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Introduction

The five identified muscarinic receptors (m1-m5) are mem-
bers of the superfamily of membrane-bound receptors that
regulate cellular activity via coupling to heterotrimeric G-
proteins. [1, 2] These muscarinic receptors are found in dif-
ferent areas of the brain and in the periphery, and are in-
volved in many different physiological processes. The bind-
ing site for acetylcholine and several agonists and antago-
nists on muscarinic receptors is located within the seven
transmembrane helices which are characteristic of all G-
protein-coupled receptors (GPCRs). [1, 3, 4] Agonists and
antagonists able to discriminate receptor subtypes represent
valuable pharmacological tools and potentially useful thera-
peutic agents. Particularly, m1-selective agonists may be

useful to enhance cognitive functions in Alzheimer-patients
as Alzheimer’s disease (AD) is associated with a deficit in
cholinergic activity. [5] In addition, it has been recently
shown that the activation of the m1 receptors would be in-
volved in the non amyloidogenic pathway which would be
beneficial in the treatment of AD. [6]

In order to rationalize the search for new muscarinic lig-
ands, the ligand-based approach led us to propose
pharmacophoric patterns for muscarinic ligands. [7, 8] As
soon as the m1 receptor sequence became available, three-
dimensional models based on both bacteriorhodopsin and
rhodopsin structures were built. [3, 9] During the search for
central cholinergic agents that do not induce the cholinergic
syndrome, we managed to improve, using classical struc-
ture-activity relationship (SAR) studies, the affinity of the
partial agonist minaprine for the hippocampic muscarinic
m1 receptor by a factor of 5660 [10] (Table 1, compounds 1-
4). Critical improvements resulted from a shift of the 4-
methyl group to the 5-position, replacement of morpholine
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by a more lipophilic amine and introduction of a phenolic
hydroxyl in ortho position of the 6-phenyl ring.

Aiming at rationalizing these results, we performed a
molecular modeling study of 3-aminopyridazines and a se-
lection of other partial and full muscarinic agonists using the
”active analog” approach, and subsequently, we examined
their possible docking mode to the binding site of the re-
cently refined 3-D model of the muscarinic m1 receptor. [11]
The two modeling strategies are presented and discussed.

Experimental procedure

Modeling was performed on a Silicon Graphics workstation
O2 R10000 with the commercially available SYBYL 6.4 soft-
ware package. [12]

Ligand molecular modeling

Besides the 3-aminopyridazines 1 to 4, we also studied a
bridged analog, compound 5, as well as the non-pyridazine
full agonists 9 to 11, 13 and 18, and the partial agonists 6 to
8, 12, 14 to 17. All structures and biological data are pre-
sented in Table 1. [10, 11, 13-17] The distinction between
partial and full agonist properties is based on the ability of
the compound tested to modulate the concentration of inosi-
tol phosphate, compared to the full agonist carbachol com-
pound. [16] The 18 ligands were modeled as follows. The
starting conformations of each compound were optimized by
molecular mechanics using the Tripos force field. [18] The
Sybyl/Systematic search option, with an angle step of 30°
for the search, was used to explore the conformational space
of each ligand. All conformers generated were then submit-
ted to energy minimization using the Tripos force field with
a convergence criterion of 0.01 kcal/mol. The AM1 semiem-
pirical method [19] was used to calculate the electrostatic
term.

For the pharmacophore/ligand-based alignment, the puta-
tive bioactive conformation was selected by means of the
root mean square (RMS) option of Sybyl (see below).

For the protein-based alignment of each compound, the
selected putative bioactive conformation was used as initial
conformation for docking.

Pharmacophore/ligand-based alignment

The pharmacophoric pattern for muscarinic m1 agonists was
used to identify the putative active conformation of each com-
pound. For that purpose, we fitted all conformers generated
for each compound on the oxadiazole (compound 10, Table
1) which was already used as a template in our former study.
[11] In this study, we showed that the atom of protonated
nitrogen in the piperidine ring of compound 10, correspond-
ing to the ammonium of acetylcholine, interacts with Asp311
by an electrostatic interaction. We also noticed a putative

hydrogen bond between Asn617 and the oxygen atom in the
oxadiazole ring of 10, corresponding to the carbonyl of ace-
tylcholine. These two atoms of compound 10 were defined
as superimposition points to establish the structure-based
alignment of the 17 compounds. The C5 atom of the
oxadiazole ring was defined as the third point, which allows
us to adjust the orientation of the oxygen electronic ion pairs.
These three atoms were used to evaluate the RMS value for
all conformers of each ligand. This value was calculated by
means of the ”Fit Atoms” option of Sybyl and the best RMS
value was used to define the bioactive conformation of each
ligand.

For each ligand, the three homologous atoms to the
oxiadazole reference were defined as follows: (i) All the cati-
onic nitrogen atoms were fitted on the protonated atom of
compound 10. (ii) The choice of the two others atoms was
more delicate because, in some cases, several solutions were
found. For example, since compound 13 possesses two car-
bonyl groups, two structural alignments with the oxadiazole
reference were investigated. Thus, for each conformer of this
compound 13, two RMS values were calculated and the bet-
ter allowed to select the bioactive conformation.

Protein-based alignment

The active conformations selected above were docked in the
binding cleft of the refined 3-D model of the muscarinic m1
receptor. [11]

Actually, this new model was optimized starting from the
model published by Hibert et al, [3] in order to obtain an
optimal fit with the bovine rhodopsin footprint published by
Schertler. [20] Furthermore, the N-terminal end of the recep-
tor, the three extracellular loops and the first and second in-
tracellular loops were also added to the refined model, which
was then submitted to a molecular dynamics simulation with
a constraint on the backbone, allowing the side chains to ad-
just. The same simulation was then repeated without the con-
straint on the backbone. The molecular dynamics simulation
was performed at constant temperature with an integration
step of 0.5 fs. The structure of the receptor was initialized at
300 °K starting from a Boltzmann distribution set followed
by 200 ps of simulation, also at 300 °K. The conformations
were recorded every 200 fs. The Tripos force field was used
with the Kollman charges [21] as electrostatic contribution.
A dielectric constant equal to 1 was applied.

In order to select the best model, a statistical evaluation
of all the recorded conformations was performed using the
Verify 3D algorithm [22] by means of the Verify 3D structure
evaluation server (www.doe-mbi.ucla.edu/services/
verify3D.html). The conformation giving the best 3D/1D
scores was selected as our muscarinic m1 receptor model.

Finally, the model was subjected to energy minimization
using the Tripos force field with a convergence criterion of
0.01 kcal mol-1. The Kollman charges were still used as elec-
trostatic contribution.

Conformers extracted from the superimposition of the
agonists were separately and manually docked in the puta-
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tive binding site. The residues involved in the ligand-recep-
tor interactions have been described in our previous article
[11]: they have been characterized by molecular modeling,
site-directed mutagenesis experiments, and sequence homol-
ogy analysis (Figure1). Thus, we tried to conserve the ion
pair between the positive ammonium of the ligand and Asp311
located on helix 3. [23] Then, we considered Asn617 located
on helix 6 for which the mutation to Ala was shown to de-
crease the affinity of agonists and antagonists [24] in the m1
and m2 subtypes, while it had no effect in the m3 subtype.
[25]

All of the complexes obtained by manual docking were
subjected to a dynamics study. which allows the relative po-
sitioning of each residues surrounding the ligand and the ad-
justment of the anchor fragment around its position. The
molecular dynamics studies, applied to each complex, were
performed at constant temperature with an integration step
of 0.5 fs and a coupling of 50 fs. The structures were initial-
ized at 300 °K starting from a Boltzmann distribution set
followed by 200 ps of simulation at the same temperature.
The conformations were recorded every 100 fs. The molecu-
lar dynamics procedure was only applied to the ligand and
the residues around this ligand within a radius of 8 Å. The
Tripos force field was used with the Kollman charges for the
protein and the AM1 charges for the ligand. A dielectric con-
stant equal to 1 was applied. The average structure was se-
lected as valid structure for each model. The complexes were
finally minimized. An approximation of the binding energy
Eint resulting from the ligand binding into the protein was
calculated as follow:

Eint = Ecomplex – (Ereceptor + Eligand)

Where Ecomplex, Ereceptor and Eligand are the energies of the
complex, the receptor and the ligand, respectively. This ap-
proximate evaluation does not take the solvation energy into
account.

Results and discussion

Pharmacophore/ligand-based alignment

For each of the agonists superimposed on the reference mol-
ecule, oxadiazole, it was possible to find a stable conforma-
tion (energy difference never higher than 5 kcal mol-1 above
the global minimum), which allowed an excellent superim-
position between the three selected atoms of the oxadiazole
reference and three atoms of each ligand (Figure 2). When a
compound gave several possible alignment profiles, all of
them were tested. Indeed, compound 13, for example, gives
four solutions because of the presence of both two carbonyl
groups and two conformers of the piperidine ring. Four dif-
ferent RMS values were calculated (0.2, 0.4, 0.7 and 0.95)
and the conformation with the lowest RMS value was con-
sidered as the selected conformer.

Fitting the 3-aminopyridazines on the oxadiazole refer-
ence molecule led us to the three following observations: (i)
between the two pyridazinic nitrogens, the N2 nitrogen, which
is assumed to correspond to the carbonyl oxygen atom of
acetylcholine, achieves the best fit to the oxygen atom of the
oxadiazole reference molecule (Figure 2a). This finding will
be compared to the docking assays described below. (ii) The
second observation concerns all the considered partial ago-
nists: interestingly, it appears that the phenyl ring common
to all the partial agonists is located in the same spatial area
(Figure 2b). This additional hydrophobic area could repre-
sent a fourth pharmacophoric element that apparently induces
a partial agonist profile in a non-restrictive way (arecoline or
milameline for instance, which are also partial agonists, do
not have such an aromatic ring). Figure 2b indicates in yel-
low the distances between the different pharmacophoric ele-
ments. (iii) The last observation concerns the two isomers 8
and 9, which do not have the same functional activity pro-
file. Indeed, the oxime 8 behaves as a partial agonist, whereas
the oxime 9 is a full agonist. On the superimposition view of
these two compounds (Figure 2c), we can notice that, due to
the double bond isomerism change, the phenyl ring of the cis
isomer (compound 9) cannot be located in the same area as
the phenyl ring of the trans isomer (compound 8) and that of
all other partial agonists. This suggests a different binding
mode of the two isomers that might confer the partial or full
agonist property. In fact, all the better conformers of com-
pound 9 are able to form an intramolecular π-cation interac-
tion between the ammonium group and the phenyl ring, with
a conformational energy gain of about 5 to 10 kcal mol-1

Figure 1 Schematic representation of the active site of the
refined 3D-model of the muscarinic m1 receptor
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performed using the active analog approach. It was noticed
that the phenyl ring of minaprine or its analogs was located
in a region of space which does not induce antagonist prop-
erties. Interestingly, this is also true for the partial agonists 6
to 8. In addition, the aromatic ring of the full agonist com-
pound 9 occupies neither the putative partial agonist domain
nor the antagonism domain already defined [8].

Protein-based alignment

In order to rationalize the increase in affinity observed dur-
ing the chemical modifications made on minaprine and to
investigate the binding mode of the studied compounds, we
fitted each of them in the binding site of the refined 3-D
model of the m1 muscarinic receptor. This binding site con-
sists mainly of a pocket surrounded by helices 3, 4, 5, 6 and
7. Docking the active conformations of the minaprine ana-
logues revealed the following interesting points :

(i): The protein-based approach suggests an interaction of
N1, rather than N2, of the pyridazine ring with the residue
Asn617, although the active analog approach (Figure 2a) re-
vealed a better fit between the N2 nitrogen atom and the oxy-
gen atom of compound 10. Moreover, the active analog ap-
proach result was in agreement with the fact than N2 is more
basic than N1 in such aromatic systems. [26] This docking
result could be explain by the fact that an hydrogen bond

Figure 2 Ligand-based alignment of (a) minaprine and acetylcholine on the oxadiazole reference, (b) compounds 1 to 8 on
the oxadiazole reference and (c) compounds 8 and 9 on the oxadiazole reference

compared to the others conformers. Due to the stereochemis-
try, this conformation is not possible in compound 8.

In a previous article, the pharmacophoric pattern of other
centrally acting muscarinic ligands was described [8].
Superimpositions of muscarinic agonists and antagonists were

(a)

(b) (c)
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between N2 and Asn617 in the receptor model would gener-
ate a worse ionic interaction by taking away the morpholine
nitrogen and Asp311. Consequently, N1 is better located than
N2 to establish a H-bond with Asn617 (Figure 3). This obser-
vation is in agreement with earlier SAR studies, from which
it was concluded that an optimal basicity of the N1 nitrogen
atom was essential for the affinity. In these studies, the H4
hydrogen atom of the pyridazine ring was systematically re-
placed by different groups. It appeared clear that an electron
donor group such as methyl, ethyl, phenyl, benzyl, CH2-β-
naphtyl improves binding, whereas electron withdrawing sub-
stituents showed lower binding data compounds. [27]

(ii) In the refined model of the m1 receptor, as observed in
the other GPCR models based on bovine rhodopsin projec-
tion map, [4] the binding cleft is wider than in bacteriorho-
dopsin. It possesses an extra aromatic environment located
near the extracellular side between helices 3, 4 and 5 and
composed of residues Trp417, Tyr432 and Phe502. The side
chain positions of these residues has already been described
as being modified by the aromatic ring of the docked partial
agonist 7. [9] The observation we made from the docking of
compounds 1 to 8 confirmed that, in the active conforma-
tions of all these partial agonists, the phenyl ring can estab-
lish π-π interactions with the residues Trp417, Tyr432 and
Phe502 of the above mentioned aromatic environment (Fig-
ures 3 to 5). These aromatic interactions have the usual ge-
ometry of neighboring aromatic groups of peptides or pro-
teins, i.e. a distance <7 Å between the phenyl rings centroids
and a dihedral angle between the phenyl rings planes around
50°. [28] Besides establishing a hydrogen bond with Asn617
via its carbonyl oxygen (like McN-A-343), compound 6, can
localize its phenyl ring in this aromatic domain. However,

due to their different structures, the two isomers 8 and 9 can-
not establish the same local interactions with the binding cleft
of the receptor (Figure 4). Actually, the trans isomer, which
behaves as a partial agonist, can bind to the active site of the
m1 receptor in a very similar way to the other partial ago-
nists. It can form a hydrogen bond with Asn617 via the oxy-
gen atom of its oxime moiety and establish aromatic interac-
tions with Trp417, Tyr432 and Phe502 (Figure 4). On the
contrary, the more folded structure of the cis isomer, which
behaves as a full agonist, prevents it from interacting with all
residues of the above-mentioned aromatic pocket but allows
it to preferentially interact with the aromatic ring of Trp307,
Tyr432 and Trp707, which means closer to the active site of
full agonists (Figure 4). Another argument in favor of this
alignment concerns the docking. Indeed, the docking of com-
pound 9 reveals a binding energy of –70 kcal·mol–1 in its
folded structure whereas the same compound aligned like
compound 8 possesses a worse binding energy of –55
kcal·mol–1. In this last solution, the interaction with Asn617
is lost.

We also tried to understand the differences in affinity ob-
served by the chemical modifications introduced on
minaprine. The first observation was the increase in the af-
finity by a factor of 30 when moving the methyl substituent
of the pyridazine ring from the 4 to the 5 position. A possible
explanation had to be found preferentially in the conforma-
tion of the ligand itself. To what extent can the methyl group
shift from the 4- to the 5-position affect the conformation of
the whole molecule ? We could have assumed that the dihe-
dral angle σ (Table 1) constrained by steric hindrance of the
methyl in the 4-position imposed a particular conformation
on the molecule, which could not be obtained by moving the

Figure 3 Docking of minaprine. The electrostatic interac-
tions are indicated in black

Figure 4 Docking of compounds 8 in red and 9 in yellow.
This protein-based alignment is different compared to the lig-
and-based alignment shown in Figure 2c
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Table 1 Biological activity of the studied m1 muscarinic agonists

Cpnd Name Structure Activity type Activity

1 Minaprine Partial agonist [10] 17000[a]

2 3-(morpholino- Partial agonist [10] 550[a]
2 ethylamino)-5-methyl-
6-phenyl-pyridazine

3 3-(nortropano- Partial agonist [10] 60[a]
2 ethylamino)-5-methyl-
6-phenyl-pyridazine

4 3-(nortropano- Partial agonist [10] 3[a]
2 ethylamino)-5-methyl-
6-orthohydroxy-phenyl-
pyridazine

5 3-(morpholino- Partial agonist [10] 370[a]
2 ethylamino)-dihydro-
6,7-5H benzocyclohepta
[5,6-c] pyridazine

6 Isoarecolinol phenyl Partial agonist [11] 0.1 - 0.3[b]
carbamate

7 McNeil-A-343 Partial agonist [11] 955[a]
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Table 1 Continued

Cpnd Name Structure Activity type Activity

8 Azabicyclooxime Partial agonist [7] 12.4[c]
 Parke-Davis trans

9 Azabicyclooxime Full agonist [7] 0.15[c]
Parke-Davis cis

10 Tetrahydropyridyl- Full agonist [11] 0.0017[d]
oxadiazole

11 Talsaclidine Full agonist [13] 235[e]
(WAL 2014)

12 Xanomeline Partial agonist [14] 7[e]

13 RS 86 Full agonist [15] 490[e]

14 Oxotremorine Partial agonist [11] 65[e]

15 Sabcomeline Partial agonist [15] 10[e]
(SB 202026)
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methyl group to the 5-position. However, X-ray structures of
aminopyridazines available from the Cambridge Structural
Database [29-31] show that the dihedral angle σ always lies
around 180°, whatever the 4 substituent is. This is due to the
steric hindrance of the 4-substituent, which forces the side
chain to point toward the opposite side. This position remains
stable due to the electronic delocalization between the exo-
amidinic nitrogen atom and the pyridazine ring, which pro-
vides a π character to the exocyclic N-C bond. While the
dihedral angle σ was not changed by displacement of the
methyl group, on the contrary, the free rotation of the phenyl
ring at the other side of the molecule was affected.
Crystallographic data on the aminopyridazines [29] have also
shown that the length of the bond C6-C1’ was characteristic of
a simple bond, which means that there is no delocalization
between the two aromatic rings. In the case of the 4-methyl
compound (minaprine, compound 1), the phenyl ring is to-
tally free to rotate, but in the case of the 5-methyl compound
(compound 2), the rotation of the phenyl ring is prevented to
a certain extent by the steric hindrance due to the closer me-
thyl group. We evaluated these geometric and steric features
by performing a systematic search with an increment of 5°
on the rotatable bond between the phenyl and pyridazine rings
of both minaprine and 5-methyl minaprine. Indeed, in the
case of minaprine, we obtained more low energy conforma-
tions than in the case of 5-methyl minaprine. This means that

the phenyl ring rotates more freely in the case of minaprine,
which does not favor the active conformation of the whole
molecule. More particularly, the global minimum of 5-me-
thyl minaprine corresponds to a value of 55° for the dihedral
angle φ (Table 1), which is consistent with the value of 51°
of the crystal structure [31] and which is also close to the
value of this angle (50°) in the docked conformation.

In summary, the pyridazine nucleus being anchored in the
binding site as described above, the phenyl ring of
aminopyridazines is found docked with some aromatic resi-
dues (Trp417, Tyr432 and Phe502) located at the top of the
binding site (i.e. a dihedral angle φ of approximately 50°).
This orientation is imposed by a favorable geometry of inter-
action between the phenyl ring of the ligand and the aro-
matic rings of Trp417, Tyr432 and Phe502 and by the steric
hindrance with some neighboring residues. Furthermore, this
selected conformation is close to the global minimum (en-
ergy difference = 1 to 5 kcal mol-1 ) and is favored when the
rotation of the phenyl ring is more constrained by the methyl
substituent in the 5-position. Another argument supporting
this hypothesis is afforded by compound 5. In this molecule,
the relative position of the phenyl ring is completely fixed to
a dihedral angle φ of 40° (which is close to 50°) by a three
carbon atom bridge. Interestingly, this compound possesses
an affinity similar to compound 2 (5-methyl minaprine) for
the m1 receptor (IC50 = 0.37 mM and 0.55 mM, respectively).

Table 1 Continued

Cpnd Name Structure Activity type Activity

16 Milameline Partial agonist [16] 1 100[e]

17 2-allyl-4-(3-piperidyl)- Partial agonist [17] 100[e]
1,2,3-triazole

18 4-(3-piperidyl)-2-propargyl- Full agonist [17] 84[e]
1,2,3-triazole
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[a] IC 50 (nM), [3H] pirenzepine (rat hippocampic m1 recep-
tor)
[b] increase in mean blood pressure (mmol/kg i.v., rat)
[c] IC 50 (nM), RCMD

[d] Kapp mM, [3H] oxotremorine-M (rat brain membrane)
[e] Ki (nM), [ 3H] pirenzepine (cloned m1 receptor in A9 L
cells); fφ: dihedral angle N1-C6-C1’-C2’; σσ: dihedral an-
gle N(exocyclic)-C3-C4-Methyl
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Docking of aminopyridazines in the m1 receptor also al-
lowed us to check the hypothesis we made from structure-
activity-relationships, concerning the lipophilic environment
of the cationic head. Indeed, replacing the morpholino group
of the cationic head by a nortropane moiety increased the
affinity by a factor of 9. This is not surprising when we ob-
serve that, as already described, [32] the ion pair formed by
the ammonium and Asp311 is surrounded by some conserved

aromatic residues (Phe509, Trp613, Trp307 and Trp410),
which could form a stabilizing π-cation complex.

The final improvement in the affinity of minaprine ana-
logues was achieved by substitution of one of the ortho
hydrogens of the phenyl ring by an hydroxyl group. Interest-
ingly, the model suggests that this hydroxyl moiety is able to
form two hydrogen bonds with Gln434 located in the second
extracellular loop on one hand and Thr501 on helix 5 (Figure
5) on the other hand. Both residues are conserved among the
muscarinic receptor subtypes. Gln434 has already been pro-
posed to contribute to pilocarpine anchoring in the human
m1 muscarinic receptor in a previous study. [11] According
to mutagenesis results reported by Wess et al on the m3 re-
ceptor, [33] Thr501 could also play a role in the binding of
muscarinic agonists. The lower flexibility of the phenyl ring
induced by the ortho hydroxyl group next to the methyl group,
together with the two additional hydrogen bonds made by
this moiety, may be responsible for the excellent affinity of
this compound compared to minaprine.

Convergence of the two approaches

In this study, we characterized the putative binding mode of
pyridazine muscarinic partial agonists using two different but
complementary approaches: the first one was an indirect
method, i. e. the active analog approach, which allowed us to
refine our pharmacophore model for muscarinic agonists. This
indirect approach also led us to make a hypothesis about the
identity of the pyridazinic nitrogen capable of establishing a
hydrogen bond with a polar residue of the binding site. The
second approach was a more direct one, i. e. the docking of
the compounds in a model of the receptor. Comparing these
two methods, we can conclude that the first one gives access
to the pharmacophore and the main characteristics of the bind-
ing site, while the second one allows us to refine the analy-
sis. Indeed, two points were refined by the protein-based ap-
proach: (i) the identity of the pyridazinic nitrogen atom pref-
erentially involved in a hydrogen bond was not supported by
the structure-based approach and (ii) the docking of com-

Figure 5 Docking of compounds 3 in red and 4 in yellow.
The two possible docking of compound 4 are shown. The hy-
drogen bonds are indicated in black

Figure 6 Structure-based
alignment of compounds 17
and 18, compared to their
protein-based alignment
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pounds 17 and 18 reveals a protein-based alignment differ-
ent than the structure-based alignment (Figure 6). Indeed, in
the structure-based alignment, the best fit corresponds to the
alignment of the triazol nitrogen atoms of compounds 17 and
18, with those of the reference oxadiazole compound. This
structure-based alignment is verified by docking for com-
pound 17, which interacts with Asp311 and Asn617. This
alignment allows the positioning of its allyl group near the
helix 5 of the receptor, towards the cavity defining the puta-
tive partial agonist activity. In such a conformation, the bind-
ing energy of the ligand is about –50 kcal mol-1. Another
conformation of compound 17 is found, consisting in the ro-
tation of 180° of its triazol ring, but with a worse binding
energy of –43 kcal mol-1. Concerning compound 18, which
also interacts with Asp311 and Asn617, its less flexible
propargyl group generates a steric hindrance with the helix
5. In this conformation, the hydrogen bond between Asn617
and the compound is lost. Thus, considering that compound
18 is anchored by its ammonium group, a rotation of 180°
around its flexible bond linking the two rings, is observed in
the docked complex. In this conformation, Asn617 interacts
with one other triazol nitrogen atom, N1 rather than N3.
Therefore, the propargyl group is directed towards the resi-
dues Trp307 and Tyr432, already found to interact with the
phenyl ring of compound 9. Interestingly, this compound
possesses the same full activity profile as compound 18. Fi-
nally, although the new conformational energy of compound
18 is slightly lower (about 1.5 kcal mol-1) than this found in
the structural alignment, the binding energy resulting from
the docking is better by about 6 kcal mol-1; this difference
being explained by the presence or absence of the Asn617-
compound hydrogen bond.

However, more general features proposed by the first ap-
proach could be validated by the second one. As an example,
the aromatic residues suggested by the superimposition of
the phenyl ring of all the considered partial agonists did exist
in the binding site of the refined model of the m1 receptor.
Furthermore, it was proposed by a similar indirect approach
[8] that the phenyl ring of minaprine or its analogs is located
in a region which does not induce antagonistic properties. In
our previous article, we showed that antagonist activity of
tricyclic compounds requires aromatic interactions not only
with the aromatic region located at the top of the binding
cleft, but also with some aromatic residues (Trp410, Tyr613)
located at the bottom of the agonist binding site. [11] Inter-
estingly, we also observed that the antagonistic activity of
NMS, which possesses only one phenyl ring, seemed to be
due to the aromatic interactions it makes with the bottom of
the binding site (with residues Trp410 and Tyr613). This re-
inforces the hypothesis according to which lipophilic inter-
actions with the top of the binding cleft would confer partial
agonistic activity and that antagonists properties would be
mainly induced by aromatic interactions with the bottom of
the binding site. Finally, the three dimensional model of the
receptor allowed to suggest some additional interactions (hy-
drogen bonds of the hydroxyl function of compound 4 with
residues Gln434 and Thr501) that were suggested by the first
approach.

Conclusion

Ligand-based and docking studies of the 3-amino-6-arylpyrid-
azines 1 to 4 seem to allow the rationalization, in the limit of
each of these strategies, of the favorable effects on potency
and efficacy resulting from empirical SAR studies. All the
minaprine analogs could make an ionic pair between the cati-
onic head and Asp311, as well as a H-bond between prob-
ably the N1 pyridazinic nitrogen and the Asn617 residue on
helix 6. An aromatic region (composed of residues Trp417,
Tyr432 and Phe502) was found to be located ideally to ac-
commodate the phenyl ring of the 6-arylpyridazines and other
compounds that possess the same partial agonist profile.

The increase in affinity observed as a result of the chemi-
cal modifications introduced on minaprine could be explained
by :

- a stabilization of the active conformation of the mol-
ecule : the shift of the methyl group from the 4- to the 5-
position (compound 1 to 2) constrained the rotation of the
phenyl ring, optimizing the interaction with the above-men-
tioned aromatic residue cluster.

- an increase in the lipophilicity of the cationic head, which
is surrounded by a lipophilic cage of aromatic residues in the
receptor (compound 2 to 3),

- an additional interaction points with the Thr501 and Gln
434 residues (compound 3 to 4).

In order to confirm this model, additional experiments are
now necessary, such as mutagenesis and site directed
photoaffinity-labeling. Actually, some other synthetic
minaprine analogues are being tested in order to validate these
results as well as evaluation of other relevant minaprine ana-
logs.
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