of
the carboxylic function of Asp104 which is essential
for salt bridge formation.

2.2.1. Affinity distinctions of enantiomeric benzilates ((S)-
enantiomers > (R)-enantiomers). The resulting model
gives an explanation for the tendency of (S)-configured
benzilates to bind with higher potency into the binding
pocket. According to the proposed model (Fig. 5, A)
the substituted phenyl ring of (S)-configured benzilates
interacts preferably with the S-site. Indeed, there are
hydrophilic amino acids in the S-site such as Asn110
and Thr202 which are capable of forming hydrogen
bridges (methlysulfonyl-, dimethylamino-) or attractive
polar interactions (trifluormethoxy-) substituted ligands.
Table 3. Relevant amino acids of the binding pocket of M1-, M2- and

M3-receptors

M1 M2 M3 Regiona Comment

Asp105 Asp103 Asp148 H3 Salt bridge

Tyr106 Tyr104 Tyr149 H3 S-site

Ser109 Ser107 Ser152 H3 S-site

Asn110 Asn108 Asn153 H3 S-site

Tyr179 Tyr177 Phe222 E2 Ether bridge

Leu199 Leu197 Met242 H5 Non-specific

Thr202 Ile200 Thr245 H5 S-site

Val203 Ile201 Ile246 H5 S-site

Leu207 Leu205 Leu249 H5 S-site

Trp378 Trp400 Trp504 H6 R-site

Tyr381 Tyr403 Tyr507 H6 R-site

Tyr404 Tyr426 Tyr529 H7 Piperidyl ring

Cys407 Cys429 Cys533 H7 Piperidyl ring

Tyr408 Tyr430 Tyr534 H7 N-Methyl

a H, helix; E, extracellular loop.
In the case of (R)-configured benzilates, the substituted
ring is located in the hydrophobic R-site (Fig. 5, B). Pos-
sibilities of stabilizing hydrogen bridges are missing in
the R-site which causes consequently a reduction of the
affinity for (R)-benzilates. This more hydrophilic S-site
of the M1 receptor was also found in the binding model
for M2 and M3 receptor, which should result in an in-
creased affinity for (S)-enantiomers. This assumption is
supported by experimental binding data. A hydrophilic
S-binding site was earlier predicted by the observed
dependency of eudismic ratio with respect to hydropho-
bic/hydrophilic substituted benzilic derivatives (Fig. 2).

2.2.2. Affinity distinctions to muscarinic receptor sub-
types. Diverse affinities to receptor subtypes
(M1 P M3 > M2) are most likely caused by amino acids
which are not conserved within M1, M2 and M3 (Table
3). The exchange of Val203 (M1) by Ile246 (M3) con-
tributes to the lower affinity at M3 compared to M1
(M1 P M3). The substitution of Tyr179 (M1) by
Phe222 (M3) is probably of more importance for dimin-
ished affinity as hydrogen bridges between the hydroxyl
group of tyrosine and both the ether oxygen and the
hydroxyl group of the ligand disappear. Alternatively,
a new intramolecular hydrogen bridge of the ligand is
built whereby this effect is slightly compensated.
Although the M2 receptor disposes off a tyrosine, the
affinity of M2 is lower compared to that of M3
(M2 < M3). Primarily, this is caused by non-conserved
amino acids of the S-site. Strong hydrophilic interac-
tions of M3 (as with M1) disappear by substitution of
Thr245 (M3) through a relatively large hydrophobic side
chain of Ile200 (M2). In addition, the binding pocket be-
comes narrower and the remaining interactions are
adversely affected. This explains the reduction of affini-
ties at M2 not only for (S)-enantiomers but also for
(R)-enantiomers compared to M1 and M3.

Based on the findings of the receptor model more M3
selective compoundsmay be obtained by avoiding hydro-
gen bridging between the hydroxyl group of the ligand
and Tyr179 (M1) simply by replacing the hydroxyl group
with a hydrogen or alkyl substituent. 4-DAMP, a benzilic
analogue without a hydroxyl group but withM3 selective
properties (Table 3, Fig. 1), seems to enforce this assump-
tion. Alternatively, a long-chained alkyl substituent,
which is capable of interacting with the extracellular
loops, may also improve M3 selectivity.

2.2.3. Effect of aromatic substituents. According to the
receptor model it is clearly understood why hydrophilic
substituents are more tolerated by all receptor subtypes
instead of hydrophobic ones. The order of affinity with-
in the hydrophilic substituents (dimethylamino– > triflu-
ormethoxy– > methylsulfonyl–) at M1 receptor may be
due to different partial charges of the aromatic substitu-
ents and consequently varying electrostatic attractions.
Furthermore, these non-bonding interactions are modi-
fied by steric effects of the substituents.

2.2.4. Unsubstituted benzilates. The achiral unsubstituted
N-methyl-4-piperidyl benzilate shows the highest exper-
imental affinity to muscarinic receptors. Presumably,
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steric hindrance by aromatic substituents of the benzi-
lates in the S- and R-binding site is entirely avoided.
In that case, optimal hydrogen bonds between Asn110
and Thr202 can be formed since these residues are not
interacting with substituents of the ligand.

2.2.5. Pharmacophoric conformation. There are two basic
conformations of benzilic esters which occur preferen-
tially. These are stabilized by an intramolecular hydro-
gen bridge between an ester function and a hydroxyl
group (Fig. 6). On the one hand, there is a possible inter-
action between carbonyl oxygen (ester function) and the
hydroxyl group (conformation A), on the other hand
there is an interaction between the ether oxygen (ester
function) and the hydroxyl group (conformation B).
Both described conformations (A and B) were also
found in X-ray crystal structures of benzilic
derivatives.20

Interestingly, the performed molecular modelling studies
revealed conformation B as a pharmacophoric confor-
mation (Fig. 5). Investigations of rigid analogues done
by Flavin et al., in which the hydrogen bridge was re-
placed by a covalent bond13, support the calculated con-
formation B.

2.2.6. Quantitative evaluation of the receptor ligand
complex. The interaction energies (IE) of all optimized
receptor ligand complexes were calculated by subtract-
ing the energies of the most stable conformations of
the isolated ligands (EL) and of the empty receptor



Table 4. Interaction energies of benzilic derivatives

O

O N CH3

OHR

Substitution R pKi
a ERL (kcal/mol) ER (kcal/mol) EL (kcal/mol) IE (kcal/mol) Receptor subtype

4-CH3–SO2– S 8.37 �2214.5 �2160.5 22.1 �76.1 M1

R 6.58 �2200.5 �2160.5 22.1 �62.1 M1

4-F3CO– S 8.91 �2220.4 �2160.5 23.9 �83.8 M1

R 7.39 �2211 �2160.5 23.9 �74.4 M1

4-tert-C4H9– S 8.29 �2221.7 �2160.5 23.9 �85.1 M1

R 7.52 �2203.1 �2160.5 23.9 �66.5 M1

4-(CH3)2N– S 8.98 �2209.9 �2160.5 43.9 �93.3 M1

R 7.34 �2181.2 �2160.5 43.9 �64.6 M1

H — 9.94 �2230.8 �2160.5 22.6 �92.9 M1

Dioxolo-b — 8.45 �2187.4 �2160.5 50.6 �77.5 M1

4.4 0-Bis(F3CO–) — 8.77 �2219.1 �2160.5 22.9 �81.5 M1

4-CH3–SO2– S 7.15 �2212.6 �2166.4 22.1 �68.3 M2

R 5.80 �2191.6 �2166.4 22.1 �47.3 M2

4-F3CO– S 8.61 �2226.8 �2166.4 23.9 �84.3 M2

R 6.84 �2209.4 �2166.4 23.9 �66.9 M2

4-tert-C4H9– S 7.48 �2219.2 �2166.4 23.9 �76.7 M2

R 6.69 �2207.1 �2166.4 23.9 �64.6 M2

4-(CH3)2N– S 7.28 �2195.2 �2166.4 43.9 �72.7 M2

R 6.73 �2188.6 �2166.4 43.9 �66.1 M2

Dioxolo-b — 8.18 �2198.8 �2166.4 50.6 �83.0 M2

4-CH3–SO2– S 7.77 �2221.7 �2169.6 22.1 �74.2 M3

R 6.39 �2204.6 �2169.6 22.1 �57.1 M3

4-F3CO– S 8.40 �2224.4 �2169.6 23.9 �78.7 M3

R 7.08 �2211.4 �2169.6 23.9 �65.7 M3

4-tert-C4H9– S 7.84 �2216.8 �2169.6 23.9 �71.1 M3

R 7.52 �2211.3 �2169.6 23.9 �65.6 M3

4-(CH3)2N– S 7.46 �2199.6 �2169.6 43.9 �73.9 M3

R 7.08 �2189.3 �2169.6 43.9 �63.6 M3

Dioxolo-b — 8.22 �2192.6 �2169.6 50.6 �73.6 M3

4.4 0-Bis(F3CO–) — 8.24 �2225.6 �2169.6 22.9 �78.9 M3

a Experimentally determined pKi values.
b
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(ER) from the receptor ligand complex (ERL) with the
lowest energy (Table 4).21

IE ¼ ERL � ER þ ELð Þ.
A correlation between interaction energies and experi-
mental binding constants can be assumed because all
structures have similar entropy contribution (number
of rotating bonds) and solvation energies. According
to the Gibbs–Helmholtz equation, interaction energy
and binding constant should have a linear correlation.
An attempt to predict the binding affinity by using
SCORESCORE

22 failed. The calculated pKd values show only
rudimentary correlation to the experimental binding
data.
As the interaction energy becomes more negative, the
receptor ligand complex becomes stronger. This
results in an increased binding affinity. Overall, thirty
interaction energy values at M1, M2 and M3 were
calculated and put in relation to their respective
experimental binding data. The obtained squared cor-
relation coefficient, R2 = 0,857, emphasizes the quality
of the receptor ligand binding model for benzilates
(Fig. 7).
3. Conclusions

Structural parameters such as absolute configuration
and aromatic substitution of chiral N-methyl-4-piperidyl
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benzilates were modified and their effect on affinity and
subtype selectivity was investigated. The absolute con-
figuration appears to have the largest effect with the
(S)-configuration always superior in affinity up to 61-
fold at the M1 receptor. A further increase in affinity
is achieved by hydrophilic substitution. N-Dimethylami-
no substituent exhibits the best binding results of all
derivatives tested. Additionally, absolute configuration,
aromatic substitution and alcoholic ester components
have an impact on the affinity ratio towards receptors
M1/M2/M3. (S)-Configuration promotes M1-binding
compared to M3, and (R)-configuration intensifies M3-
binding although M1 affinity always dominates. Thus,
the (S)-enantiomer of the N-dimethylamino derivative
stands out as M1 selective compound (M1/M2 23-fold,
M1/M3 61-fold).

Models of the receptor ligand complex were developed
with the aid of molecular modelling techniques. The di-
verse affinities and selectivities at muscarinic receptors
of enantiomeric benzilate are comprehensively explained
by the generated models. In prospective work, further
structural optimization of benzilic derivatives may be
achieved based on these receptor models. (S)-configured
benzilates should serve as lead structures for M1 selec-
tive compounds, whereas (R)-configured benzilates
could serve as lead structures for M3 selective
compounds.
4. Experimental

4.1. Radioligand binding studies

The assays were conducted by Mrs. Waelbroeck
(Faculte de Médecine, Laboratoire de Chimie Biologi-
que et de la Nutrition, Brussels) using CHO cell lines,
transfected, respectively, with plasmids encoding hM1,
hM2 and hM3. [3H]-N-methylscopolamine ([3H]NMS)
was applied as radioligand. The non-specific binding
was defined as binding in the presence of 10 lM atro-
pine. The radioactivity was counted in a Packard 1500
Tricarb liquid scintillation analyser.

4.1.1. Data analysis. Each competition curve was repeat-
ed three times in duplicate. The experimental data were
analysed by non-linear curve fitting, using the
GRAPHPADGRAPHPAD Software.23 The unlabelled drugs Ki values
were calculated, assuming that they competitively inhib-
ited [3H]NMS binding, using the Cheng and Prusoff
equation. The pKi and standard errors of the determina-
tion are summarized in Table 2. The hill coefficients of
all competition curves were 1. In the experiments pre-
sented herein, the [3H]NMS KD values were 0.27 nM
(M1), 0.46 nM (M2) and 0.27 nM (M3).

4.2. Molecular modelling

4.2.1. Modelling of the muscarinic receptors (M1, M2
and M3). Based on the X-ray structure of bovine rho-
dopsin (PDB access 1F88), all three muscarinic recep-
tors have been modelled using the tools of modelling
program MOEMOE.24 The muscarinic receptors posses an
extraordinarily long intracellular third loop. The
sequences 218 to 358 (M1), 218 to 381 (M2) and
261 to 484 (M3) of the muscarinic receptors were re-
moved in order to allow appropriate alignment with
the sequence of the X-ray structure of bovine rho-
dopsin. Since the considered binding site is located
in the seven transmembrane region, this sequence
deletion will not influence the docking studies of the
ligands. The alignment of the whole sequences with
the template showed an identity score of 40% on
average, but for seven transmembrane helices a
homology of up to 60% which should guarantee
homology modeling of the muscarinic receptors with
reasonable quality. The sequences were aligned using
the blosum 62-matrix (Henikoff and Henikoff, 1992,
1993). Ten gas-phase models have been calculated
by MOE. Subsequently, the models were refined
and energetically optimized using the amber94 force
field (gradient below 0.05). All ten models were
checked with regard to stereochemical quality using
PROCHECKPROCHECK.25 After manual correction of conforma-
tions of up to four single residues in the intracellular
loops and reoptimization (gradient lower than 0.05),
the backbone dihedral angle distribution of all amino
residues (RAMACHANDRANRAMACHANDRAN plot) showed 78% in most
favoured, 18% in additional allowed and 4% in gener-
ously allowed regions and none in disallowed regions.
All other stereochemical parameters were inside the
quality expected for a structure with a resolution of
2.0 Å.

4.2.2. Docking studies. The model with the best quality
(most residues in favoured areas) was used for docking
studies. Twenty different docking arrangements for each
ligand were created by means of the automatic docking
program GOLDGOLD

26 with standard settings and GOLDGOLDScore
as fitness function. One oxygen atom of conserved
aspartic acid of transmembrane helix three was taken
as target point for the docking calculations. Since GOLDGOLD

considers the protein rigid during the docking of the li-
gands molecular dynamics simulations were performed
to simulate an induced fit mechanism. All clearly differ-
ent docking arrangements were taken as a start for a
short molecular dynamics simulation (10 ps, 300 K) with
subsequent energy optimization using the TRIPOSTRIPOS force
field27 and GASTEIGERGASTEIGER charges.28 During these calcula-
tions, the backbone atoms of the receptor were kept
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fixed but the ligands and all side chain atoms were flex-
ible. In all cases, the alterations of the side chain confor-
mations during the dynamics simulations were very
small due to the almost completely occupied space by
the docked ligands. For each ligand, a systematic con-
formational search of all flexible dihedral angles was
performed using MOEMOE and the TRIPOSTRIPOS force field includ-
ing GASTEIGERGASTEIGER charges. The interaction energies of all
ligands with the receptors were calculated by subtracting
the energies of the most stable conformations of the iso-
lated ligands and of the empty receptor from the ligand
receptor complex with the lowest energy (Table 4).
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